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Abstract

This article proposes a framework for theory and research on risk-taking that is informed by
developmental neuroscience. Two fundamental questions motivate this review. First, why does
risk-taking increase between childhood and adolescence? Second, why does risk-taking decline
between adolescence and adulthood? Risk-taking increases between childhood and adolescence as
a result of changes around the time of puberty in the brain’s socio-emotional system leading to
increased reward-seeking, especially in the presence of peers, fueled mainly by a dramatic remodeling
of the brain’s dopaminergic system. Risk-taking declines between adolescence and adulthood
because of changes in the brain’s cognitive control system—changes which improve individuals’
capacity for self-regulation. These changes occur across adolescence and young adulthood and are
seen in structural and functional changes within the prefrontal cortex and its connections to other
brain regions. The differing timetables of these changes make mid-adolescence a time of heightened
vulnerability to risky and reckless behavior.
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Introduction
Adolescent risk-taking as a public health problem

It is widely agreed among experts in the study of adolescent health and development
that the greatest threats to the well-being of young people in industrialized societies come
from preventable and often self-inflicted causes, including automobile and other accidents
(which together account for nearly half of all fatalities among American youth), violence,
drug and alcohol use, and sexual risk-taking (Blum & Nelson-Mmari, 2004; Williams,
Holmbeck, & Greenley, 2002). Thus, while considerable progress has been made in the
prevention and treatment of disease and chronic illness among this age group, similar
gains have not been made with respect to reducing the morbidity and mortality that result
from risky and reckless behavior (Hein, 1988). Although rates of certain types of adoles-
cent risk-taking, such as driving under the influence of alcohol or having unprotected sex,
have dropped, the prevalence of risky behavior among teenagers remains high, and there
has been no decline in adolescents’ risk behavior in several years (Centers for Disease Con-
trol & Prevention, 2006).

It is also the case that adolescents engage in more risky behavior than adults,
although the magnitude of age differences in risk-taking vary as a function of the spe-
cific risk in question and the age of the “adolescents” and “adults” used as comparison
groups; rates of risk-taking are high among 18- to 21-year-olds, for instance, some of
whom may be classified as adolescents and some who may be classified as adults.
Nonetheless, as a general rule, adolescents and young adults are more likely than
adults over 25 to binge drink, smoke cigarettes, have casual sex partners, engage in
violent and other criminal behavior, and have fatal or serious automobile accidents,
the majority of which are caused by risky driving or driving under the influence of
alcohol. Because many forms of risk behavior initiated in adolescence elevate the risk
for the behavior in adulthood (e.g., drug use), and because some forms of risk-taking
by adolescents put individuals of other ages at risk (e.g., reckless driving, criminal
behavior), public health experts agree that reducing the rate risk-taking by young peo-
ple would make a substantial improvement in the overall well-being of the population
(Steinberg, 2004).

False leads in the prevention and study of adolescent risk-taking

The primary approach to reducing adolescent risk-taking has been through educational
programs, most of them school-based. There is reason to be highly skeptical about the
effectiveness of this effort, however. According to AddHealth data (Bearman, Jones, &
Udry, 1997), virtually all American adolescents have received some form of educational
intervention designed to reduce smoking, drinking, drug use, and unprotected sex, but
the most recent report of findings from the Youth Risk Behavior Survey, conducted by
the Centers for Disease Control and Prevention, indicates that more than one-third of high
school students did not use a condom either the first time or even the last time they had
sexual intercourse, and that during the year prior to the survey, nearly 30% of adolescents
rode in a car driven by someone who had been drinking, more than 25% reported multiple
episodes of binge drinking, and nearly 25% were regular cigarette smokers (Centers for
Disease Control & Prevention, 2006).
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Although it is true, of course, that the situation might be even worse were it not for
these educational efforts, most systematic research on health education indicates that even
the best programs are far more successful at changing individuals’ knowledge than in alter-
ing their behavior (Steinberg, 2004, 2007). Indeed, well over a billion dollars each year are
spent educating adolescents about the dangers of smoking, drinking, drug use, unpro-
tected sex, and reckless driving—all with surprisingly little impact. Most taxpayers would
be surprised—perhaps shocked—to learn that vast expenditures of public dollars are
invested in health, sex, and driver education programs that either do not work, such as
D.A.R.E. (Ennett, Tobler, Ringwalt, & Flewelling, 1994), abstinence education (Trenholm
et al., 2007), or driver training (National Research Council, 2007), or are at best of unpro-
ven or unstudied effectiveness (Steinberg, 2007).

The high rate of risky behavior among adolescents relative to adults, despite massive,
ongoing, and costly efforts to educate teenagers about its potentially harmful conse-
quences, has been the focus of much theorizing and empirical research by developmental
scientists for at least 25 years. Most of this work has been informative, but in an unex-
pected way. In general, where investigators have looked to find differences between ado-
lescents and adults that would explain the more frequent risky behavior of youth, they
have come up empty handed. Among the widely-held beliefs about adolescent risk-taking
that have not been supported empirically are (a) that adolescents are irrational or deficient
in their information processing, or that they reason about risk in fundamentally different
ways than adults; (b) that adolescents do not perceive risks where adults do, or are more
likely to believe that they are invulnerable; and (c) that adolescents are less risk-averse
than adults. None of these assertions is correct: The logical reasoning and basic informa-
tion-processing abilities of 16-year-olds are comparable to those of adults; adolescents are
no worse than adults at perceiving risk or estimating their vulnerability to it (and, like
adults, overestimate the dangerousness associated with various risky behaviors); and
increasing the salience of the risks associated with making a poor or potentially dangerous
decision has comparable effects on adolescents and adults (Millstein & Halpern-Felsher,
2002; Reyna & Farley, 2006; Steinberg & Cauffman, 1996; see also Rivers, Reyna, & Mills,
2008, this issue). Indeed, most studies find few, if any, age differences in individuals’ eval-
uations of the risks inherent in a wide range of dangerous behaviors (e.g., driving while
drunk, having unprotected sex), in their judgments about the seriousness of the conse-
quences that might result from risky behavior, or in the ways that they evaluate the rela-
tive costs and benefits of these activities (Beyth-Marom, Austin, Fischoff, Palmgren, &
Jacobs-Quadrel, 1993). In sum, adolescents’ greater involvement than adults in risk-taking
does not stem from ignorance, irrationality, delusions of invulnerability, or faulty calcula-
tions (Reyna & Farley, 2006).

The fact that adolescents are knowledgeable, logical, reality-based, and accurate in
the ways in which they think about risky activity—or, at least, as knowledgeable, log-
ical, reality-based, and accurate as their elders—but engage in higher rates of risky
behavior than adults raises important considerations for both scientists and practitio-
ners. For the former, this observation pushes us to think differently about the factors
that may contribute to age differences in risky behavior and to ask what it is that
changes between adolescence and adulthood that might account for these differences.
For the latter, it helps explain why educational interventions have been so limited in
their success, suggests that providing adolescents with information and decision-making
skills may be a misguided strategy, and argues that we need a new approach to public
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health interventions aimed at reducing adolescent risk-taking if it is adolescents’ actual
behavior that we wish to change.

These sets of scientific and practical considerations form the basis for this article. In it, I
argue that the factors that lead adolescents to engage in risky activity are social and emo-
tional, not cognitive; that the field’s emerging understanding of brain development in ado-
lescence suggests that immaturity in these realms may have a strong maturational and
perhaps unalterable basis; and that efforts to prevent or minimize adolescent risk-taking
should therefore focus on changing the context in which risky activity takes place rather
than mainly attempting, as current practice does, to change what adolescents know and
the ways they think.

A social neuroscience perspective on adolescent risk-taking
Advances in the developmental neuroscience of adolescence

The last decade has been one of enormous and sustained interest in patterns of brain
development during adolescence and young adulthood. Enabled by the growing accessibil-
ity and declining cost of structural and functional Magnetic Resonance Imaging (MRI)
and other imaging techniques, such as Diffusion Tensor Imaging (DTT), an expanding net-
work of scientists have begun to map out the course of changes in brain structure between
childhood and adulthood, describe age differences in brain activity during this period of
development, and, to a more modest degree, link findings on the changing morphology
and functioning of the brain to age differences in behavior. Although it is wise to heed
the cautions of those who have raised concerns about “brain overclaim” (Morse, 2006),
there is no doubt that our understanding of the neural underpinnings of adolescent psy-
chological development is shaping—and reshaping—the ways in which developmental sci-
entists think about normative (Steinberg, 2005) and atypical (Steinberg et al., 2006)
development in adolescence.

It is important to point out that our knowledge of changes in brain structure and func-
tion during adolescence far exceeds our understanding of the actual links between these
neurobiological changes and adolescent behavior, and that much of what is written about
the neural underpinnings of adolescent behavior—including a fair amount of this article—
is what we might characterize as “reasonable speculation.” Frequently, contemporaneous
processes of adolescent neural and behavioral development—for example, the synaptic
pruning that occurs in the prefrontal cortex during adolescence and improvements in
long-term planning—are presented as causally linked without hard data that even corre-
lates these developments, much less demonstrates that the former (brain) influences the lat-
ter (behavior), rather than the reverse. It is therefore wise to be cautious about simple
accounts of adolescent emotion, cognition, and behavior that attribute changes in these
phenomena directly to changes in brain structure or function. Readers of a certain age
are reminded of the many premature claims that characterized the study of hormone—
behavior relationships in adolescence that appeared in the developmental literature in
the mid-1980s soon after techniques for performing salivary assays became widespread
and relatively inexpensive, much as brain imaging techniques have in the last decade. Alas,
the search for direct hormone—behavior linkages proved more difficult and less fertile than
many scientists had hoped (Buchanan, Eccles, & Becker, 1992), and there are few effects of
hormones on adolescent behavior that are not conditioned on the environment in which
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the behavior occurs; even something as hormonally driven as libido only affects sexual
behavior in the right context (Smith, Udry, & Morris, 1985). There is no reason to expect
that brain—behavior relationships will be any less complicated. There is, after all, a long
history of failed attempts to explain everything adolescent as biologically determined dat-
ing back not only to Hall (1904), but to early philosophical treatises on the period (Lerner
& Steinberg, 2004). These caveats notwithstanding, the current state of our knowledge
about adolescent brain development (both structural and functional) and possible
brain—behavior links during this period, although incomplete, is nonetheless sufficient to
offer some insight into “emerging directions” in the study of adolescent risk-taking.

The aim of this article is to provide a review of the most important discoveries in our
understanding of adolescent brain development relevant to the study of adolescent risk-
taking and to sketch out a rudimentary framework for theory and research on risk-taking
that is informed by developmental neuroscience. Before proceeding, a few words about
this point of view are in order. Any behavioral phenomenon can be studied at multiple
levels. The development of risk-taking in adolescence, for example, can be approached
from a psychological perspective (focusing on increases in emotional reactivity that may
underlie risky decision-making), a contextual perspective (focusing on interpersonal pro-
cesses that influence risky behavior), or a biological perspective (focusing on the endocri-
nology, neurobiology, or genetics of sensation-seeking). All of these levels of analysis are
potentially informative, and most scholars of adolescent psychopathology agree that the
study of psychological disorder has profited from cross-fertilization among these various
approaches (Cicchetti & Dawson, 2002).

My emphasis on the neurobiology of adolescent risk-taking in this review is not
intended to downplay the importance of studying the psychological or contextual aspects
of the phenomenon, any more than studying changes in neuroendocrine functioning in
adolescence that might increase vulnerability to depression (e.g., Walker, Sabuwalla, &
Huot, 2004) would obviate the need to study the psychological or contextual contributors
to, manifestations of, or treatment of the illness. Nor does my focus on the neurobiology
of adolescent risk-taking reflect a belief in the primacy of biological explanation over other
forms of explanation, or a subscription to a naive form of biological reductionism. At
some level, of course, every aspect of adolescent behavior has a biological basis; what mat-
ters is whether understanding the biological basis helps us understand the psychological
phenomenon. My point, though, is that any psychological theory of adolescent risk-taking
needs to be consistent with what we know about neurobiological functioning during this
time period (just as any neurobiological theory ought to be consistent with what we know
about psychological functioning), and that most extant psychological theories of adoles-
cent risk-taking, in my view, do not map well onto what we know about adolescent brain
development. To the extent that these theories are inconsistent with what we know about
brain development they are likely to be wrong, and so long as they continue to inform the
design of preventive interventions, these interventions unlikely to be effective.

