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Abstract

Adolescence is a period of formative biological and social transition. Social
cognitive processes involved in navigating increasingly complex and inti-
mate relationships continue to develop throughout adolescence. Here, we
describe the functional and structural changes occurring in the brain during
this period of life and how they relate to navigating the social environment.
Areas of the social brain undergo both structural changes and functional
reorganization during the second decade of life, possibly reflecting a sensi-
tive period for adapting to one’s social environment. The changes in social
environment that occur during adolescence might interact with increasing
executive functions and heightened social sensitivity to influence a number
of adolescent behaviors. We discuss the importance of considering the social
environment and social rewards in research on adolescent cognition and be-
havior. Finally, we speculate about the potential implications of this research
for society.
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OVERVIEW

Adolescence is often defined as the period between the onset of puberty and the achievement of
relative self-sufficiency. Therefore the beginning of adolescence is largely defined by a biological
event, whereas the end of adolescence is often defined socially. Adolescence is particularly pro-
tracted in humans compared with other species (Bogin & Smith 1996). Behavioral changes and
improvements in cognitive skills in adolescence have been reported for millennia, including by
Aristotle (Ross 1925). Recently, with the advent of brain imaging technologies, we have begun
to understand changes occurring in the brain during this period of life (Casey et al. 2008). This
review highlights research on adolescent social cognitive development, which paints a picture of
adolescence as a period of heightened sensitivity to sociocultural signals in the environment. This
framework addresses the social contextual factors and motivations that might influence behavior
during adolescence. We propose that social context and social acceptance play a pivotal role in
adolescence because they influence the majority of adolescent-typical behaviors. This review inte-
grates research across neuroscience and psychology within the framework that adolescents’ health
and well-being are influenced through interacting with their environment (Call et al. 2002). We
also discuss potential implications of basic research on adolescence for society.

DEFINING ADOLESCENCE AS A SENSITIVE PERIOD
FOR SOCIAL PROCESSING

The period of adolescence begins with the physical, cognitive, and social changes occurring with
the onset of puberty. The adults that emerge from adolescence must be equipped to navigate the
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Adolescents are hypersensitive to the negative consequences of social exclusion. In this study, young
adolescents (11-14 years), mid-adolescents (14-16 years), and adults (22-47 years) first completed baseline
measures of mood. They then played the Cyberball online ball game and were either included or excluded by
the other players in the game. After each run (inclusion and exclusion), participants completed measures of
mood again. The graph shows overall mood ratings for each group under each condition. Mood was lowered
by the social exclusion condition, compared with baseline and inclusion, particularly strongly in the two
adolescent groups. Adapted from Sebastian et al. (2010).

social complexities of their community. It has been proposed that adolescence is a time of particular
cultural susceptibility (Choudhury 2010, Fiske 2009) and that the impact of puberty on the brain
makes adolescents particularly sensitive to their social environments (Crone & Dahl 2012, Peper
& Dahl 2013). Adolescents go through a period of social reorienting where the opinions of peers
become more important than those of family members (Larson & Richards 1991, Larson et al.
1996). Adolescents aged 13 to 17 years reported that peer evaluations affect their feelings of social
or personal worth and that peer rejection indicates their unworthiness as an individual (O’Brien
& Bierman 1988). Although the adolescents and children aged 10 to 13 years similarly felt that
peers provided companionship, stimulation, and support, the younger group did not indicate that
peer acceptance impacted self-evaluation. The authors suggest that increasing abilities to form
abstract representations, as well as increasing motivation for peer acceptance, might account for
the influence of peers on self-evaluations in adolescence. These self-reported accounts of the
importance of peer acceptance are supported by the results of a behavioral study investigating
the effects of social exclusion in the lab. After being excluded by other players in an online game
called Cyberball, young and mid-adolescents (11-16 years) reported lowered overall mood, and
young adolescents (11-14 years) reported higher state anxiety, compared with adults (Sebastian
etal. 2010). Thus, it appears that the desire to be accepted by one’s peers, and avoidance of social
rejection, is particularly acute in adolescence and might drive adolescent behavior (Figure 1).
Mental health disorders often have an onset in adolescence (Kessler et al. 2005) (Figure 2).
The heightened vulnerability to psychiatric conditions during adolescence has been proposed to
relate to genetically preprogrammed neural development at the same time as new stresses and
challenges emerge in the environment (Andersen & Teicher 2008, Leussis & Andersen 2008).
Stress exposure, including social stress, during adolescence may be longer lasting and qualitatively
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Figure 2

The ranges of onset age for common psychiatric disorders. The graph is based on the results of a nationally
representative epidemiological survey of mental disorders and demonstrates that most individuals diagnosed
with a mental disorder show the beginnings of the illness in late childhood or in adolescence. Adapted from
Paus et al. (2008) with data from Kessler et al. (2005).

