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Individuals of the same species.

The social brain in adolescence
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Abstract | The term ‘social brain’ refers to the network of brain regions that are involved in 

understanding others. Behaviour that is related to social cognition changes dramatically 

during human adolescence. This is paralleled by functional changes that occur in the social 

brain during this time, in particular in the medial prefrontal cortex and the superior temporal 

sulcus, which show altered activity during the performance of social cognitive tasks, such as 

face recognition and mental-state attribution. Research also indicates that, in humans, these 

parts of the social brain undergo structural development, including synaptic reorganization, 

during adolescence. Bringing together two relatively new and rapidly expanding areas of 

neuroscience — social neuroscience and the study of brain development during adolescence 

— will increase our understanding of how the social brain develops during adolescence.

Humans are inherently social. A large proportion of 
the human brain is involved in social interaction and 
understanding other people. The brain regions that are 
involved in social cognition are collectively referred to 
as the ‘social brain’ (REF. 1) (FIG. 1). Certain regions in the 
social brain undergo structural and functional changes 
during development. Recently, neuroimaging studies 
have focused on adolescence — usually defined as the 
period of physical, psychological and social transition 
between childhood and adulthood — as a time of sig-
nificant functional development of the social brain. This 
research points to continued development throughout 
adolescence of social processes such as the recognition of 
conspecifics and the understanding of others’ emotions, 
intentions and beliefs. This fits with evidence from 
social-psychology studies that suggests that adolescence 
is characterized by social change, including heightened 
self-consciousness, increased importance and complex-
ity of peer relationships and an improved understanding 
of others2. Social-brain development during adolescence 
is probably influenced by multiple factors, including 
changes in hormone levels and changes in the social 
environment. In addition, significant neuroanatomical 
changes occur in parts of the social brain that are likely 
to affect cognition and behaviour.

In this Review I describe the social brain and its func-
tional development during adolescence, and attempt 
to explain how these functional changes relate to the  
structural changes that occur.

The social brain

The social brain is defined as the complex network of 
areas that enable us to recognize others and evaluate 

their mental states (intentions, desires and beliefs), feel-
ings, enduring dispositions and actions1,3. Brain areas 
that are involved in social cognitive processes include the 
medial prefrontal cortex (mPFC), the anterior cingulate 
cortex (ACC), the inferior frontal gyrus, the superior 
temporal sulcus (STS), the amygdala and the anterior 
insula3 (FIG. 1). Over the past two decades, research 
has begun to shed light on how the brain enables the 
diverse set of functions that allow humans to understand 
and interact with each other. These functions include 
recognition of faces and bodily gestures, evaluation  
of what another person is thinking or feeling, prediction of 
what that person is about to do next and communication 
with the person. In this Review I focus on a subset of these 
functions, namely those that are involved in understand-
ing others, from the recognition of conspecifics to the 
understanding of emotions and mental states — because 
these processes have been investigated in adolescence.

Recognition of conspecifics. A fundamental component 
of social interaction is the ability to recognize conspecif-
ics. Newborn babies seem to be equipped with the ability 
to detect human faces: at birth, babies prefer to look at 
photographs and cartoons of faces than at other objects 
or inverted faces4. This early face recognition probably 
relies on subcortical structures5, but in adults face rec-
ognition relies on additional cortical areas. Single-cell 
studies in monkeys have identified neurons in the STS 
that respond selectively to faces6. Evidence from various 
sources, including electroencephalograms, functional 
MRI (fMRI) and brain lesions, indicates that the poste-
rior STS (pSTS) is one of the regions that is specialized 
for the detection of faces7 and eye gaze8 in humans.
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Another aspect of recognizing other individuals is the 
detection of motion of conspecifics. Research on biologi-
cal motion often uses point-light displays (recordings of 
a person with light sources attached to the joints of their 
body moving in a dark room9), which result in a sche-
matic representation of biological motion that consists 
of a moving set of dots. The ability to detect biological 
motion from point-light displays is present from an 
early age: infants as young as three months of age show 
a preference for upright point-light displays compared 
with both inverted point-light displays and displays in 
which the absolute motion is normal but the spatial 
relationship between the points of light is changed10. In 
both monkeys11 and humans, the pSTS is involved in the 
perception of biological motion12–14.

As well as recognizing a stimulus as a conspecific, 
we automatically evaluate its emotional state. A com-
plex network of regions is involved in the recognition 
of basic emotions, such as disgust and fear15, and in the 
recognition of more complex emotions, such as trust-
worthiness16, guilt and embarrassment17. This network 
includes the amygdala, the anterior insula, the STS and 
the PFC. The mPFC is involved in understanding social 
emotions, such as guilt and embarrassment17. Posterior 
regions of the inferior frontal gyrus (IFG) are involved in 
emotional judgement and might have a role in top-down 
aspects of emotion recognition, such as deciding what 
action to take based on someone’s emotion or predicting 
what someone is about to do18.