A tale of two brain systems
Two fundamental questions about the development of risk-taking in adolescence moti-

vate this review. First, why does risk-taking increase between childhood and adolescence?
Second, why does risk-taking decline between adolescence and adulthood? I believe that
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developmental neuroscience provides clues that may lead us toward an answer to both
questions.

In brief, risk-taking increases between childhood and adolescence as a result of changes
around the time of puberty in what I refer to as the brain’s socio-emotional system that lead
to increased reward-seeking, especially in the presence of peers. Risk-taking declines
between adolescence and adulthood because of changes in what I refer to as the brain’s
cognitive control system—changes which improve individuals’ capacity for self-regulation,
which occur gradually and over the course of adolescence and young adulthood. The dif-
fering timetables of these changes—the increase in reward-seeking, which occurs early and
is relatively abrupt, and the increase in self-regulatory competence, which occurs gradually
and is not complete until the mid-20s, makes mid-adolescence a time of heightened vulner-
ability to risky and reckless behavior.

Why does risk-taking increase between childhood and adolescence?

In my view, the increase in risk-taking between childhood and adolescence is due pri-
marily to increases in sensation seeking that are linked to changes in patterns of dopami-
nergic activity around the time of puberty. Interestingly, however, as I shall explain,
although this increase in sensation-seeking is coincident with puberty, it is not entirely
caused by the increase in gonadal hormones that takes place at this time, as is widely
assumed. Nonetheless, there is some evidence that the increase in sensation-seeking that
takes place in adolescence is correlated more with pubertal maturation than with chrono-
logical age (Martin et al., 2002), which argues against accounts of adolescent risk-taking
that are solely cognitive, given that there is no evidence linking changes in thinking in ado-
lescence to pubertal maturation.

Remodeling of the dopaminergic system at puberty

Important developmental changes in the dopaminergic system take place at puberty
(Chambers, Taylor, & Potenza, 2003; Spear, 2000). Given the critical role of dopaminergic
activity in affective and motivational regulation, these changes likely shape the course of
socioemotional development in adolescence, because the processing of social and emo-
tional information relies on the networks underlying coding for affective and motivational
processes. Key nodes of these networks comprise the amygdala, nucleus accumbens,
orbitofrontal cortex, medial prefrontal cortex, and superior temporal sulcus (Nelson, Lei-
benluft, McClure, & Pine, 2005). These regions have been implicated in diverse aspects of
social information processing, including the recognition of socially relevant stimuli (e.g.
faces, Hoffman & Haxby, 2000; biological motion, Heberlein, Adolphs, Tranel, & Dama-
sio, 2004), social judgments (appraisal of others, Ochsner, Bunge, Gross, & Gabrieli, 2002;
judging attractiveness, Aharon et al., 2001; evaluating race, Phelps et al., 2000; assessing
others’ intentions, Baron-Cohen, Tager-Flusberg, & Cohen, 1999; Gallagher, 2000), social
reasoning (Rilling et al., 2002), and many other aspects of social information processing
(for a review, see Adolphs, 2003). Importantly, among adolescents the regions that are
activated during exposure to social stimuli overlap considerably with regions also shown
to be sensitive to variations in reward magnitude, such as the ventral striatum and medial
prefrontal areas (cf. Galvan et al., 2005; Knutson, Westdorp, Kaiser, & Hommer, 2000;
May et al., 2004). Indeed, a recent study of adolescents engaged in a task in which peer
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acceptance and rejection were experimentally manipulated (Nelson et al., 2007) revealed
greater activation when subjects were exposed to peer acceptance, relative to rejection,
within brain regions implicated in reward salience (i.e., the ventral tegmental area,
extended amygdala, and ventral pallidum). Because these same regions have been impli-
cated in many studies of reward-related affect (cf., Berridge, 2003; Ikemoto & Wise,
2004; Waraczynski, 2006), these findings suggest that, at least in adolescence, social accep-
tance by peers may be processed in ways similar to other sorts of rewards, including non-
social rewards (Nelson et al., 2007). As I explain later, this overlap between the neural
circuits that mediate social information processing and reward processing helps to explain
why so much adolescent risk-taking occurs in the context of the peer group.

The remodeling of the dopaminergic system within the socio-emotional network
involves an initial post-natal rise and then, starting at around 9 or 10 years of age, a sub-
sequent reduction of dopamine receptor density in the striatum and prefrontal cortex, a
transformation that is much more pronounced among males than females (at least in
rodents) (Sisk & Foster, 2004; Sisk & Zehr, 2005; Teicher, Andersen, & Hostetter,
1995). Importantly, however, the extent and timing of increases and decreases in dopamine
receptors differ between these cortical and subcortical regions; there is some speculation
that it is changes in the relative density of dopamine receptors in these two areas that
underlies changes in reward processing in adolescence. As a result of this remodeling,
dopaminergic activity in the prefrontal cortex increases significantly in early adolescence
and is higher during this period than before or after. Because dopamine plays a critical role
in the brain’s reward circuitry, the increase, reduction, and redistribution of dopamine
receptor concentration around puberty, especially in projections from the limbic system
to the prefrontal area, may have important implications for sensation-seeking.

Several hypotheses concerning the implications of these changes in neural activity have
been offered. One hypothesis is that the temporary imbalance of dopamine receptors in the
prefrontal cortex relative to the striatum creates a “‘reward deficiency syndrome,” produc-
ing behavior among young adolescents that is not unlike that seen among individuals with
certain types of functional dopamine deficits. Individuals with this syndrome have been
postulated to “actively seek out not only addicting drugs but also environmental novelty
and sensation as a type of behavioral remediation of reward deficiency” (Gardner, 1999,
cited in Spear, 2002, p. 82). If a similar process takes place at puberty, we would expect to
see increases in reward salience (the degree to which adolescents are attentive to rewards
and sensitive to variations in rewards) and in reward-seeking (the extent to which they pur-
sue rewards). As Spear writes:

[A]dolescents may generally attain less positive impact from stimuli with moderate to
low incentive value, and may pursue new appetitive reinforcers through increases in
risk taking/novelty seeking and via engaging in deviant behaviors such as drug tak-
ing. The suggestion is thus that adolescents display a mini-‘reward deficiency syn-
drome’ which is similar, albeit typically transient and of lesser intensity, to that
hypothesized to be associated in adults with [dopamine] hypofunctioning in reward
circuitry. .. .Indeed, adolescents appear to show some signs of attaining less appeti-
tive value from a variety of stimuli relative to individuals at other ages, perhaps lead-
ing them to seek additional appetitive reinforcers via pursuit of new social
interactions and engagement in risk taking or novelty seeking behaviors. Such ado-
lescent-typical features may have been adaptive evolutionarily in helping adolescents
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to disperse from the natal unit and to negotiate with success the developmental tran-
sition from dependence to independence. In the human adolescent, these propensities
may be expressed, however, in alcohol and drug use, as well as a variety of other
problem behaviors (2000, pp. 446-447).

The notion that adolescents suffer from a “reward deficiency syndrome,” although intu-
itively appealing, is undermined by several studies that indicate elevated activity in subcor-
tical regions, especially the accumbens, in response to reward during adolescence (Ernst
et al., 2005; Galvan et al., 2006). An alternative account is that the increase in sensa-
tion-seeking in adolescence is due not to functional dopamine deficits but to a temporary
loss of “buffering capacity” associated with the disappearance of dopamine autoreceptors
in the prefrontal cortex that serve a regulatory negative-feedback function during child-
hood (Dumont, Andersen, Thompson, & Teicher, 2004, cited in Ernst and Spear, in press).
This loss of buffering capacity, resulting in diminished inhibitory control of dopamine
release, would result in relatively higher levels of circulating dopamine in prefrontal
regions in response to comparable degrees of reward during adolescence than would be
the case during childhood or adulthood. Thus, the increase in sensation-seeking seen dur-
ing adolescence would not be the result, as has been speculated, of a decline in the “rewar-
dingness” of rewarding stimuli that drives individuals to seek higher and higher levels of
reward (as would be predicted if adolescents were especially likely to suffer from a “reward
deficiency syndrome”), but to an increase in the sensitivity and efficiency of the dopami-
nergic system, which, in theory, would make potentially rewarding stimuli experienced
as more rewarding and thereby heighten reward salience. This account is consistent with
the observation of increased dopaminergic innervation in the prefrontal cortex during
adolescence (Rosenberg & Lewis, 1995), despite a reduction in dopamine receptor density.

Steroid-independent and steroid-dependent processes

I noted earlier that it is common to attribute this dopaminergic-mediated change in
reward salience and reward-seeking to the impact of pubertal hormones on the brain, an
attribution that I myself made in earlier writings on the subject (e.g., Steinberg, 2004).
Although this remodeling is coincident with puberty, however, it is not clear that it is
directly caused by it. Animals that have had their gonads removed prepubertally (and
thus do not experience the increase in sex hormones associated with pubertal matura-
tion) show the same patterns of dopamine receptor proliferation and pruning as animals
who have not been gonadectomized (Andersen, Thompson, Krenzel, & Teicher, 2002).
Thus it is important to distinguish between puberty (the process that leads to reproduc-
tive maturation) and adolescence (the behavioral, cognitive, and socioemotional changes
of the period) which are not the same thing, either conceptually or neurobiologically. As
Sisk and Foster explain, “gonadal maturation and behavioral maturation are two dis-
tinct brain-driven processes with separate timing and neurobiological mechanisms, but
they are intimately coupled through iterative interactions between the nervous system
and gonadal steroid hormones” (Sisk & Foster, 2004, p. 1040). Thus, there may well
be a maturationally-driven increase in reward salience and reward seeking in early ado-
lescence that has a strong biological basis and, that is contemporaneous with puberty,
but that may only be partially related to changes in gonadal hormones in early
adolescence.
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In point of fact, many behavioral changes that occur at puberty (and that are some-
times mistakenly attributed to puberty) are pre-programmed by a biological clock
whose timing makes them coincident with, but independent of, changes in pubertal
sex hormones. Accordingly, some changes in adolescent neurobiological and behavioral
functioning at puberty are steroid-independent, others are steroid-dependent, and oth-
ers are the product of an interaction between the two (where steroid independent pro-
cesses affect susceptibility to steroid-dependent ones) (Sisk & Foster, 2004). Moreover,
within the category of steroid-dependent changes are those that are the outcome of
hormonal influences on brain organization during the pre- and perinatal periods, which
set in motion changes in behavior that do not manifest themselves until puberty
(referred to as organizational effects of sex hormones); changes that are the direct
result of hormonal influences at puberty (both on brain organization and on psycho-
logical and behavioral functioning, the latter of which are referred to as activational
effects); and changes that are the result of the interaction between organizational
and activational influences. Even changes in sexual behavior, for example, which we
normally associate with the hormonal changes of puberty, is regulated by a combina-
tion of organizational, activational, and steroid-independent processes. At this point,
the extent to which changes in dopaminergic functioning at puberty are (1) steroid-
independent, (2) due to the organizational effects of exposure to sex steroids (either
early in life or during adolescence, which may build on or amplify early organizational
influences), (3) due to the activational influences of sex steroids at puberty, or more
likely, (4) due to some mix of these factors has not been determined. It may be the
case, for instance, that the structural remodeling of the dopaminergic system is not
influenced by gonadal steroids at puberty but that its functioning is (Cameron,
2004; Sisk & Zehr, 2005).