different from stress exposure at other periods of life, possibly due to the interaction between
the developing hypothalamic-pituitary-adrenal (HPA) axis and glucocorticoids (for review, see
McCormick et al. 2010). One reason why adolescents show increased sensitivity to stress-induced
levels of glucocorticoids is the increase in glucocorticoid regulation in the human prefrontal cortex
(Perlman et al. 2007). This neural change, which increases from infancy through childhood and
adolescence, might make adolescents more vulnerable to psychiatricillnesses (Perlman etal. 2007).
Rodent studies indicate that social stress induced by isolation can have long-lasting impacts (see
sidebar Possible Consequences of Social Isolation in Adolescence). Exposure to social isolation
during adolescence increases the likelihood of depressive-like behaviors as well as alterations in
the structure of the prefrontal cortex (Leussis & Andersen 2008). The long-lasting effects of
stress in adolescence include disrupted social and reproductive behavior. For example, male rats
exposed to chronic social instability stress during adolescence were, in adulthood, more anxious
and less socially interactive (Green et al. 2012), showed deficits across many sexual behaviors
(McCormick et al. 2013), and had lower plasma testosterone concentrations than rats not exposed
to social stressors during adolescence (McCormick et al. 2013). There is also evidence from
studies on hamsters that adolescence is a period of increased sensitivity to the organizational

POSSIBLE CONSEQUENCES OF SOCIAL ISOLATION IN ADOLESCENCE

A recent study found that rats socially isolated during early adolescence were faster at remembering drug-associated
contextual stimuli than rats that were not socially isolated during early adolescence or rats that were socially isolated
during late adolescence (Whitaker et al. 2013). The socially isolated rats showed enhanced synaptic plasticity in an
area of the brain involved in reward-based learning and addictive behaviors, and their drug-associated memories
were harder to extinguish (Whitaker et al. 2013). Importantly, later resocialization of the rats isolated during early
adolescence did not reverse the neural changes. This study suggests that early adolescence is a sensitive period for
social signals and that social isolation during this time can change neural mechanisms involved in acquiring and
maintaining drug-associated cues, possibly increasing vulnerability to addictive behaviors (Whitaker et al. 2013).
Although the study involved rodents, the impact of social isolation on adolescent health and life trajectories likely
applies to humans. If so, the consequences of social exclusion can be so great that mechanisms and behaviors
promoting peer acceptance are considered adaptive.
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effects of testosterone, which in turn affects adult reproductive behavior (Schulz et al. 2009).
These and many other animal studies (reviewed in Toledo-Rodriguez & Sandi 2011) show that
stress exposure during adolescence has a significant impact on the adult. Mild stress exposure
during the pubertal transition in rats (postnatal days 28-42) increases risk-taking and novelty-
seeking behavior and decreases anxious behavior in later adolescence (postnatal days 45-51),
suggesting that stress experienced during puberty motivates the rats to hasten independence-
building behaviors (Toledo-Rodriguez & Sandi 2011).

Although much evidence for adolescence as a sensitive period for social processing comes from
rodent studies, there is evidence that socioenvironmental conditions experienced during human
adolescence can impact attitudes toward health and reproduction in young adulthood (Brumbach
et al. 2009). Adolescents within socially unpredictable environments not only experienced de-
creased physical and mental health in the short term but also adopted faster life history strategies
in young adulthood, such as decreased health, less sexual restrictedness, and less resource-accruing
potential (Brumbach et al. 2009). Further human studies are needed to investigate whether the
adolescent brain is particularly sensitive to cues from the social environment or lack thereof.

SOCIAL COGNITIVE DEVELOPMENT

Social cognition refers to the ability to make sense of the world through processing signals gen-
erated by members of the same species (Frith 2008). Social cognitive processes include basic
perceptual processes such as face processing (Farroni et al. 2005), biological motion detection
(Pelphrey & Carter 2008), and joint attention (Carpenter et al. 1998)—all of which rapidly de-
velop from birth (see Baillargeon et al. 2010). Other social cognitive processes are more complex,
such as understanding others’ mental states (Blakemore et al. 2007), social emotional processing
(Burnett et al. 2009), and negotiating complex interpersonal decisions (Crone 2013). Recent neu-
roimaging and behavioral studies have shown that these skills continue to develop past childhood
and throughout adolescence (reviewed in Apperly 2010, Blakemore 2012).

Social Cognitive Development in Adolescence

Until recently, there was a shortage of studies looking into social cognitive abilities after child-
hood, as it was generally assumed that these abilities were already mature by mid-childhood in
typically developing children. Most paradigms have been designed to investigate social cognition
(in particular, theory of mind) in young children and result in ceiling effects after mid-childhood
(Apperly 2010).

One of the first studies to investigate neurotypical changes in social cognitive behavior in
adolescence showed the ability to integrate the perspectives and intentions of others when making
fairness considerations continues to improve (Giiroglu et al. 2009). The authors of this study
suggested that the rewarding nature of peer relationships during adolescence could affect social
decision-making processes. Another study demonstrated that online social cognitive skills improve
across adolescence (Dumontheil et al. 2010a). Participants aged 7 to 27 years were tested on their
ability to take the perspective of another person when making decisions. Their paradigm adapted
a referential communication task in which participants are instructed to move objects around a set
of shelves by a director, who cannot see some of the objects that the participant can see. Adults
frequently make mistakes in this type of trial, in which the participant needs to take account of the
director’s perspective in order to guide decisions (Keysar et al. 2000, 2003). As an added control,
Dumontheil et al. (2010a) included a condition in which the director is gone and participants have
to follow a nonsocial rule (“ignore objects with a grey background”) when following the (otherwise)
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Figure 3

Mentalizing network: areas of the brain that may be sensitive to social cognitive processes necessary to
navigate the adolescent social environment. Regions on the lateral surface of the brain that are involved in
social cognition include the dorsal medial prefrontal cortex (dmPFC) and temporoparietal junction (TPJ),
which are involved in thinking about mental states; the posterior superior temporal sulcus (pSTS), which is
involved in observing faces and biological motion; and anterior temporal cortex (ATC), which is involved in
applying social knowledge. Adapted from Blakemore (2008).

same instructions as in the director condition. Although accuracy improved until mid-adolescence
in both conditions, accuracy in the director condition continued to improve after mid-adolescence.
This suggests that the ability to use another’s perspective to guide decisions continues to develop
beyond the establishment of abilities recruited in the control condition (e.g., working memory,
response inhibition). This improvement may be due to increased motivation to take account of
another’s perspective as well as improved integration of social cognition and cognitive control
systems (Dumontheil et al. 2010a). Introspective awareness of one’s performance on a perceptual
task also improves across adolescence, following a trajectory similar to mentalizing (Weil et al.
2013). This finding that self-awareness increases during adolescence might have implications for
how adolescents integrate their own self-judgments with peer evaluations.

SOCIAL BRAIN NETWORK

It has been proposed that social cognition has been so fundamental to the survival and reproductive
fitness of various primate species that primate brains include regions specialized for social cog-
nitive processes (Brothers 2002, Rushworth et al. 2013). Although this idea remains contentious,
there exists a network of brain regions consistently involved in social cognitive processes (Adolphs
2009, Frith 2007). Mentalizing (theory of mind), the process of mental state attribution, has been
associated with a network of brain regions including the dorsal medial prefrontal cortex (dmPFC),
temporoparietal junction (TPJ), posterior superior temporal sulcus (pSTS), and anterior tempo-
ral cortex (ATC) (Figure 3). Together, this set of regions is sometimes called the social brain
network. The mentalizing tasks that recruit these regions use stimuli such as animated shapes
(Castelli et al. 2000), cartoon stories (Brunet et al. 2000, Gallagher et al. 2000), and written stories
(Fletcher et al. 1995) designed to elicit the representation of mental states. Although the coactiva-
tion of these regions has been demonstrated in many social cognitive neuroimaging experiments,
the individual contributions of these anatomically distinct regions to social cognitive processes
are debated.
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Electrophysiological and functional magnetic resonance imaging (fMRI) studies consistently
report the involvement of the pSTS in the perception of biological motion and eye gaze (Puce &
Perrett 2003) and in grasping the intentionality and appropriateness of biological motion (Pelphrey
et al. 2004). It may be that the pSTS is involved in decoding complex social gestures conveyed
through eye gaze and body movement. The TPJ, while in close anatomical proximity to the pSTS,
is involved in different aspects of social cognition. It is suggested that the TPJ is activated specif-
ically in situations when one is inferring the mental states of others rather than just information
known about another (Saxe & Kanwisher 2003, Saxe et al. 2009). In contrast, dmPFC is activated
in multiple conditions: when inferring the mental states of others, when reflecting on knowledge
of another’s traits, and when reflecting on the traits of oneself (Frith 2007). Frith (2007) has pro-
posed that the underlying similarity between tasks that activate the dmPFC is their involvement in
handling communicative intentions, which requires a second-order representation of mental state,
whether our own or another’s. A combination of lesion, nonhuman primate, and fMRI studies
has prompted researchers to theorize the involvement of the ATC in applying social knowledge
(Olson et al. 2013) and processing social scripts (Frith 2007, Frith & Frith 2003).

Some of the strongest evidence linking areas of the mentalizing brain network to adaptations
to the social environment comes from primate studies. In macaques, the size of an individual’s
social group is associated with both the structure and function of homologous brain areas
involved in social cognition (Sallet et al. 2011). Macaques housed in more complex social
environments had greater gray matter volume in the temporal cortex and rostral prefrontal
cortex, and higher-ranking male macaques had greater gray matter volume in similar regions
after controlling for network size, weight, and age (Sallet et al. 2011). These studies support the
idea of the existence of a mentalizing brain network as well as the idea that this network exists in
nonhuman primates (Rushworth et al. 2013).

Structural Development

The cerebral cortex in humans is formed during a well-defined developmental period. Anatomi-
cal studies of postmortem human brain tissue provided some of the first evidence that the brain
undergoes profound changes in anatomy across the first decades of life (Petanjek et al. 2011,
Webb et al. 2001, Yakovlev & Lecours 1967). However, MRI studies over the past 20 years have
illuminated how and when the human brain develops. Neuroimaging methods, such as structural
MRI, have enabled the investigation of these anatomical changes in the living human brain across
development. Structural MRI studies have consistently shown continuing neuroanatomical de-
velopment in gray matter and white matter (Brain Dev. Coop. Group 2012, Giedd et al. 1999,
Sowell et al. 2003, Tamnes et al. 2013), with association cortices reducing in gray matter volume
across adolescence and white matter increasing into adulthood. Until recently, most structural
MRI studies of the developing brain have examined gray and white matter volumes in relatively
large regions. Gray matter volume itself is the product of cortical thickness and surface area, which
are influenced by distinct genetic (Panizzon et al. 2009, Winkler et al. 2010), evolutionary (Rakic
1995), and cellular (Chenn & Walsh 2002) processes, in addition to being phenotypically distinct
(Winkler et al. 2010). Gray matter volume is more highly correlated with, and genetically and
environmentally related to, surface area than with cortical thickness (Winkler et al. 2010). Differ-
ences in surface area are pronounced across species, whereas cortical thickness is highly conserved
in comparison (Hill et al. 2010, Rakic 1995).