There is also reason to hypothesize that sensitivity to the organizational effects of
pubertal hormones decreases with age (see Schulz & Sisk, 2006), suggesting that the
impact of pubertal hormones on reward-seeking might be stronger among early matur-
ers than on-time or late maturers. Early maturers may also be at heightened risk for
risk-taking because there is a longer temporal gap between the change in the dopami-
nergic system and the full maturation of the cognitive control system. Given these bio-
logical differences, we would therefore expect to see higher rates of risk-taking among
early maturing adolescents than among their same-aged peers (again, arguing against a
purely cognitive account of adolescent recklessness, since there are no major differences
in cognitive performance between early and late physical maturers), as well as a drop
over historical time in the age of initial experimentation with risky behavior, because of
the secular trend toward the earlier onset of puberty. (The average age of menarche in
industrialized nations declined by about 3-4 months per decade during the first part of
the 20th century and continued to drop between the 1960s and 1990s, by about 2%
months in total [see Steinberg, 2008]). There is clear evidence for both of these predic-
tions: Early maturing boys and girls report higher rates of alcohol and drug use, delin-
quency, and problem behavior, a pattern seen in different cultures and across different
ethnic groups within the United States (Collins & Steinberg, 2006; Deardorff, Bonzales,
Christopher, Roosa, & Millsap, 2005; Steinberg, 2008), and the age of experimentation
with alcohol, tobacco, and illegal drugs (as well as the age of sexual debut) clearly has
declined over time (Johnson & Gerstein, 1998), consistent with the historical decline in
the age of pubertal onset.
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Adolescent sensation-seeking and evolutionary adaptation

Although structural changes in the dopaminergic system that occur at puberty may not
be directly due to the activational influences of pubertal hormones, it nevertheless makes
good evolutionary sense that the emergence of some behaviors, such as sensation-seeking,
occur around puberty, especially among males (among whom the dopaminergic remodel-
ing is more pronounced, as noted earlier) (see also Spear, 2000). Sensation-seeking,
because it involves ventures into uncharted waters, carries with it a certain degree of risk,
but such risk-taking may be necessary in order to survive and facilitate reproduction. As
Belsky and I have written elsewhere, “The willingness to take risks, even life-threatening
risks, might well have proved advantageous to our ancestors when refusing to incur such
risk was in fact even more dangerous to survival or reproduction. However chancy run-
ning through a burning savannah or attempting to cross a swollen stream might have
been, not doing so might have been even more risky” (Steinberg & Belsky, 1996, p. 96).
To the extent that individuals inclined to take such risks were differentially advantaged
when it came to surviving and producing descendants who would themselves survive
and reproduce in future generations, natural selection would favor the preservation of
inclinations toward at least some risk-taking behavior during adolescence, when sexual
reproduction begins.

In addition to promoting survival in inherently risky situations, risk-taking might also
confer advantages, especially upon males, by means of dominance displays and through a
process called ““sexual selection” (Diamond, 1992). With respect to the dominance dis-
plays, being willing to take risks might well have been a tactic for achieving and maintain-
ing dominance in social hierarchies. Such means of status attainment and maintenance
might have been selected for not only because they contributed to obtaining for oneself
and one’s kin a disproportionate share of physical resources (e.g., food, shelter, clothing),
but because they also increased reproductive opportunities by preventing other males from
mating. To the extent that dominance displays mediate the link between risk-taking and
reproduction, it makes good evolutionary sense to delay the increase in risk-taking until
pubertal maturation has taken place, so that risk-takers are more adult-like in strength
and appearance.

With respect to sexual selection, displays of sensation-seeking by males may have
sent messages about their desirability as a sexual partner to prospective mates. It makes
biological sense for males to engage in those behaviors that attract females and for
females to choose males most likely to bear offspring with high prospects of surviving
and reproducing themselves (Steinberg & Belsky, 1996). In aboriginal societies that are
studied by anthropologists to gain insight into the conditions under which human
behavior evolved (e.g., the Ache in Venezuela; the Yamamano in Brazil; the !Kung in
Africa), “young men are constantly being assessed as prospects by those who might
select them as husbands and lovers...” (Wilson & Daly, 1993, p. 99, emphasis in origi-
nal). Moreover, “prowess in hunting, warfare, and other dangerous activity is evidently
a major determinant of young men’s marriageability” (Wilson & Daly, 1993, p. 98).
Readers skeptical of this evolutionary argument are reminded of the wealth of literary
and cinematic allusions to the fact that adolescent girls find ‘“bad boys” sexually
appealing. Even in contemporary society, there is empirical evidence that adolescent
girls prefer and find more attractive dominant and aggressive boys (Pellegrini & Long,
2003).
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Although the notion that risk-taking is adaptive in adolescence makes more intuitive
sense when applied to the analysis of male than female behavior, and although there is evi-
dence that male adolescents engage in some forms of real-world risk-taking more fre-
quently than females (Harris, Jenkins, & Glaser, 2006), sex differences in risk-taking are
not always seen in laboratory studies of risk-taking (e.g., Galvan, Hare, Voss, Glover,
& Casey, 2007). Moreover, higher levels of risk-taking among adolescents versus adults
have been reported in studies of females as well as males (Gardner & Steinberg, 2005).
The fact that the gender gap in real-world risk-taking appears to be narrowing (Byrnes,
Miller, & Schafer, 1999) and that imaging studies employing risk-taking paradigms do
not find gender differences (Galvan et al., 2007) suggests that sex differences in risky behav-
ior may mediated more by context than by biology.

Changes in sensation seeking, risk-taking, and reward sensitivity in early adolescence

Several findings from a recent study my colleagues and I have conducted on age differ-
ences in capacities that likely affect risk-taking are consistent with the notion that early
adolescence in particular is a time of important changes in individuals’ inclinations toward
and risk-taking (see Steinberg, Cauffman, Woolard, Graham, & Banich, submitted for
publication for a description of the study). To my knowledge, this is one of the only stud-
ies of these phenomena with a sample that spans a wide enough age range (from 10 to 30
years) and is large enough (N = 935) to examine developmental differences across pread-
olescence, adolescence, and early adulthood. Our battery included a number of widely-
used self-report measures, including the Benthin Risk Perception Measure (Benthin, Slo-
vic, & Severson, 1993), the Barratt Impulsiveness Scale (Patton, Stanford, & Barratt,
1995), and the Zuckerman Sensation-Seeking Scale (Zuckerman, Eysenck, & Eysenck,
1978),! as well as several new ones developed for this project, including a measure of
Future Orientation (Steinberg et al., submitted for publication) and a measure of Resis-
tance to Peer Influence (Steinberg & Monahan, 2007). The battery also included numerous
computer-administered performance tasks, including the Iowa Gambling Task, which
measures reward sensitivity (Bechara, Damasio, Damasio, & Anderson, 1994); a Delay
Discounting task, which measures relative preference for immediate versus delayed
rewards (Green, Myerson, & Ostaszewski, 1999); and the Tower of London, which mea-
sures planning ahead (Berg & Byrd, 2002).

We found a curvilinear relation between age and the extent to which individuals
reported that the benefits outweighed the costs of various risky activities, such as having
unprotected sex or riding in a car driven by someone who had been drinking, and between
age and self-reported sensation seeking (Steinberg, Albert et al., submitted for publica-
tion). Because our version of the lowa Gambling Task permitted us to create independent
measures of respondents’ selection of decks that produced monetary gains versus their
avoidance of decks that produced monetary losses, we could look separately at age differ-
ences in reward and punishment sensitivity. Interestingly, we found a curvilinear relation
between age and reward sensitivity, similar to the pattern seen for risk preference and sen-

! Many of the items on the full Zuckerman scale appear to measure impulsivity, not sensation seeking (e.g., I
often do things on impulse.”) Because we have a separate measure of impulsivity in our battery, we used only the
Zuckerman items that clearly indexed thrill- or novelty-seeking (e.g., “I sometimes like to do things that are a
little frightening.”).
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sation-seeking, but not between age and punishment sensitivity, which increased linearly
(Cauffman et al., submitted for publication). More specifically, scores on sensation-seek-
ing, risk preference, and reward sensitivity all increased from age 10 until mid-adolescence
(peaking somewhere between 13 and 16, depending on the measure) and declined thereaf-
ter. Preference for short-term rewards in the Delay Discounting task was greatest among
the 12- to 13-year-olds (Steinberg et al., submitted for publication), also consistent with
heightened reward sensitivity around puberty. In contrast, scores on measures of other
psychosocial phenomena, such as future orientation, impulse control, and resistance to
peer influence, as well punishment sensitivity on the Iowa Gambling Task and planning
on the Tower of London task, showed a linear increase over this same age period, suggest-
ing that the curvilinear pattern observed with respect to sensation-seeking, risk preference,
and reward sensitivity is not simply a reflection of more general psychosocial maturation.
As I will explain, these two different patterns of age differences are consistent with the
neurobiological model of developmental change in risk-taking I set forth in this article.

The increase in sensation-seeking, risk preference, and reward sensitivity between pre-
adolescence and middle adolescence observed in our study is consistent with behavioral
studies of rodents showing an especially significant increase in reward salience around
the time of puberty (e.g., Spear, 2000). There is also evidence of a shift in the anticipation
of consequences of risk-taking, with risky behavior more likely to be associated with the
anticipation of negative consequences among children but with more positive conse-
quences among adolescents, a developmental shift that is accompanied by an increase in
activity in the nucleus accumbens during risk-taking tasks (Galvan et al., 2007).

Changes in neural oxytocin at puberty

The remodeling of the dopaminergic system is one of several important changes in syn-
aptic organization that likely undergird the increase in risk-taking that takes place early in
adolescence. Another important change in synaptic organization is more directly linked to
the rise in gonadal hormones at puberty. In general, studies find that gonadal steroids
exert a strong influence on memory for social information and on social bonding (Nelson
et al., 2005), and that these influences are mediated, at least in part, through the influence
of gonadal steroids on the proliferation of receptors for oxytocin (a hormone that also
functions as a neurotransmitter) in various limbic structures, including the amygdala
and nucleus accumbens. Although most work on changes in oxytocin receptors at puberty
has examined the role of estrogen (e.g., Miller, Ozimek, Milner, & Bloom, 1989; Tribollet,
Charpak, Schmidt, Dubois-Dauphin, & Dreifuss, 1989), there is also evidence of similar
effects of testosterone (Chibbar, Toma, Mitchell, & Miller, 1990; Insel, Young, Witt, &
Crews, 1993). Moreover, in contrast to studies of gonadectomized rodents, which indicate
few effects of gonadal steroids at puberty on dopamine receptor remodeling (Andersen
et al., 2002), experimental studies that manipulate gonadal steroids at puberty through
post-gonadectomy administration of steroids indicate direct effects of estrogen and testos-
terone on oxytocin-mediated neurotransmission (Chibbar et al., 1990; Insel et al., 1993).

Oxytocin is perhaps best known for the role it plays in social bonding, especially with
respect to maternal behavior, but it is also important in regulating the recognition and
memory of social stimuli (Insel & Fernald, 2004; Winslow & Insel, 2004). As Nelson
et al. note, “gonadal hormones have important effects on how structures within the
[socio-emotional system] respond to social stimuli, and will ultimately influence the emo-
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tional and behavioral responses elicited by a social stimulus during adolescence” (2005, p.
167). These hormonal changes help explain why, relative to children and adults, adoles-
cents show especially heightened activation of limbic, paralimbic, and medial prefrontal
areas in response to emotional and social stimuli, including faces with varying emotional
expressions and social feedback. They also explain why early adolescence is a time of
heightened awareness of others’ opinions, so much so that adolescents often engage in
“imaginary audience” behavior, which involves having such a strong sense of self-con-
sciousness that the teenager imagines that his or her behavior is the focus of everyone else’s
concern and attention. Feelings of self-consciousness increase during early adolescence,
peak around age 15, and then decline (Ranking, Lane, Gibbons, & Gerrard, 2004). This
rise and fall in self-consciousness has been attributed both to changes in hypothetical
thinking (Elkind, 1967) and to fluctuations in social confidence (Ranking et al., 2004),
and although these may in fact be contributors to the phenomenon, the arousal of the
socio-emotional network as a result of increases in pubertal hormones probably plays a
role as well.