Areas within the mentalizing network continue to develop in gray matter volume, cortical
thickness, and surface area across adolescence before relatively stabilizing in the early twenties
(Mills etal. 2013). In a study using a large sample of individuals with at least two brain scans between
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ages 7 and 30 years, we examined the structural developmental trajectories of the mentalizing
brain network. Gray matter volume and cortical thickness in medial Brodmann area 10 (a proxy
for dmPFC), TPJ, and pSTS decreased from childhood into the early twenties, whereas the ATC
increased in gray matter volume until adolescence and in cortical thickness until early adulthood.
Surface area for each region followed a cubic trajectory, reaching a peak in late childhood or
early adolescence before decreasing into the early twenties (Mills et al. 2013). This protracted
development demonstrates that areas of the brain involved in deciphering the mental states of
others are still maturing from late childhood into early adulthood.

The underlying mechanisms associated with a reduction in gray matter volume are still debated
(Paus et al. 2008, Poldrack 2010), and to date no studies have tested the relationship between
developmental changes in underlying cellular or synaptic anatomy and structural MRI measures.
Despite these limitations, it is thought that reductions in gray matter volume might reflect synaptic
reorganization and/or increases in white matter integrity (Paus et al. 2008). Histological studies of
postmortem human brain tissue support the idea that the prefrontal cortex continues to undergo
synaptic pruning across adolescence (Huttenlocher & Dabholkar 1997, Petanjek et al. 2011).
White matter generally increases in volume and integrity across adolescence and into young
adulthood (Lebel et al. 2008, Lenroot et al. 2007). The developmental changes in white matter
are thought to provide evidence for an extended period of myelination of connections between
association cortices, which has been found in histological studies (Yakovlev & Lecours 1967).

Functional Development of the Social Brain Network in Adolescence

A number of fMRI studies show functional changes across adolescence in the brain networks
associated with social cognition, including face processing, mentalizing, peer evaluation, and peer
influence. We discuss these studies below.

Face processing. Understanding the mental states of others by processing facial expressions is
a crucial skill and is one that continues to develop across adolescence (McGivern et al. 2002).
Recruitment of the prefrontal cortex during face-processing tasks increases between childhood
and adolescence and then decreases between adolescence and adulthood (reviewed in Blakemore
2008). Brain systems supporting detection and interpretation of communicative signals from face
processing also show age-related changes from childhood to adulthood, perhaps due to changing
cognitive strategies (Cohen Kadosh et al. 2013a,b).

Recentlongitudinal neuroimaging studies are beginning to provide evidence of changes in neu-
ral responses to social stimuli such as faces between childhood and adolescence. As participants
transitioned from late childhood (~10 years) to adolescence (~13 years), they showed greater neu-
ral activity in the ventral striatum and ventromedial PFC while looking at facial displays (Pfeifer
et al. 2011). The ATC was the only area to show a longitudinal change in preference for emo-
tional facial displays. This study correlated longitudinal changes in ventral striatal activity with
decreasing susceptibility (i.e., increasing resistance) to peer influence, demonstrating that height-
ened subcortical reactivity in socioemotional situations might indicate better emotion-regulation
capacities (Pfeifer et al. 2011). In addition, pubertal status during early adolescence was related to
increased neural recruitment of the amygdala, hippocampus, and ATC when participants looked
at affective facial stimuli (i.e., happy, sad, angry faces) (Moore et al. 2012).

Mentalizing. Many fMRI studies that use mentalizing report decreases in dmPFC recruitment
between adolescence and adulthood (reviewed in Blakemore 2008, 2012). These studies have used

a variety of tasks that require mental state attribution, such as understanding irony (Wang et al.
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20006), thinking about social emotions such as guilt (Burnett et al. 2009), understanding intentions
(Blakemore etal. 2007), understanding emotions from photographs of eyes (Moor etal. 2012), and
thinking about the preferences and dispositions of oneself or a fictitious story character (Pfeifer
et al. 2009). In some studies, higher activity in more posterior regions, such as the pSTS/TPJ
(Blakemore et al. 2007), and in the AT'C (Burnett et al. 2009), was observed in adults as compared
to adolescents. These changes in functional recruitment have been hypothesized to reflect changes
in neurocognitive strategy and/or neuroanatomy (Blakemore 2008).

In an adapted version of the Director task (Apperly et al. 2010, Dumontheil et al. 2010a), areas
of the mentalizing brain network were engaged when participants had to use social cues to select
an appropriate action in a communicative context (Dumontheil et al. 2012). Although both adults
and adolescents recruited the dmPFC when the social cues were needed to accurately perform
the task, adolescents also recruited the dmPFC when social cues were not needed. The authors
suggest that this engagement of the dmPFC in social conditions, even when social signals are
irrelevant, may reflect the use of brain regions involved in mentalizing even when they are not
necessary during adolescence.

Adolescents also show developmental changes in sensitivity to the perspectives of others. In an
fMRI study, young adolescents (12 to 14 years), older adolescents (15 to 17 years), and emerging
adults (18 to 22 years) completed a social exchange game in which participants were the second
player in an investment game (van den Bos et al. 2011). These participants were first given an
amount of money by an anonymous first player, which they could divide equally between them-
selves and the first player (reciprocate) or keep most for themselves (defect). Participants’ ability
to understand the intentions of the first player was also measured by comparing trials on which the
first player stood to lose a large amount of money by trusting the second player with trials where
the first player stood to lose a relatively small amount of money. Older adolescents and emerging
adults were more likely to reciprocate when the first player stood to lose more money, whereas
the younger adolescents did not differentiate, supporting the idea that the ability to understand
the intentions of others increases into adulthood. The recruitment of the left TPJ when partici-
pants were shown that the first player trusted them increased with age, and this level of activation
correlated with participants’ sensitivity to the first player’s intentions. All participants showed
greater recruitment in the dmPFC when making self-oriented choices (defecting), but only young
adolescents engaged this region when making reciprocal choices. This heightened activation in
the dmPFC for reciprocal choices decreased between early and late adolescence and remained
stable into early adulthood, possibly reflecting a shift away from engaging in social interactions
from an egocentric perspective (van den Bos et al. 2011).

Social emotion. Social emotions—such as guilt, embarrassment, shame, and pride—require
representing another’s mental state, whereas basic emotions such as fear and disgust do not.
Because adolescence is a period of increased sensitivity to peer evaluation, there may be changes
in how social emotions are processed. One fMRI study investigated changes in neural recruitment
during a social emotional task between adolescence (11 to 18 years) and adulthood (23 to
32 years) (Burnett et al. 2009). Participants were instructed to read sentences describing social
or basic emotion scenarios. Adolescents recruited the dmPFC more than adults when reading
social emotional sentences relative to basic emotion sentences. In contrast, adults recruited the
left ATC more than did adolescents when reading social emotional sentences relative to basic
emotion sentences (Burnett et al. 2009).

A more recent study investigated the influence of puberty on social emotion processing in
adolescence (Goddings et al. 2012). In a sample of 42 female adolescents (11 to 13 years), levels
of pubertal hormones (testosterone, estradiol, and dehydroepiandrosterone) were related to ATC
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recruitment during social emotional processing. Whereas activity in the left ATC was positively
correlated with hormone levels (irrespective of age), activity in the dmPFC was negatively
correlated with chronological age (irrespective of hormone levels), providing evidence for a
dissociation between puberty- and age-related changes in neural function during adolescence

(Goddings et al. 2012).

Peer evaluation. There are anumber of fMRIinvestigations of experimentally manipulated social
exclusion using the Cyberball task. This task involves participants playing a game of “catch” with
two other players under the guise that they are playing with real peers over the Internet. However,
the other players are actually preprogrammed to include or exclude the participant. In one study,
recruitment of the mPFC during exclusion relative to inclusion was associated with greater self-
reported susceptibility to peer influence in adolescents but not in adults (Sebastian et al. 2011).
This study also found age-related differences in right ventrolateral PFC (vVIPFC) recruitment
during exclusion conditions, with adults recruiting right vIPFC more than adolescents. Another
fMRI study using the Cyberball task specifically in a group of adolescents aged 12 to 13 years found
recruitment of the right vIPFC during exclusion conditions was negatively correlated with self-
reported measures of distress following exclusion (Masten et al. 2009). Together, these studies
suggest the vIPFC plays a role in regulating distress following social exclusion and that this region
is still developing functionally between adolescence and adulthood. Healthy adolescents who
display heightened activity in an area of the brain called the subgenual anterior cingulate cortex
while being excluded from peers in Cyberball were more likely to show an increase in depressive
symptoms during the following year (Masten et al. 2011).

Prompted by research linking good peer relationships to well-being, Masten and colleagues
examined how 12- to 13-year-olds respond to witnessing peer rejection in an online game (Masten
et al. 2010). Participants first completed a self-reported measure of trait empathy before partici-
pating in an fMRI task where they witnessed peer exclusion in a game of Cyberbail. Afterward, they
were asked to write a letter to the rejected player as a measure of prosocial behavior. Activity in the
mentalizing network was related to observed exclusion compared to observed inclusion. Although
recruitment of the dmPFC and ATC appeared to be related to self-reported trait empathy, only
the anterior insula showed a positive correlation with prosocial behavior. Together, these find-
ings suggest that young adolescents recruit the mentalizing network more while witnessing peer
rejection than in a situation where peers are being treated equally.

Peer influence. Peer influence on conformity shows a curvilinear pattern between middle child-
hood and late adolescence, reaching a peak in early adolescence (Berndt 1979). The popularity
rankings of a given song influence how much adolescents like it (Berns et al. 2010). In an fMRI
task, adolescents aged 12 to 17 years listened to and rated the likeability of short music clips,
first without knowing the popularity of the song and then after receiving its popularity ranking.
Adolescents’ change in song evaluation correlated with increased recruitment of the anterior in-
sula and ACC, which the authors suggest may reflect the anxiety of having preferences that are
dissimilar to those of others.