Peer influences on risk-taking

The proposed link between the proliferation of oxytocin receptors and increased risk-
taking in adolescence is not intuitively obvious; indeed, given the importance of oxytocin
in maternal bonding, one might predict just the reverse (i.e., it would be disadvantageous
for mothers to engage in risky behavior while caring for highly dependent offspring). My
argument is not that the increase in oxytocin leads to risk-taking, however, but that it
leads to an increase in the salience of peer relations, and that this increase in the salience
of peers plays a role in encouraging risky behavior.

The heightened attentiveness to social stimuli that results as a consequence of puberty is
particularly important in understanding adolescent risk-taking. One of the hallmarks of
adolescent risk-taking is that it is far more likely than that of adults to occur in groups.
The degree to which an adolescent’s peers use alcohol or illicit drugs is one of the stron-
gest, if not the single strongest, predictors of that adolescent’s own substance use (Chassin
et al., 2004). Research on automobile accidents indicates that the presence of same-aged
passengers in a car driven by an adolescent driver significantly increases the risk of a seri-
ous accident (Simons-Morton, Lerner, & Singer, 2005). Adolescents are more likely to be
sexually active when their peers are (DiBlasio & Benda, 1992; East, Felice, & Morgan,
1993; Udry, 1987) and when they believe that their friends are sexually active, whether
or not their friends actually are (Babalola, 2004; Brooks-Gunn & Furstenberg, 1989; Dilo-
rio et al., 2001; Prinstein, Meade, & Cohen, 2003). And statistics compiled by the Federal
Bureau of Investigation show quite compellingly that adolescents are far more likely than
adults to commit crimes in groups than by themselves (Zimring, 1998).

There are several plausible explanations for the fact that adolescent risk-taking often
occurs in groups. The relatively greater prevalence of group risk-taking observed among
adolescents may stem from the fact that adolescents simply spend more time in peer
groups than adults do (Brown, 2004). An alternative view is that the presence of peers acti-
vates the same neural circuitry implicated in reward processing, and that this impels ado-
lescents toward greater sensation seeking. In order to examine whether the presence of
peers plays an especially important role in risk-taking during adolescence, we conducted
an experiment in which adolescents (mean age 14), youths (mean age 20), and adults
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(mean age 34) were randomly assigned to complete a battery of computerized tasks under
one of two conditions: alone or in the presence of two friends (Gardner & Steinberg, 2005).
One of the tasks included in this study was a video driving game that simulates the situ-
ation in which one is approaching an intersection, sees a traffic light turn yellow, and tries
to decide whether to stop or proceed through the intersection. In the task, a moving car is
on the screen, and a yellow traffic light appears, signaling that at some point soon, a wall
will appear and the car will crash. Loud music is playing in the background. As soon as the
yellow light appears, participants must decide whether to keep driving or apply the brakes.
Participants are told that the longer they drive, the more points they earn but that if the
car crashes into the wall, all the points that have been accumulated are lost. The amount of
time that elapses between the appearance of the light and the appearance of the wall is var-
ied across trials, so there is no way to anticipate when the car will crash. Individuals who
are more inclined to take risks in this game drive the car longer than those who are more
risk averse. When subjects were alone, levels of risky driving were comparable across the
three age groups. However, the presence of friends doubled risk-taking among the adoles-
cents, increased it by fifty percent among the youths, but had no effect on the adults, a
pattern that was identical among both males and females (not surprisingly, we did find
a main effect for sex, with males taking more risks than females). The presence of peers
also increased individuals’ stated willingness to behave in an antisocial fashion signifi-
cantly more among younger than older subjects, again, among both males and females.

Further evidence that the impact of peers on adolescent risk-taking may be neurally
mediated by heightened activation of the socioemotional network comes from some pilot
work we have conducted with two male 19-year-old subjects (Steinberg & Chein, 2006). In
this work, we collected fMRI data while the subjects performed an updated version of the
driving task, in which they encountered a series of intersections with traffic lights that
turned yellow and had to decide whether to attempt to drive through the intersection
(which would increase their reward if they made it through safely but decrease it if they
crashed into an approaching car) or apply the brakes (which would decrease their reward
but not as much as if they crashed the car). As in the Gardner and Steinberg (2005) study,
subjects came to the lab with two friends, and we manipulated the peer context by having
the peers either present in the magnet control room (viewing the subject’s behavior on an
external computer monitor and receiving a share of the subject’s monetary incentives) or
moved to an isolated room. Subjects performed two runs of the driving task in the peer-
present condition, and two in the peer-absent condition; in the peer-present condition,
they were told that their friends would be watching, and in the peer-absent condition, they
were told that their friends would not be able to see their performance. Behavioral data
collected from subjects in the scanner indicated an increase in risk-taking in the presence
of peers that was similar in magnitude to that observed in the earlier study, as evidenced
by an increase in the number of crashes and concomitant decrease in the frequency of
braking when the traffic lights turned yellow.

Examination of the fMRI data indicated that the presence of peers activated certain
regions that were not activated when the driving game was played in the peer-absent con-
dition. As expected, regardless of peer condition, decisions in the driving task elicited a
widely distributed network of brain regions including prefrontal and parietal association
cortices (regions linked to cognitive control and reasoning). But in the peer-present
condition, we also saw increased activity in the medial frontal cortex, left ventral striatum
(primarily in the accumbens), left superior temporal sulcus, and left medial temporal
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structures. In other words, the presence of peers activated the socio-emotional network
and led to more risky behavior. This is pilot work, of course, so it is important to be very
cautious in its interpretation. But the fact that the presence of peers activated the same cir-
cuitry that is activated by exposure to reward is consistent with the notion that peers may
actually make potentially rewarding—and potentially risky—activities even more reward-
ing. In adolescence, then, more might not only be merrier—more may also be riskier.

Summary: Arousal of the socio-emotional system at puberty

In summary, there is strong evidence that the pubertal transition is associated with a
substantial increase in sensation-seeking that is likely due to changes in reward salience
and reward sensitivity resulting from a biologically-driven remodeling of dopaminergic
pathways in what I have called the socio-emotional brain system. This neural transforma-
tion is accompanied by a significant increase in oxytocin receptors, also within the socio-
emotional system, which in turn heightens adolescents’ attentiveness to, and memory for,
social information. As a consequence of these changes, relative to prepubertal individuals,
adolescents who have gone through puberty are more inclined to take risks in order to
gain rewards, an inclination that is exacerbated by the presence of peers. This increase
in reward-seeking is most apparent during the first half of the adolescent decade, has its
onset around the onset of puberty, and likely peaks sometime around age 15, after which
it begins to decline. Behavioral manifestations of these changes are evident in a wide range
of experimental and correlational studies using a diverse array of tasks and self-report
instruments, are seen across many mammalian species, and are logically linked to well-
documented structural and functional changes in the brain.

This set of assertions must be tempered, however, in view of the absence of direct evi-
dence in humans that link the biology with the behavior. As noted earlier, the fact that
particular sets of neurobiological and behavioral changes occur concurrently in develop-
ment can only be taken as suggestive of a connection between them. More research that
simultaneously examines brain structure function and its relation to risky behavior, either
in studies of age differences or in studies of individual differences, is much needed.

It also is important to emphasize that, although the increase in sensation-seeking
observed in early adolescence may be maturationally driven, all individuals do not man-
ifest this inclination in the form of dangerous, harmful, or reckless behavior. As Dahl
notes, “For some adolescents, this tendency to activate strong emotions and this affinity
for excitement can be subtle and easily managed. In others these inclinations toward
high-intensity feelings can lead to emotionally-charged and reckless adolescent behaviors
and at times to impulsive decisions by (seemingly) intelligent youth that are completely
outrageous” (2004, p. 8). Presumably, many factors moderate and modulate the transla-
tion of sensation seeking into risky behavior, including maturational timing (i.e., with
early maturers at greater risk), opportunities to engage in antisocial risk-taking (e.g.,
the degree to which adolescents’ behavior is monitored by parents and other adults, the
availability of alcohol and drugs, and so forth), and temperamental predispositions that
may amplify or attenuate tendencies to engage in potentially dangerous activities. Individ-
uals who are behaviorally inhibited by nature, prone to high levels of anxiety, or especially
fearful would be expected to shy away from harmful activities. For example, a recent fol-
low-up of adolescents who had been highly reactive as infants (i.e., exhibiting high motor
activity and frequent crying) found them to be significantly more nervous, introverted, and
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morose than their counterparts who had been low-reactive (Kagan, Snidman, Kahn, &
Towsley, 2007).

Why does risk-taking decline between adolescence and adulthood?

There are two plausible neurobiological processes that may help account for the decline
in risky behavior that occurs between adolescence and adulthood. The first, which has
received only scant attention, is that further changes in the dopaminergic system, or in
reward processing that is mediated by some other neurotransmitter, take place in late ado-
lescence that alter reward sensitivity, and, in turn, diminish reward-seeking. Little is
known about changes in reward seeking after adolescence, however, and there remain
inconsistencies in the literature with respect to age differences in reward sensitivity after
adolescence (cf. Bjork et al., 2004; Ernst et al., 2005; Galvan et al., 2006), likely due to
methodological differences between studies in the manipulation of reward salience (e.g.,
whether the comparison of interest is in reward versus cost or among rewards of different
magnitudes) and whether the task involves the anticipation or actual receipt of the reward.
Nevertheless, studies of age differences in sensation seeking (in addition to our own) show
a decrease in this tendency after age 16 (Zuckerman et al., 1978), and there is some behav-
ioral evidence (Millstein & Halpern-Felsher, 2002) suggesting that adolescents may be
more sensitive than adults to variation in rewards and comparably or even less sensitive
to variation in costs, a pattern borne out in our lowa Gambling Task data (Cauffman
et al., submitted for publication).

A more likely (although not mutually exclusive) cause of the decline in risky activity
after adolescence concerns the development of self-regulatory capacities that occurs over
the course of adolescence and during the 1920s. Considerable evidence suggests that higher
level cognition, including the uniquely human capacities for abstract reasoning and delib-
erative action, is supported by a recently evolved brain system including the lateral pre-
frontal and parietal association cortices and parts of the anterior cingulate cortex to
which they are highly interconnected. The maturation of this cognitive control system dur-
ing adolescence is likely a primary contributor to the decline in risk-taking seen between
adolescence and adulthood. This account is consistent with a growing body of work on
structural and functional changes in the prefrontal cortex, which plays a substantial role
in self-regulation, and in the maturation of neural connections between the prefrontal cor-
tex and the limbic system, which permits the better coordination of emotion and cognition.
These changes permit the individual to put the brakes on impulsive sensation-seeking
behavior and to resist the influence of peers, which, together, should diminish risk-taking.

Structural maturation of the cognitive control system

Three important changes in brain structure during adolescence are now well-docu-
mented (see Paus, 2005, for a summary). First, there is a decrease in gray matter in pre-
frontal regions of the brain during adolescence, reflective of synaptic pruning, the
process through which unused neuronal connections are eliminated. This elimination of
unused neuronal connections occurs mainly during preadolescence and early adolescence,
the period during which major improvements in basic information processing and logical
reasoning are seen (Keating, 2004; Overton, 1990), consistent with the timetable for syn-
aptic pruning in the prefrontal cortex, most of which is complete by mid-adolescence
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(Casey, Tottenham, Liston, & Durston, 2005; see also Casey, Getz, & Galvan, 2008, this
issue). Although some improvements in these cognitive capacities continue until age 20 or
so (Kail, 1991, 1997), changes after mid-adolescence are very modest in magnitude and
tend to be seen mainly in studies employing relatively demanding cognitive tasks on which
performance is facilitated by greater connectivity among cortical areas, permitting more
efficient processing (see below). In our study of capacities related to risk-taking described
earlier, we saw no improvement in basic cognitive processes, such as working memory or
verbal fluency, after age 16 (Steinberg, Cauffman et al. submitted for publication).