The presence of peers affects how likely adolescents are to take risks in a driving game. Ado-
lescents (13 to 16 years), young adults (18 to 22 years), and adults (244 years) took around the
same number of driving risks when alone, whereas the adolescents took significantly more in the
presence of their friends (Gardner & Steinberg 2005). In contrast, peers had no impact on risk
taking in adults and had an intermediate effect on risk taking in youths (Gardner & Steinberg
2005) (see Figure 4). In an fMRI version of this task, in the peers-present condition two friends
communicated with the participant (who was in the MRI scanner) over an intercom (Chein et al.
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Figure 4

Risky behavior in adolescents, young adults, and adults when alone or when being watched by peers. This
graph illustrates the average percentage of risky decisions for adolescent, young adult, and adult participants
when playing the Stoplight task alone and with a peer audience. Adapted from Chein et al. (2011).

2011). Adults aged 24 to 29 years showed higher activity in lateral PFC than did adolescents aged
14 to 18 years or younger adults aged 19 to 22 years when they had to make critical decisions
in the driving game, both when alone and when peers were present. Relative to both groups of
adults, adolescents showed increased recruitment of the ventral striatum and orbitofrontal cortex
during the driving decisions with peers compared to when alone.

Social context modulates risk attitudes adopted by adolescents (Engelmann et al. 2012). Rela-
tive to adults, adolescents showed greater risk-adverse behavior after receiving expert advice, and
this effect is modulated by increased engagement of the dorsolateral PFC by adolescents during
valuation in the presence of advice (Engelmann et al. 2012). The authors suggest enhanced in-
hibitory and cognitive control processes may underlie the effect of social context on risky decision
making in adolescents.

THE SOCIAL ENVIRONMENT DURING ADOLESCENCE
AND EMERGING BEHAVIORS AND COGNITIONS

Characteristic behaviors of adolescence, such as heightened self-consciousness, mood variability,
novelty seeking, risk taking, and peer orientation, are fundamental to the successful transition
into a stable adult role. Here we discuss changes in the social environment during adolescence as
well as how emerging behaviors and cognitions are involved in the successful navigation of these
environments.

Changes in Social Environment

The adolescent social environment is different from the child and adult social environments in
many ways. In many school systems, the transition from primary to secondary school occurs around
the onset of puberty, which may place children into new environments without the same peers,
in a different structure of learning, and at the bottom of the age hierarchy. Adolescents are also
exposed to novel situations that they were unlikely to encounter as children, which might play a
role in the increased risky decision making seen in the transition from childhood to adolescence.
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Risky Decision Making

Adolescents are stereotypically known for their engagement in risky behaviors. There is exper-
imental evidence supporting the idea that, while in laboratory settings, adolescents are more
likely than children and adults to make risky decisions in “hot” contexts (Blakemore & Robbins
2012). Experimental evidence from risky decision making and probabilistic reward paradigms
mostly supports the hypothesis that adolescents are biased to taking risks due to overactive
reward-related circuitry (i.e., ventral striatum) (Ernst et al. 2006, Van Leijenhorst et al. 2010).
Probabilistic reward paradigms in laboratory experiments on risk taking often involve gambling
tasks. Children and adolescents show adult levels of probability estimation and reward evaluation
during one such gambling task, suggesting that heightened risky decision making in adolescents is
probably not related to a change in risk perception (Van Leijenhorst et al. 2008). When asked in a
laboratory setting to estimate the risks of negative outcomes to some risky behaviors, adolescents
actually overestimate risks (Reyna & Farley 2006). Adolescents also rate the potential reward
to be gained as very high, which may make the perceived benefits outweigh the perceived risk
(Reyna & Farley 2006). Social and contextual cues can bias the way adolescents perceive the risk
involved in certain behaviors (Reyna 2008, Reyna & Adam 2003, Reyna & Farley 2006). Although
risky decision making during adolescence is often framed as maladaptive and unavoidable, this
perspective leaves out many key features of risky decision making, including the fact that the
outcome can be positive and that some risky decision making is necessary in development and
throughout life. A recent report highlights the benefits of asking “What’s in it for the adolescent?”
when studying risky behavior and risky decision making in adolescence (Ellis et al. 2012). We
propose that some rewards gained by risky behaviors are social in nature, such as peer acceptance
or the avoidance of social exclusion, and that this is a potential major driver of risky behavior, in
particular in adolescence, when social acceptance is especially important. (see Figure 5).

Yes No

Drive really fast?