Second, there is an increase in white matter in these same regions, reflective of myelina-
tion, the process through which nerve fibers become sheathed in myelin, a fatty substance
that provides a sort of insulation of the neural circuitry. Unlike the synaptic pruning of the
prefrontal areas, which takes place early adolescence, myelination is ongoing well into the
second decade of life and perhaps beyond (Lenroot et al., 2007). Improved connectivity
within the prefrontal cortex should be associated with subsequent improvements in
higher-order functions subserved by multiple prefrontal areas, including many aspects
of executive function, such as response inhibition, planning ahead, weighing risks and
rewards, and the simultaneous consideration of multiple sources of information. In con-
trast to our findings with respect to basic information processing, which showed no mat-
uration beyond age 16, we found continued improvement beyond this age in self-reported
future orientation (which increased through age 18) and in planning (as indexed by the
amount of time subjects waited before making their first move on the Tower of London
task, which increased not only through adolescence but through the early 20s).

Generally speaking, performance on tasks that activate the frontal lobes continues to
improve through middle adolescence (until about age 16 on tasks of moderate difficulty),
in contrast to performance on tasks that activate more posterior brain regions, which
reaches adult levels by the end of preadolescence (Conklin, Luciana, Hooper, & Yarger,
2007). Improved executive function in adolescence is reflected in better performance with
age on tasks known to activate the dorsolateral prefrontal cortex, such as relatively difficult
tests of spatial working memory (Conklin et al., 2007) or especially challenging tests of
response inhibition (Luna et al., 2001); and the ventromedial prefrontal cortex, such as
the lowa Gambling Task (Crone & van der Molen, 2004; Hooper, Luciana, Conklin, & Yar-
ger, 2004). Although some tests of executive function simultaneously activate both the dor-
solateral and ventromedial regions, there is some evidence that the maturation of these
regions may take place along somewhat different timetables, with performance on exclu-
sively ventromedial tasks reaching adult levels somewhat earlier than performance on exclu-
sively dorsolateral tasks (Conklin et al., 2007; Hooper et al., 2004). In one recent study of age
differences in cognitive performance using tasks known to differentially activate these two
prefrontal regions, there was age-related improvement into middle adolescence on both
types of tasks, but there were no significant correlations between performance on the ven-
tromedial and dorsolateral tasks, suggesting that maturation of the ventromedial prefrontal
cortex may be a developmentally distinct process from the maturation of the dorsolateral
prefrontal cortex (Hooper et al., 2004). Performance on especially difficult tasks known
to activate dorsolateral areas continues to improve during late adolescence (Crone, Don-
ohue, Honomichl, Wendelken, & Bunge, 2006; Luna et al., 2001).

Third, as evidenced in the proliferation of projections of white matter tracts across dif-
ferent brain regions, there is an increase not only in connections among cortical areas (and
between different areas of the prefrontal cortex), but between cortical and subcortical
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areas (and, especially, between the prefrontal regions and the limbic and paralimbic areas,
including the amygdala, nucleus accumbens, and hippocampus) (Eluvathingal, Hasan,
Kramer, Fletcher, & Ewing-Cobbs, 2007). This third anatomical change should be associ-
ated with improved coordination of affect and cognition, and reflected in improved emo-
tion regulation, facilitated by the increased connectivity of regions important in the
processing of emotional and social information (e.g., the amygdala, ventral striatum,
orbitofrontal cortex, medial prefrontal cortex, and superior temporal sulcus) and regions
important in cognitive control processes (e.g., the dorsolateral prefrontal cortex, anterior
and posterior cingulate, and temporo-parietal cortices). Consistent with this, we found
increases in self-reported impulse control through the mid-20s (Steinberg, Albert et al.,
submitted for publication).

Functional changes in the cognitive control system

Functional studies of brain development in adolescence are largely consistent with the
findings from structural studies and from studies of cognitive and psychosocial develop-
ment. Several overarching conclusions can be drawn from this research. First, studies
point to a gradual development of cognitive control mechanisms over the course of ado-
lescence and early adulthood, consistent with the anatomical changes in the dorsolateral
prefrontal cortex described earlier. Imaging studies examining performance on tasks
requiring cognitive control (e.g., Stroop, flanker tasks, Go-No/Go, antisaccade) have
shown that adolescents tend to recruit the network less efficiently than do adults, and that
regions whose activity correlates with task performance (i.e., cognitive control areas)
become more focally activated with age (Durston et al., 2006). It has been suggested that
this increasingly focal engagement of cognitive control areas reflects a strengthening of
connections within the control network, and of its projections to other regions (a claim
consistent with data on increased connectivity among cortical areas with development;
Liston et al., 2006).

Improved performance on cognitive control tasks between childhood and adulthood is
accompanied by two different functional changes: Between childhood and adolescence,
there appears to be an increase in activation of the dorsolateral prefrontal cortex (Adle-
man et al., 2002; Casey, Giedd, & Thomas, 2000; Durston et al., 2002; Luna et al.,
2001; Tamm, Menon, & Reiss, 2002), consistent with the synaptic pruning and myelina-
tion of this region at this time. The period between adolescence and adulthood, in con-
trast, appears to be one of fine-tuning (rather than one characterized by an overall
increase or decrease in activation; Brown et al., 2005), presumably facilitated by the more
extensive connectivity within and across brain areas (Crone et al., 2006; Luna et al., 2001).
For example, imaging studies using tasks in which individuals are asked to inhibit a “pre-
potent” response, like trying to look away from, rather than toward, a point of light (an
antisaccade task), have shown that adolescents tend to recruit the cognitive control net-
work less selectively and efficiently than do adults, perhaps overtaxing the capacity of
the regions they activate (Luna et al., 2001). In essence, whereas the advantage that ado-
lescents have over children in cognitive control inheres in the maturation of brain regions
implicated in executive function (mainly, dorsolateral prefrontal cortex), the reasons the
cognitive control system of adults is more effective than that of adolescents may be because
adults’ brains evince more differentiated activation in response to different task demands.
This would be consistent with the notion that performance on relatively basic tests of exec-
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utive processing reaches adult levels around age 16, whereas performance of especially
challenging tasks, which may require more efficient activation, continues to improve in late
adolescence.

While the cognitive control network is clearly implicated in reasoning and decision-
making, several recent findings suggest that decision-making is often governed by a com-
petition between this network and the socio-emotional network (Drevets & Raichle, 1998).
This competitive interaction has been implicated in a wide range of decision-making con-
texts, including drug use (Bechara, 2005; Chambers et al., 2003), social decision processing
(Sanfey, Rilling, Aronson, Nystrom, & Cohen, 2003), moral judgments (Greene, Nystrom,
Engell, Darley, & Cohen, 2004), and the valuation of alternative rewards and costs (Ernst
et al., 2004; McClure, Laibson, Loewenstein, & Cohen, 2004), as well as in an account of
adolescent risk-taking (Chambers et al., 2003). In each instance, impulsive or risky choices
are presumed to arise when the socio-emotional network dominates the cognitive control
network. More specifically, risk-taking is more likely when the socio-emotional network is
relatively more activated or when processes mediated by the cognitive control network are
disrupted. For example, McClure et al. (2004) have shown that decisions reflecting a pref-
erence for smaller immediate rewards over larger delayed rewards are associated with rel-
atively increased activation of the ventral striatum, orbitofrontal cortex, and medial
prefrontal cortex, all regions linked to the socio-emotional network, whereas regions
implicated in cognitive control (dorsolateral prefrontal cortex, parietal areas) are engaged
equivalently across decision conditions. Similarly, two recent studies (Ernst et al., 2004;
Matthews, Simmons, Lane, & Paulus, 2004) show that increased activity in regions of
the socio-emotional network (ventral striatum, medial prefrontal cortex) predicts the selec-
tion of comparatively risky (but potentially highly rewarding) choices over more conser-
vative choices. Finally, one recent experimental study found that transient disruption of
right dorsolateral prefrontal cortical function via transcranial magnetic stimulation (i.e.,
disruption of a region known to be crucial to cognitive control) increased risk-taking in
a gambling task (Knoch et al., 20006).

Coordination of cortical and subcortical functioning

A second, but less well documented, change in brain function during adolescence
involves the increasing involvement of multiple brain regions in tasks involving the pro-
cessing of emotional information (e.g., facial expressions, emotionally arousing stimuli).
Although it has been widely reported that adolescents show significantly greater limbic
activity than adults when exposed to emotional stimuli (which is popularly interpreted
as evidence for adolescents’ “emotionality”), this is not consistently the case. In some such
studies adolescents do show a tendency toward relatively more limbic activation than
adults (e.g., Baird et al., 1999; Killgore & Yurgelun-Todd, 2007), but in others, adolescents
show relatively more prefrontal activation (e.g., Baird, Fugelsang, & Bennett, 2005; Nel-
son et al., 2003). Much depends on the stimuli used, whether the stimuli are presented
explicitly or subliminally, and the specific instructions given to the participant (e.g.,
whether the participant is asked to pay attention to the emotion or to pay attention to
some other aspect of the stimulus material). A more cautious reading of this literature
is not that adolescents are unequivocally more prone than adults to activation of subcor-
tical brain systems when presented with emotional stimuli (or that they are more “emo-
tional”), but that they may be less likely to activate multiple cortical and subcortical
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areas simultaneously, suggesting deficits, relative to adults, in the synchronization of cog-
nition and affect.

This lack of cross-talk across brain regions results not only in individuals acting on gut
feelings without fully thinking (the stereotypic portrayal of adolescent risk-taking), but
also in thinking too much when one’s gut feelings ought to be attended to (which teenagers
also do from time to time) (see also Reyna & Farley, 2006, for a discussion of adolescents’
deficiencies in intuitive, or “gist-based,” decision-making). Few readers would be surprised
to hear of studies showing more impulsivity and less deliberative thinking among adoles-
cents than adults. But in one recent study (Baird et al., 2005), when asked whether some
obviously dangerous activities (e.g., setting one’s hair on fire, swimming with sharks) were
“good ideas,” adolescents took significantly longer (i.e., deliberated more) than adults to
respond to the questions and activated a less narrowly distributed set of cognitive control
regions, particularly in the dorsolateral prefrontal cortex—a result reminiscent of Luna’s
study of age differences in response inhibition (Luna et al., 2001). This was not the case
when the queried activities were not dangerous ones, however (e.g., eating salad, taking
a walk), where adolescents and adults performed similarly and showed similar patterns
of brain activation. Thus, it is the lack of coordination of affect and thinking, rather than
the dominance of affect over thinking, that may characterize adolescence. This results in
two patterns of risk-taking that are behaviorally quite different (impulsively acting before
thinking, and overthinking rather than acting impulsively) but that actually may have a
similar neurobiological origin.

The temporal gap between the development of basic information-processing abilities,
which is facilitated by maturation of the prefrontal cortex and largely complete by age
16, and the development of abilities that require the coordination of affect and cognition,
which is facilitated by improved connections among cortical regions and between cortical
and subcortical regions, and which is a later development, is illustrated in Fig. 1. The fig-
ure is based on data from our study of 10- to 30-year-olds mentioned earlier (Steinberg,
Cauffman et al. submitted for publication). The two capacities graphed are basic intellec-
tual ability, which is a composite score that combines performance on tests of working
memory (Thompson-Schill, 2002), digit-span, and verbal fluency; and psychosocial matu-
rity, which composites scores of the self-report measures of impulsivity, risk perception,
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Fig. 1. Proportion of individuals in each age group scoring at or above the mean for 26- to 30- year-olds on
indices of intellectual and psychosocial maturity. From Steinberg, Cauffman et al. submitted for publication.
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sensation-seeking, future orientation, and resistance to peer influence mentioned earlier.
Mature functioning with respect to these psychosocial capacities requires the effective
coordination of emotion and cognition. The figure shows the proportion of individuals
in each age group who score at or above the mean level of the 26- to 30-year-olds in
our sample on the psychosocial and intellectual composites. As the figure indicates, and
consistent with other studies, basic intellectual abilities reach adult levels around age 16,
long before the process of psychosocial maturation is complete—well into the young adult
years.