Figure 5

Illustration of some of the factors that influence certain risky decisions. In a scenario in which the individual
is making a choice whether or not to drive very fast, multiple factors might weigh in, such as the potential
outcome of injury (health), being arrested (law), arriving somewhere in less time (useful), and getting a
subjective feeling of pleasure from the experience (“kick”). Above this “seesaw” is another potential factor
that could weigh on either side of the decision process, which is made up of social factors (e.g., family,
teachers, peers). The potential of peer acceptance/rejection could weigh on either side of the seesaw
depending on the peers, and the weight of the factor (indicated by dashed lines) could vary on the basis of the
individual and the developmental stage.
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Executive Functions

Cognitive abilities such as processing speed, voluntary response suppression, delay discounting,
future planning, and working memory all mature into adolescence (Luna et al. 2004, Steinberg
et al. 2009). Developmental improvements in executive functions likely influence—and are
influenced by—social cognitive processing during adolescence. Developmental neuroimaging
studies show correlations between the protracted development of the prefrontal cortex and
maturing cognitive and behavioral abilities during adolescence, such as manipulating multiple
items in mind (Crone et al. 2006b), suppressing reflexive behavior (Luna et al. 2001), relational
reasoning (Dumontheil et al. 2010b), future planning (Kaller et al. 2012), and delay discounting
(Costa Dias et al. 2013). Successful emotion regulation in early adolescence (10 to 13 years) is
impacted by the adolescent’s sensitivity to rejection as well as situational factors of the emotional
stimuli. Compared with older adolescents and adults (14 to 23 years), young adolescents found
it harder to regulate their emotions when presented with social affective stimuli compared to
nonsocial affective stimuli (Silvers et al. 2012).

The ability to consider future consequences of actions continues to improve across adolescence
(Crone & van der Molen 2004), which might impact how adolescents interact in social situations.
Both young adolescents (12 to 14 years) and older adolescents (16 to 18 years) showed heart
rate slowing after erring on a task-switching task, which might indicate an increasing ability to
monitor performance (Crone et al. 2006a). The ability to monitor one’s performance in social
situations likely affects the overall success of the interaction. Developmental fMRI studies suggest
that distinct neural systems develop at different rates across childhood and adolescence and that
these age-related changes in regions involved in feedback processing may underlie behavioral
differences in flexible performance adjustment (Crone et al. 2008). A qualitative shift in neural
recruitment during feedback-based learning is seen in early adolescence, possibly reflecting the
increasing influence of negative feedback on behavioral adjustment (van Duijvenvoorde et al.
2008). The changes in the processing of feedback in adolescence have implications for successful
social communication; however, further studies are needed to use integrative tasks to test directly
the influence of gradually improving executive functions on social cognition.

IMPLICATIONS FOR SOCIETY

Is the Human Brain Particularly Sensitive to Social Signals During
Adolescence?

This review has focused on evidence from the psychology and neuroscience literatures to support
the view of adolescence as a period particularly sensitive to social environmental cues. However,
two further lines of evidence need to be acquired to support this theory: (#) the brain during
adolescence (more than in childhood and adulthood) is particularly susceptible to social environ-
mental cues, and () changes in the brain during adolescence reflect particular susceptibility to
social environmental cues (more than other types of stimuli). That is, are our brains organized in
such a manner that reflects our ancestors navigating increasingly complex social environments, or
foraging in increasingly unstable climates? Similarly, is the protracted development of the men-
talizing brain network reflective of the need for later acculturation into one’s society and culture?
Acculturation, or adaptation to the mainstream culture of where one has immigrated, occurs more
rapidly at younger ages (1 to 15 years) (Cheung et al. 2011), suggesting that the sensitive period for
cultural learning is not adolescent specific but instead that cultural sensitivity may begin to close
during adolescence. Perhaps the cognitive and behavioral abilities that emerge during adolescence
enhance social signals or allow them to be more easily integrated.
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Educational Implications

Adolescence represents a period of brain development during which environmental experiences—
including teaching—can and do profoundly shape the developing brain. If early childhood is seen
as a major opportunity—or a sensitive period—for teaching, so too might adolescence. It is only
recently that teenagers have been routinely educated in the West. In many countries a large
proportion of teenagers have no access to secondary school education. And yet the adolescent
brain is malleable and adaptable—this is an excellent opportunity for learning and creativity. Risk
taking in an educational context is a vital skill that enables progress and creativity. Although some
adolescents use risk taking to achieve great things, many are worried about taking risks in the
context of learning. The heightened risk taking in this age group should be harnessed for learning
and creativity.

A prevailing view in adolescent research is that certain behaviors are desirable (e.g., long-term
planning), and certain behaviors are undesirable (e.g., risk taking). Although long-term planning
can help many individuals attain high-quality and stable adult lives, other external factors may
prevent individuals from attaining this goal despite their using long-term planning (Ellis et al.
2012). In certain situations, taking a risk might actually be more likely to give the individual a chance
to obtain the preferred outcome. The research described above emphasizes the role of contextual
cues in influencing adolescent behaviors. A shift from treating adolescent behaviors, especially risk-
taking behaviors, in isolation to a model that integrates social environmental cues might enhance
our understanding of adolescent behaviors and improve interventions. What is sometimes seen
as the problem with adolescents—risk taking, poor impulse control, self-consciousness, and so
forth—is actually reflective of brain changes that provide an excellent opportunity for education
and social development.

Adolescence is a time of opportunity for learning new skills and forging an adult identity.
Research on brain development suggests that adolescence might represent a period of relatively
high neural plasticity, in particular in brain regions involved in executive function and social
cognition. The research on the brain basis of social development in adolescence might have
implications for “when to teach what” and could inform both curriculum design and teaching
practice with the aim of ensuring that classroom activities exploit periods of neural plasticity that
facilitate maximal learning.