Changes in brain connectivity and the development of resistance to peer influence

The improved connectivity between cortical and subcortical areas also has implica-
tions for understanding changes in susceptibility to peer influence, which, as I noted, is
an important contributor to risk behavior during adolescence. Resistance to peer influ-
ence, I believe, is achieved by cognitive control of the impulsive reward-seeking behav-
ior that is stimulated by the presence of peers through activation of the socio-
emotional network. To the extent that improved coordination between the cognitive
control and socio-emotional networks facilitates this regulatory process, we should
see gains in resistance to peer influence over the course of adolescence that continue
at least into late adolescence (when maturation of inter-region connections are still
ongoing). This is precisely what we have found in our own work, in which we show
that gains in self-reported resistance to peer influence continue at least until 18 (Stein-
berg & Monahan, 2007), and that the actual impact of the presence of peers on risky
behavior is still evident among college undergraduates averaging 20 years in age (Gard-
ner & Steinberg, 2005).

Two recent studies of the relation between resistance to peer influence and brain struc-
ture and function provide further support for this argument. In an fMRI study of 43 10-
year-olds who were exposed to emotionally-arousing video clips containing social infor-
mation (clips of angry hand movements or angry facial expressions), we found that indi-
viduals with relatively lower scores on our self-report measure of resistance to peer
influence showed significantly greater activation of regions implicated in the perception
of others’ actions (i.e., right dorsal premotor cortex), whereas those with relatively higher
scores showed greater functional connectivity between these action-processing regions and
regions implicated in decision-making (i.e., dorsolateral prefrontal cortex); such differ-
ences were not observed when individuals were presented with emotionally-neutral clips
(Grosbras et al., 2007). These results suggest that individuals who are especially suscepti-
ble to peer influence may be unusually aroused by signs of anger in others but less able to
exert inhibitory control over their responses to such stimuli. In a second study, of differ-
ences in brain morphology between individuals (aged 12-18) scoring high versus low in
resistance to peer influence, we found morphological evidence that, after controlling for
age, adolescents high in resistance to peer influence showed evidence of greater structural
connectivity between premotor and prefrontal regions, a pattern consistent with the more
frequent concurrent engagement of these networks among individuals more able to resist
peer pressure (Paus et al., in press). Also consistent with this is work showing that recruit-
ment of cognitive control resources (which would counter impulsive susceptibility to peer
pressure) is greater among individuals with stronger connections between frontal and stri-
atal regions (Liston et al., 2006).
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Summary: improvements in cognitive control over adolescence and young adulthood

In sum, risk taking declines between adolescence and adulthood for two, and perhaps,
three reasons. First, the maturation of the cognitive control system, as evidenced by struc-
tural and functional changes in the prefrontal cortex, strengthens individuals’ abilities to
engage in longer-term planning and inhibit impulsive behavior. Second, the maturation of
connections across cortical areas and between cortical and subcortical regions facilitates
the coordination of cognition and affect, which permits individuals to better modulate
socially and emotionally aroused inclinations with deliberative reasoning and, conversely,
to modulate excessively deliberative decision-making with social and emotional informa-
tion. Finally, there may be developmental changes in patterns of neurotransmission after
adolescence that change reward salience and reward-seeking, but this is a topic that
requires further behavioral and neurobiological research before saying anything definitive.

Implications for prevention and intervention

In many respects, then, risk-taking during adolescence can be understood and explained
as the product of an interaction between the socio-emotional and cognitive control net-
works (Drevets & Raichle, 1998), and adolescence is a period in which the former abruptly
becomes more assertive at puberty while the latter gains strength only gradually, over a
longer period of time. It is important to note, however, that the socio-emotional network
is not in a state of constantly high activation, even during early and middle adolescence.
Indeed, when the socio-emotional network is not highly activated (for example, when indi-
viduals are not emotionally excited or are alone), the cognitive control network is strong
enough to impose regulatory control over impulsive and risky behavior, even in early ado-
lescence; recall that in our video driving game study, when individuals were alone we
found no age differences in risk-taking between adolescents who averaged 14 and adults
who averaged 34 (Gardner & Steinberg, 2005). In the presence of peers or under condi-
tions of emotional arousal, however, the socio-emotional network becomes sufficiently
activated to diminish the regulatory effectiveness of the cognitive control network. (We
are currently beginning research in our lab to examine whether positive or negative emo-
tional arousal has differential effects on risk-taking during adolescence and adulthood.)
During adolescence, the cognitive control network matures, so that by adulthood, even
under conditions of heightened arousal in the socio-emotional network inclinations
toward risk-taking can be modulated.

What does this formulation mean for the prevention of unhealthy risk-taking in adoles-
cence? Given extant research suggesting that it is not the way that adolescents think or
what they don’t know or understand that is the problem, rather than attempting to change
how adolescents view risky activities a more profitable strategy might focus on limiting
opportunities for immature judgment to have harmful consequences. As I noted in the
introduction to this article, more than 90% of all American high school students have
had sex, drug, and driver education in their schools, yet large proportions of them still
have unsafe sex, binge drink, smoke cigarettes, and drive recklessly (some all at the same
time; Steinberg, 2004). Strategies such as raising the price of cigarettes, more vigilantly
enforcing laws governing the sale of alcohol, expanding adolescents’ access to mental
health and contraceptive services, and raising the driving age would likely be more effective
in limiting adolescent smoking, substance abuse, pregnancy, and automobile fatalities
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than attempts to make adolescents wiser, less impulsive, or less shortsighted. Some things
just take time to develop, and mature judgment is probably one of them.

The research reviewed here suggests that heightened risk-taking during adolescence is
likely to be normative, biologically driven, and, to some extent, inevitable. There is prob-
ably very little we can or ought to do to either attenuate or delay the shift in reward sen-
sitivity that takes place at puberty, a developmental shift that likely has evolutionary
origins. It may be possible to accelerate the maturation of self-regulatory competence,
but no research has examined whether this can be done. We do know that individuals
of the same age vary in their impulse control, planfulness, and susceptibility to peer influ-
ence, and that variations in these characteristics are related to variations in risky and anti-
social behavior (Steinberg, 2008). Although there is a wealth of studies showing familial
influences on psychosocial maturity in adolescence, indicating that adolescents who are
raised in homes characterized by authoritative parenting (i.e., parenting that is warm
but firm) are more mature and less likely to engage in risky or antisocial behavior (Stein-
berg, 2001), we do not know whether this link is mediated by changes in the underlying
bases of self-regulation, or whether they mainly reflect the imposition of external con-
straints (through parental monitoring) on adolescents’ access to harmful situations and
substances. Nonetheless, there is reason to study whether altering the context in which
adolescents develop may have beneficial effects on the development of self-regulatory
capacities. Understanding how contextual factors, both inside and outside the family,
influence the development of self-regulation, and the neural underpinnings of these pro-
cesses, should be a high priority for those interested in the physical and psychological well
being of young people.

Acknowledgments

Preparation of this article was supported by funding from the John D. and Catherine T.
MacArthur Foundation Research Network on Adolescent Development and Juvenile Jus-
tice and by the National Institute on Drug Abuse (1R21DA022546-01). The content of
this paper, however, is solely the responsibility of the author and does not necessarily rep-
resent the official views of these organizations. I am grateful to Network members Marie
Banich, Elizabeth Cauffman, Sandra Graham, and Jennifer Woolard for their collabora-
tion on the MacArthur Juvenile Capacity Study, and to BJ Casey, Monique Ernst, Danny
Pine, Cheryl Sisk, and Linda Spear for their comments on a previous draft of the manu-
script. I am also indebted to Danny Pine as well as Jason Chein for their tutelage in the
area of developmental neuroscience, which has enabled my tyronic and admittedly cursory
discussion of adolescent brain development in this paper. Any gaps in logic or understand-
ing are reflections on the student, not his teachers.

References

Adleman, N., Menon, V., Blasey, C., White, C., Warsofsky, 1., Glover, G., et al. (2002). A developmental fMRI
study of the Stroop Color-Word task. Neuroimage, 16, 61-75.

Adolphs, R. (2003). Cognitive neuroscience of human social behavior. Nature Reviews Neuroscience, 4, 165-178.

Aharon, 1., Etcoff, N., Ariely, D., Chabris, C., O’Connor, E., & Breiter, H. (2001). Beautiful faces have variable
reward value: fMRI and behavioral evidence. Neuron, 8, 537-551.

Andersen, S., Thompson, A., Krenzel, E., & Teicher, M. (2002). Pubertal changes in gonadal hormones do not
underlie adolescent dopamine receptor overproduction. Psychoneuroendocrinology, 27, 683-691.



L. Steinberg | Developmental Review 28 (2008) 78-106 101

Babalola, S. (2004). Perceived peer behavior and the timing of sexual debut in Rwanda: A survival analysis of
youth data. Journal of Youth and Adolescence, 33, 353-363.

Baird, A., Fugelsang, J., & Bennett, C. (2005, April). ” What were you thinking”?: An fMRI study of adolescent
decision making. Poster presented at the 12th Annual Cognitive Neuroscience Society (CNS) Meeting, New
York.

Baird, A., Gruber, S., Fein, D., Maas, L., Steingard, R., Renshaw, P., et al. (1999). Functional magnetic
resonance imaging of facial affect recognition in children and adolescents. Journal of the American Academy of
Child and Adolescent Psychiatry, 38, 195-199.

Baron-Cohen, S., Tager-Flusberg, T., & Cohen, D. (Eds.). (1999). Understanding other minds: Perspectives from
developmental cognitive neuroscience. New York: Oxford University Press.

Bearman, P., Jones, J., & Udry, J. R. (1997). The national longitudinal study of adolescent health: Research design.
Chapel Hill, NC: Carolina Population Center.

Bechara, A. (2005). Decision making, impulse control and loss of willpower to resist drugs: a neurocognitive
perspective. Nature Neuroscience, 8, 1458-1463.

Bechara, A., Damasio, A., Damasio, H., & Anderson, S. (1994). Insensitivity to future consequences following
damage to human prefrontal cortex. Cognition, 50, 7-15.

Benthin, A., Slovic, P., & Severson, H. (1993). A psychometric study of adolescent risk perception. Journal of
Adolescence, 16, 153-168.

Berg, W., & Byrd, D. (2002). The Tower of London spatial problem solving task: Enhancing clinical and research
implementation. Journal of Experimental and Clinical Neuropsychology, 25, 586-604.

Berridge, K. C. (2003). Comparing the emotional brain of humans and other animals. In R. J. Davidson, H. H.
Goldsmith, & K. Scherer (Eds.), Handbook of affective sciences (pp. 25-51). Oxford: Oxford University Press.

Beyth-Marom, R., Austin, L., Fischoff, B., Palmgren, C., & Jacobs-Quadrel, M. (1993). Perceived consequences
of risky behaviors: Adults and adolescents. Developmental Psychology, 29, 549-563.

Bjork, J., Knutson, B., Fong, G., Caggiano, D., Bennett, S., & Hommer, D. (2004). Incentive-elicited brain
activation in adolescents: Similarities and differences from young adults. Journal of Neuroscience, 24,
1793-1802.

Blum, R., & Nelson-Mmari, K. (2004). The health of young people in a global context. Journal of Adolescent
Health, 35, 402-418.

Brooks-Gunn, J., & Furstenberg, F. Jr., (1989). Adolescent sexual behavior. American Psychologist, 44, 249-257.

Brown, B. (2004). Adolescents’ relationships with peers. In R. Lerner & L. Steinberg (Eds.), Handbook of
adolescent psychology (2nd ed., pp. 363-394). New York: Wiley.

Brown, T., Lugar, H., Coalson, R., Miezin, F., Petersen, S., & Schlaggar, B. (2005). Developmental changes in
human cerebral functional organization for word generation. Cerebral Cortex, 15, 275-290.

Buchanan, C., Eccles, J., & Becker, J. (1992). Are adolescents the victims of raging hormones?: Evidence for
activational effects of hormones on moods and behavior at adolescence. Psychological Bulletin, 111, 62-107.

Byrnes, J., Miller, D., & Schafer, W. (1999). Gender differences in risk taking: A meta-analysis. Psychological
Bulletin, 125, 367-383.

Cameron, J. (2004). Interrelationships between hormones, behavior, and affect during adolescence: understanding
hormonal, physical, and brain changes occurring in association with pubertal activation of the reproductive
axis. Annals of the New York Academy of Sciences, 1021, 110-123.

Casey, B. J., Giedd, J., & Thomas, K. (2000). Structural and functional brain development and its relation to
cognitive development. Biological Psychology, 54, 241-257.

Casey, B. J., Tottenham, N., Liston, C., & Durston, S. (2005). Imaging the developing brain: What have we
learned about cognitive development?. Trends in Cognitive Science 9, 104-110.

Casey, B. J., Getz, S., & Galvan, A. (2008). The adolescent brain. Developmental Review, 28, 62-77.

Cauffman, E., Claus, E., Shulman, E., Banich, M., Graham, S., Woolard, J., et al. Adolescent decision-making:
Risk preference or punishment insensitivity? Manuscript submitted for publication.

Centers for Disease Control and Prevention (2006). Youth risk behavior surveillance—United States, 2005.
Morbidity & Mortality Weekly Report, 55(SS-5), 1-108.

Chambers, R., Taylor, J., & Potenza, M. (2003). Developmental neurocircuitry of motivation in adolescence: A
critical period of addiction vulnerability. American Journal of Psychiatry, 160, 1041-1052.

Chassin, L., Hussong, A., Barrera, M., Jr., Molina, B., Trim, R., & Ritter, J. (2004). Adolescent substance use. In
R. Lerner & L. Steinberg (Eds.), Handbook of adolescent psychology (2nd ed., pp. 665-696). New York: Wiley.

Chibbar, R., Toma, J., Mitchell, B., & Miller, F. (1990). Regulation of neural oxytocin gene expression by
gonadal steroids in pubertal rats. Molecular Endocrinology, 4, 2030-2038.



102 L. Steinberg | Developmental Review 28 (2008) 78—106

Cicchetti, D., & Dawson, G. (2002). Editorial: Multiple levels of analysis. Development and Psychopathology, 14,
417-420.

Collins, W. A., & Steinberg, L. (2006). Adolescent development in interpersonal context. In W. Damon & R.
Lerner (Eds.) & N. Eisenberg (Vol. Ed.), Social, emotional, and personality development. Handbook of child
psychology (pp. 1003-1067). New York: Wiley.

Conklin, H., Luciana, M., Hooper, C., & Yarger, R. (2007). Working memory performance in typically
developing children and adolescents: Behavioral evidence of protracted frontal lobe development. Develop-
mental Neuropsychology, 31, 103—128.

Crone, E., Donohue, S., Honomichl, R., Wendelken, C., & Bunge, S. (2006). Brain regions mediating flexible rule
use during development. Journal of Neuroscience, 26, 11239-11247.

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

Dahl, R. (2004). Adolescent brain development: A period of vulnerabilities and opportunities. Annals of the New
York Academy of Sciences, 1021, 1-22.

Deardorff, J., Bonzales, N. A., Christopher, F. S., Roosa, M. W., & Millsap, R. E. (2005). Early puberty and
adolescent pregnancy: The influence of alcohol use. Pediatrics, 116, 1451-1456.

Diamond, J. (1992). The third chimpanzee: The evolution and future of the human animal. New York:
HarperCollins.

DiBlasio, F., & Benda, B. (1992). Gender differences in theories of adolescent sexual activity. Sex Roles, 27,
221-240.

Dilorio, C., Dudley, W., Kelly, M., Soet, J., Mbwara, J., & Sharpe Potter, J. (2001). Social cognitive correlates of
sexual experience and condom use among 13- through 15-year-old adolescents. Journal of Adolescent Health,
29, 208-216.

Drevets, W., & Raichle, M. (1998). Reciprocal suppression of regional cerebral blood flow during emotional
versus higher cognitive processes: Implications for interactions between emotion and cognition. Cognition and
Emotion, 12, 353-385.

Dumont, N., Andersen, S., Thompson, A., & Teicher, M. (2004). Transient dopamine synthesis modulation in
prefrontal cortex: In vitro studies. Developmental Brain Research, 150, 163-166.

Durston, S., Davidson, M., Tottenham, N., Galvan, A., Spicer, J., Fossella, J., et al. (2006). A shift from diffuse
to focal cortical activity with development. Developmental Science, 9, 1-20.

Durston, S., Thomas, K., Yang, Y., Ulug, A., Zimmerman, R., & Casey, B. J. (2002). A neural basis for
development of inhibitory control. Developmental Science, 5, 9-16.

East, P., Felice, M., & Morgan, M. (1993). Sisters’ and girlfriends’ sexual and childbearing behavior: Effects on
early adolescent girls’ sexual outcomes. Journal of Marriage and the Family, 55, 953-963.

Elkind, D. (1967). Egocentrism in adolescence. Child Development, 38, 1025-1034.

Eluvathingal, T., Hasan, K., Kramer, L., Fletcher, J., & Ewing-Cobbs, L. (2007). Quantitative diffusion tensor
tractography of association and projection fibers in normally developing children and adolescents. Cerebral
Cortex. Advance Access published on February 16, 2007.

Ennett, S., Tobler, N., Ringwalt, C., & Flewelling, R. (1994). How effective is drug abuse resistance education? A
meta-analysis of Project DARE outcome evaluations. American Journal of Public Health, 84, 1394-1401.
Ernst, M., Nelson, E., Jazbec, S., McClure, E., Monk, C., Blair, R., et al. (2005). Amygdala and nucleus
accumbens activation in response to receipt and omission of gains in adults and adolescents. Neuroimage, 25,

1279-1291.

Ernst, M., Nelson, E., McClure, E., Monk, C., Munson, S., Eshel, N., et al. (2004). Choice selection and reward
anticipation: An fMRI study. Neuropsychologia, 42, 1585-1597.

Ernst, M., & Spear, L. (in press). Reward systems. In M. de Haan & M. Gunnar (Eds.), Handbook of
developmental social neuroscience. Section D: Regulatory systems: Motivation and emotion. New York:
Guilford Press.

Gallagher, S. (2000). Philosophical conceptions of the self: Implications for cognitive science. Trends in Cognitive
Sciences, 4, 14-21.

Galvan, A., Hare, T., Davidson, M., Spicer, J., Glover, G., & Casey, B. J. (2005). The role of ventral
frontostriatal circuitry in reward-based learning in humans. Journal of Neuroscience, 25, 8650-8656.

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



L. Steinberg| Developmental Review 28 (2008) 78-106 103

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.

Gardner, E. L. (1999). The neurobiology and genetics of addiction: Implications of the reward deficiency
syndrome for therapeutic strategies in chemical dependency. In J. Elster (Ed.), Addiction: Entries and exits
(pp- 57-119). New York: Russell Sage Foundation.

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.

Green, L., Myerson, J., & Ostaszewski, P. (1999). Discounting of delayed rewards across the life span: Age
differences in individual discounting functions. Behavioural Processes, 46, 89-96.

Greene, J., Nystrom, L., Engell, A., Darley, J., & Cohen, J. (2004). The neural bases of cognitive conflict and
control in moral judgment. Neuron, 44, 389-400.

Grosbras, M., Jansen, M., Leonard, G., Mclntosh, A., Osswald, K., Poulsen, C., et al. (2007). Neural
mechanisms of resistance to peer influence in early adolescence. Journal of Neuroscience, 27,
8040-8045.

Hall, G. S. (1904). Adolescence. New York: Appleton.

Harris, C., Jenkins, M., & Glaser, D. (2006). Gender differences in risk assessment: Why do women take fewer
risks than men? Judgment and Decision Making, 1, 48—63.

Heberlein, A., Adolphs, R., Tranel, D., & Damasio, H. (2004). Cortical regions for judgments of emotions and
personality traits from point-light walkers. Journal of Cognitive Neuroscience, 16, 1143-1158.

Hein, K. (1988). Issues in adolescent health: An overview. Washington, DC: Carnegie Council on Adolescent
Development.

Hoffman, E., & Haxby, J. (2000). Distinct representations of eye gaze and identity in the distributed human
neural system for face perception. Nature Neuroscience, 3, 80—84.

Hooper, C., Luciana, M., Conklin, H., & Yarger, R. (2004). Adolescents’ performance on the lowa Gambling
Task: Implications for the development of decision making and ventromedial prefrontal cortex. Develop-
mental Psychology, 40, 1148-1158.

Ikemoto, S., & Wise, R. (2004). Mapping of chemical trigger zones for reward. Neuropharmacology,
47(Supplement 1), 190-201.

Insel, T., & Fernald, R. (2004). How the brain processes social information: Searching for the social brain. Annual
Review of Neuroscience, 27, 697-722.

Insel, T., Young, L., Witt, D., & Crews, D. (1993). Gonadal steroids have paradoxical effects on brain oxytocin
receptors. Journal of Neuroendocrinology, 5, 619-628.

Johnson, R., & Gerstein, D. (1998). Initiation of use of alcohol, cigarettes, marijuana, cocaine, and other
substances in US birth cohorts since 1919. American Journal of Public Health, 88, 27-33.

Kagan, J., Snidman, N., Kahn, V., & Towsley, S. (2007). The preservation of two infant temperaments into
adolescence. SRCD Monographs, 72(2).

Kail, R. (1991). Developmental change in speed of processing during childhood and adolescence. Psychological
Bulletin, 109, 490-501.

Kail, R. (1997). Processing time, imagery, and spatial memory. Journal of Experimental Child Psychology, 64,
67-78.

Keating, D. (2004). Cognitive and brain development. In R. Lerner & L. Steinberg (Eds.), Handbook of adolescent
psychology (2nd ed., pp. 45-84). New York: Wiley.

Killgore, W., & Yurgelun-Todd, D. (2007). Unconscious processing of facial affect in children and adolescents.
Social Neuroscience, 2, 28-47.

Knoch, D., Gianotti, L., Pascual-Leone, A., Treyer, V., Regard, M., Hohmann, M., et al. (2006). Disruption of
right prefrontal cortex by low-frequency repetitive transcranial magnetic stimulation induces risk-taking
behavior. Journal of Neuroscience, 26, 6469—6472.

Knutson, B., Westdorp, A., Kaiser, E., & Hommer, D. (2000). FMRI visualization of brain activity during a
monetary incentive delay task. Neurolmage, 12, 20-27.

Lenroot, R., Gogtay, N., Greenstein, D., Wells, E., Wallace, G., Clasen, L., et al. (2007). Sexual dimorphism of
brain developmental trajectories during childhood and adolescence. Neuroimage. Available on line April 6,
2007.

Lerner, R., & Steinberg, L. (2004). The scientific study of adolescence: Past, present, and future. In R. Lerner & L.
Steinberg (Eds.), Handbook of adolescent psychology (2nd ed., pp. 1-12). New York: Wiley.

Liston, C., Watts, R., Tottenham, N., Davidson, M., Niogi, S., Ulug, A., et al. (2006). Frontostriatal
microstructure modulates efficient recruitment of cognitive control. Cerebral Cortex, 16, 553-560.



104 L. Steinberg| Developmental Review 28 (2008) 78—106

Luna, B., Thulborn, K., Munoz, D., Merriam, E., Garver, K., Minshew, N., et al. (2001). Maturation of widely
distributed brain function subserves cognitive development. Neuroimage, 13, 786-793.

Martin, C., Kelly, T., Rayens, M., Brogli, B., Brenzel, A., Smith, W, et al. (2002). Sensation seeking, puberty and
nicotine, alcohol and marijuana use in adolescence. Journal of the American Academy of Child and Adolescent
Psychiatry, 41, 1495-1502.