Legal Implications

Developmental neuroscience has already affected legal proceedings in United States by calling
into question the sentencing procedures applied to adolescents (see Steinberg 2013), and many
developmental scientists are still struggling with questions of culpability during an age of relative
brain immaturity (Cauffman & Steinberg 2000, Steinberg 2009, Steinberg & Scott 2003). Although
the discussion on culpability and the brain is ongoing, evidence from multiple fields supports the
need for special consideration in prosecuting and punishing adolescents. Twenty years ago, Terrie
Moftitt presented evidence supporting the idea that the majority of adolescents who engage in
criminal behavior will do so during adolescence and at no other period of their life (Moffitt 1993).
Such problem behaviors have also been shown to decrease without formal training (Chamberlain
& Moore 1998). Further, interventions that segregate adolescents engaging in problem behaviors
into groups can actually be harmful (Dishion & Tipsord 2011, Dishion et al. 2012, Ellis et al.
2012). The social augmentation hypothesis suggests that peer exclusion in adolescence can lead
to neuroanatomical shifts in reward sensitivity, therefore making the adolescent more susceptible
to peer influence (Dishion et al. 2012). The research reviewed in this article would support this
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speculative hypothesis, and future work will need to integrate measures of social exclusion and
peer influence with neuroimaging paradigms, as some have already begun to do (Peake etal. 2013).

Psychology and intervention research provide a strong argument for reducing situations in
which high-risk behaviors such as gang affiliation and crime are rewarded through positive peer
responses (Dishion & Tipsord 2011). The capacity for change is reflected in the extended neu-
roanatomical and functional development of the human brain. By understanding and harnessing
the plasticity of the brain during adolescence, legal interventions might better prevent reoffend-
ing and promote prosocial behavior. It is important that these interventions take into account not
only the adolescent but also the influences of the social and physical environments in which the
adolescent finds him or herself. Evidence from neuroscience and psychology studies shows that
the social environment during adolescence has a profound impact on life course trajectories, and
it is necessary to attempt to change the adolescent engaging in criminal behaviors as well as the
social environment that may promote such behaviors.

Social Implications

A consequence of research on adolescence might be a change in how adolescents are perceived,
including how adolescents perceive themselves, the period of adolescence and what can be ex-
pected, and how adolescents interpret their experiences in the world. Research on adolescent
brains and behaviors has penetrated multiple media outlets and is a perennial topic that receives
much attention. One study has investigated how adolescents understand and feel about research
on the adolescent brain (Choudhury et al. 2012). The participating adolescents in this study felt
that although research on the adolescent brain is necessary and important, the model of the ado-
lescent brain as an explanation for adolescent behavior is insufficient (Choudhury et al. 2012).
Interestingly, participants were less interested in how neuroscience could influence how they un-
derstand themselves and more interested in how research on the adolescent brain could influence
the perspectives of adults (Choudhury etal. 2012). They pointed out the potential for neuroscience
research to perpetuate stereotypes or combat stereotypes, depending on how adults incorporate
research in their understanding of adolescence (Choudhury et al. 2012).

Adolescents are sensitive to the signals within their social environment, and these signals can
impact how likely they are to invest in the future. A recent report suggested that adolescents
perceive their risk of dying soon as higher than it actually is (Fischhoff et al. 2010). This perception
may impact the likelihood of engaging in behaviors reflecting a faster life history strategy, although
this has not been directly tested. Indeed, the authors voice similar concerns in the first sentence of
the report: “Adolescents’ willingness to prepare for the future depends, in part, on their confidence
in living long enough to get a return on that investment” (Fischhoff et al. 2010). Perceived threats
and crime expectations in the environment, but not actual experience with violence, correlated
with mortality judgments (Fischhoff et al. 2010). Larger social structures have consequences for
the health of adolescents, with factors such as inequality and poverty reducing adolescent health
(Viner et al. 2012).

CONCLUSION

In the present review, we have discussed research that describes adolescence as a period of biological
and social transition. Neuroimaging and behavioral studies in humans, and neuroanatomical and
behavioral studies in animals, have demonstrated that the social brain and social cognition undergo
a profound period of development in adolescence. As such, adolescence might represent a sensitive
period for the processing and acquisition of sociocultural knowledge.
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SUMMARY POINTS

1. Areas of the brain involved in understanding the mental states of others continue to
develop structurally and functionally across adolescence.

2. Adolescence might represent a period of enhanced sensitivity to social signals in the
environment, and these signals might influence an adolescent’s life course trajectory by
motivating certain behaviors.

3. Studies of adolescent behaviors would benefit from measuring social influences.

4. Adults can have a large impact on the social cognitive development and life course trajec-
tories of adolescents by creating and maintaining the structures of social environments.

FUTURE ISSUES
1. How can we better define the transition period between adolescence and adulthood?

What factors influence this transition, and are there differential outcomes in health,
reproduction, and quality of life between those who transition at different ages?

2. Do heritability studies support the theory that areas of the mentalizing brain network
are particularly sensitive to social environmental cues during adolescence?

3. How does research on adolescent brain development influence adolescents’ self-
perception and health?

4. How many abilities that develop during adolescence are related to navigating the social
environment?

5. How does risk taking in adolescence relate to social status and the social context?

6. How do individual differences, such as gender, personality, and resistance to peer influ-
ence, affect the developing adolescent brain?
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