Matthews, S., Simmons, A., Lane, S., & Paulus, M. (2004). Selective activation of the nucleus accumbens during
risk-taking decision-making. NeuroReport, 15, 2123-2127.

May, J., Delgado, M., Dahl, R., Fiez, J., Stenger, V., Ryan, N., et al. (2004). Event-related fMRI of reward
related brain activity in children and adolescents. Biological Psychiatry, 55, 359-366.

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

Miller, F. D., Ozimek, G., Milner, R., & Bloom, F. (1989). Regulation of neuronal oxytocin mRNA by ovarian
steroids in the mature and developing hypothalamus. Proceedings of the National Academy of Sciences of the
United States of America, 86, 2468-2472.

Millstein, S., & Halpern-Felsher, B. (2002). Perceptions of risk and vulnerability. Journal of Adolescent Health,
318, 10-27.

Morse, S. (2006). Brain overclaim and criminal responsibility: A diagnostic note. Ohio State Journal of Criminal
Law, 3, 397-412.

National Research Council (2007). Preventing teen motor crashes: Contributions from the behavioral and social
sciences. Washington: National Academy Press.

Nelson, E., Leibenluft, E., McClure, E., & Pine, D. (2005). The social re-orientation of adolescence: A
neuroscience perspective on the process and its relation to psychopathology. Psychological Medicine, 35,
163-174.

Nelson, E., McClure, E., Monk, C., Zarahn, E., Leibenluft, E., Pine, D., et al. (2003). Developmental differences
in neuronal engagement during implicit encoding of emotional faces: An event-related fMRI study. Journal of
Child Psychology, Psychiatry and Allied Disciplines, 44, 1015-1024.

Nelson, E., McClure, E., Parrish, J., Leibenluft, E., Ernst, M., Fox, N., et al. (2007). Brain systems underlying peer
social acceptance in adolescents. Unpublished manuscript, Mood and Anxiety Disorders Program, National
Institute of Mental Health, Washington.

Ochsner, K., Bunge, S., Gross, J., & Gabrieli, J. (2002). Rethinking feelings: An fMRI study of the cognitive
regulation of emotion. Journal of Cognitive Neuroscience, 14, 1215-1229.

Overton, W. (1990). Competence and procedures: Constraints on the development of logical reasoning. In W.
Overton (Ed.), Reasoning, necessity, and logic: Developmental perspectives (pp. 1-32). Hillsdale, NJ: Erlbaum.

Patton, J., Stanford, M., & Barratt, E. (1995). Factor structure of the Barratt Impulsiveness Scale. Journal of
Clinical Psychology, 51, 768-774.

Paus, T. (2005). Mapping brain maturation and cognitive development during adolescence. Trends in Cognitive
Sciences, 9, 60-68.

Paus, T., Toro, R., Leonard, G., Lerner, J., Lerner, R., Perron, M., et al. (in press). Morphological properties of
the action—observation cortical network in adolescents with low and high resistance to peer influence. Social
Neuroscience.

Pellegrini, A. D., & Long, J. D. (2003). A sexual selection theory longitudinal analysis of sexual segregation and
integration in early adolescence. Journal of Experimental Child Psychology, 85, 257-278.

Phelps, E., O’Connor, K., Cunningham, W., Funayma, E., Gatenby, J., Gore, J., et al. (2000).
Performance on indirect measures of race evaluation predicts amygdala activity. Journal of Cognitive
Neuroscience, 12, 1-10.

Prinstein, M., Meade, C., & Cohen, G. (2003). Adolescent oral sex, peer popularity, and perceptions of best
friends’ sexual behavior. Journal of Pediatric Psychology, 28, 243-249.

Ranking, J., Lane, D., Gibbons, F., & Gerrard, M. (2004). Adolescent self-consciousness:
Longitudinal age changes and gender differences in two cohorts. Journal of Research on
Adolescence, 14, 1-21.

Reyna, V. F., & Farley, F. (2006). Risk and rationality in adolescent decision-making: Implications for theory,
practice, and public policy. Psychological Science in the Public Interest, 7, 1-44.

Rilling, J., Gutman, D., Zeh, T., Pagnoni, G., Berns, G., & Kilts, C. D. (2002). A neural basis for social
cooperation. Neuron, 35, 395-405.

Rivers, S., Reyna, V., & Mills, B. (2008). Risk taking under the influence: A fuzzy-trace theory of emotion in
adolescence. Developmental Review, 28, 107-144.



L. Steinberg| Developmental Review 28 (2008) 78-106 105

Rosenberg, D., & Lewis, D. (1995). Postnatal maturation of the dopaminergic innervation of monkey prefrontal
and motor cortices: A tyrosine hydroxylase immunohistochemical analysis. Journal of Comparative
Neurology, 358, 383-400.

Sanfey, A., Rilling, J., Aronson, J., Nystrom, L., & Cohen, J. (2003). The neural basis of economic decision-
making in the ultimatum game. Science, 300, 1755-1758.

Schulz, K., & Sisk, C. (2006). Pubertal hormones, the adolescent brain, and the maturation of social behaviors:
Lessons from the Syrian hamster. Molecular and Cellular Endocrinology, 254-255, 120-126.

Simons-Morton, B., Lerner, N., & Singer, J. (2005). The observed effects of teenage passengers on the risky
driving behavior of teenage drivers. Accident Analysis and Prevention, 37, 973-982.

Sisk, C., & Foster, D. (2004). The neural basis of puberty and adolescence. Nature Neuroscience, 7,
1040-1047.

Sisk, C., & Zehr, J. (2005). Pubertal hormones organize the adolescent brain and behavior. Frontiers in
Neuroendocrinology, 26, 163-174.

Smith, E., Udry, J., & Morris, N. (1985). Pubertal development and friends: A biosocial explanation of adolescent
sexual behavior. Journal of Health and Social Behavior, 26, 183-192.

Spear, L. (2002). The adolescent brain and the college drinker: Biological basis of the propensity to use and
misuse alcohol. Journal of Studies on Alcohol(Suppl. 14), 71-81.

Spear, P. (2000). The adolescent brain and age-related behavioral manifestations. Neuroscience and Biobehavioral
Reviews, 24, 417-463.

Steinberg, L. (2001). We know some things: Adolescent-parent relationships in retrospect and prospect. Journal
of Research on Adolescence, 11, 1-20.

Steinberg, L. (2004). Risk-taking in adolescence: What changes, and why? Annals of the New York Academy of
Sciences, 1021, 51-58.

Steinberg, L. (2005). Cognitive and affective development in adolescence. Trends in Cognitive Sciences, 9, 69-74.

Steinberg, L. (2007). Risk-taking in adolescence: New perspectives from brain and behavioral science. Current
Directions in Psychological Science, 16, 55-59.

Steinberg, L. (2008). Adolescence (8th ed.). New York: McGraw-Hill.

Steinberg, L., Albert, D., Cauffman, E., Banich, M., Graham, S., & Woolard, J. Age differences in sensation
seeking and impulsivity as indexed by behavior and self-report: Evidence for a dual systems model. Manuscript
submitted for publication.

Steinberg, L., & Belsky, J. (1996). A sociobiological perspective on psychopathology in adolescence. In D.
Cicchetti & S. Toth (Eds.). Rochester Symposium on Developmental Psychopathology (Vol. 7, pp. 93-124).
Rochester, NY: University of Rochester Press.

Steinberg, L., & Cauffman, E. (1996). Maturity of judgment in adolescence: Psychosocial factors in adolescent
decision making. Law and Human Behavior, 20, 249-272.

Steinberg, L., Cauffman, E., Woolard, J., Graham, S., & Banich, M. Are adolescents less mature than adults?
Minors’ access to abortion, the juvenile death penalty, and the alleged APA “‘flip—flop”. Manuscript submitted
for publication.

Steinberg, L., & Chein, J. (2006). Unpublished raw data.

Steinberg, L., Dahl, R., Keating, D., Kupfer, D., Masten, A., & Pine, D. (2006). Psychopathology in adolescence:
Integrating affective neuroscience with the study of context. In D. Cicchetti & D. Cohen (Eds.), Developmental
psychopathology. Developmental neuroscience (Vol. 2, pp. 710-741). New York: Wiley.

Steinberg, L., Graham, S., O’Brien, L., Woolard, J., Cauffman, E., & Banich, M. Age differences in future
orientation as assessed through self-report and temporal discounting. Manuscript submitted for
publication.

Steinberg, L., & Monahan, K. (2007). Age differences in resistance to peer influence. Developmental Psychology,
43, 1531-1543.

Tamm, L., Menon, V., & Reiss, A. (2002). Maturation of brain function associated with response inhibition.
Journal of the American Academy of Child and Adolescent Psychiatry, 41, 1231-1238.

Teicher, M., Andersen, S., & Hostetter, J. Jr., (1995). Evidence for dopamine receptor pruning between
adolescence and adulthood in striatum but not nucleus accumbens. Developmental Brain Research, 89,
167-172.

Thompson-Schill, S. (2002). Neuroimaging studies of semantic memory: Inferring “how” from “where.”.
Neuropsychologia, 41, 280-292.

Trenholm, C., Devaney, B., Fortson, K., Quay, L., Wheeler, J., & Clark, M. (2007). Impacts of four title V, section
510 abstinence education programs. Princeton, NJ: Mathematica Policy Research.



106 L. Steinberg | Developmental Review 28 (2008) 78—106

Tribollet, E., Charpak, S., Schmidt, A., Dubois-Dauphin, M., & Dreifuss, J. (1989). Appearance and transient
expression of oxytocin receptors in fetal, infant, and peripubertal rat brain studied by autoradiography and
electrophysiology. Journal of Neuroscience, 9, 1764-1773.

Udry, J. (1987). Hormonal and social determinants of adolescent sexual initiation. In J. Bancroft (Ed.),
Adolescence and puberty (pp. 70-87). New York: Oxford University Press.

Walker, E., Sabuwalla, Z., & Huot, R. (2004). Pubertal neuromaturation, stress sensitivity, and psychopathology.
Development and Psychopathology, 16, 807-824.

Waraczynski, M. (2006). The central extended amygdala network as a proposed circuit underlying reward
valuation. Neuroscience and Biobehavioral Reviews, 30, 472-496.

Williams, P., Holmbeck, G., & Greenley, R. (2002). Adolescent health psychology. Journal of Consulting and
Clinical Psychology, 70, 828-842.

Wilson, M., & Daly, M. (1993). Lethal confrontational violence among young men. In N. Bell & R. Bell (Eds.),
Adolescent risk-taking (pp. 84-106). Newberry Park, CA: Sage.

Winslow, J., & Insel, T. (2004). Neuroendocrine basis of social recognition. Current Opinion in Neurobiology, 14,
248-253.

Zimring, F. (1998). American youth violence. New York: Oxford University Press.

Zuckerman, M., Eysenck, S., & Eysenck, H. J. (1978). Sensation seeking in England and America: Cross-cultural,
age, and sex comparisons. Journal of Consulting and Clinical Psychology, 46, 139-149.



	A social neuroscience perspective on adolescent risk-taking
	Introduction
	Adolescent risk-taking as a public health problem
	False leads in the prevention and study of adolescent risk-taking

	A social neuroscience perspective on adolescent risk-taking
	Advances in the developmental neuroscience of adolescence
	A tale of two brain systems

	Why does risk-taking increase between childhood and adolescence?
	Remodeling of the dopaminergic system at puberty
	Steroid-independent and steroid-dependent processes
	Adolescent sensation-seeking and evolutionary adaptation
	Changes in sensation seeking, risk-taking, and reward sensitivity in early adolescence
	Changes in neural oxytocin at puberty
	Peer influences on risk-taking
	Summary: Arousal of the socio-emotional system at puberty

	Why does risk-taking decline between adolescence and adulthood?
	Structural maturation of the cognitive control system
	Functional changes in the cognitive control system
	Coordination of cortical and subcortical functioning
	Changes in brain connectivity and the development of resistance to peer influence
	Summary: improvements in cognitive control over adolescence and young adulthood

	Implications for prevention and intervention
	Acknowledgments
	References