Attribution of mental states. Another aspect of social 
cognition, which enables us to predict the future actions 
of others, is the ability to work out a conspecific’s mental 
state, including their intentions, desires and beliefs — this 

ability is known as ‘theory of mind’ or ‘mentalizing’. Using 
functional imaging and a wide range of stimuli, several 
independent studies have shown remarkable consistency 
in identifying the brain regions that are involved in men-
talizing. These studies used stimuli such as stories19–21, 
sentences22, words23, cartoons24 and animations25 (BOX 1) 
that were designed to elicit the attribution of mental 
states. In each case the mentalizing task resulted in the 
activation of a network of regions that included the pSTS 
at the temporoparietal junction (TPJ), the temporal 
poles and the mPFC. Lesion studies have consistently 
demonstrated that the superior temporal lobes26 and the 
PFC27–29 are involved in mentalizing, as damage to these 
brain areas impairs mentalizing abilities. It is interesting 
to note that one study reported a patient with extensive 
PFC damage whose mentalizing abilities were intact30, 
suggesting that this region is not necessary for mental-
izing. However, there are other potential explanations 
for this surprising finding. It is possible that, owing to 
plasticity, this patient used a different neural strategy 
in mentalizing tasks. Alternatively, it might be that in 
some cases damage to this area during adulthood spares 
mentalizing abilities, whereas damage that occurs earlier 
in life might always be detrimental. This kind of pattern 
has also been reported in relation to orbitofrontal cortex 
(OFC) damage: whereas patients with adult-onset OFC 
lesions showed no impairment on social–moral reasoning 
tasks, two patients whose OFC lesions occurred before 16 
months of age showed significant impairment31.

Recent meta-analyses of mPFC activation by different 
mentalizing tasks indicate that the peak activation lies 
in the dorsal mPFC32,33 (FIG. 2). This region is activated 
when one thinks about psychological states, regardless 
of whether these psychological states are applied to one-
self 34–37, one’s mother38, imagined people39 or animals40. 
Competitive games that involve surmising an opponent’s 
mental state also activate the mPFC41,42; thus, it has been 
proposed that the mPFC is involved in the necessary 
decoupling of mental states from physical reality43. 
Although the mPFC is activated during tasks that require 
mental-state attribution relative to matched control tasks, 
activity in the same region is often highest during low-
demand baseline conditions, such as simply looking at a 
fixation cross44. In other words, the mPFC is deactivated 
during mentalizing tasks relative to low-demand baseline 
conditions. However, this is probably an artefact of using 
rest or low-demand tasks as a baseline. Such baseline 
conditions allow participants to indulge in a maximum 
degree of spontaneous mentalizing — that is, they might 
naturally start thinking about mental states (what they 
want to eat for lunch, whether they enjoy the experience 
of lying in a noisy brain scanner, et cetera)32.

Given the role of the pSTS in the perception of faces 
and biological motion (described above), Frith has sug-
gested that the nearby region of the pSTS/TPJ, which 
is implicated in mentalizing, is involved in predicting 
what movement a conspecific is about to make43. Saxe, 
on the other hand, makes the case that the pSTS/TPJ 
is specifically involved in understanding other people’s 
mental states45. However, a recent fMRI study showed 
that the specific region of the pSTS/TPJ that is activated 

Figure 1 | Regions of the social brain. Regions that are involved in social cognition 

include the medial prefrontal cortex (mPFC) and the temporoparietal junction (TPJ), which 

are involved in thinking about mental states19–29, and the posterior superior temporal sulcus 

(pSTS), which is activated by observing faces6–8 and biological motion11–13. Other regions of 

the social brain on the lateral surface are the inferior frontal gyrus (IFG) and the 

interparietal sulcus (IPS). Regions on the medial surface that are involved in social cognition 

include the amygdala, the anterior cingulate cortex (ACC) and the anterior insula (AI). 

Anatomical image adapted, with permission, from REF. 100  (1996) Appleton & Lange. 
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by mental-state attribution is also activated by a non-
social attentional reorienting task46. Based on this find-
ing, Mitchell has proposed that the pSTS/TPJ might 
have a more general role in representing beliefs about, or  
attention to, stimuli (social or otherwise).

The agreement between neuroimaging studies in 
terms of the localization of activity in both the pSTS/TPJ 
and the mPFC during mentalizing tasks is remarkable 
because subtracting a control condition from a mental-
izing condition isolates a high-level cognitive process 
rather than a low-level sensory one. For example, in the 
task described in BOX 1, participants viewed animations 
that depict triangles moving in such a way that they seem 
to possess mental states and emotions. Participants’ 
brain activity during this condition was compared with  
the activity that was elicited when they observed anima-
tions of the same triangles moving in patterns that did 
not elicit the attribution of mental states or emotions. 
Brain activity that was associated with processes common 
to viewing both types of animation (processing visual 
motion, paying attention, following instructions, et cetera) 
was subtracted in the comparison between these two con-
ditions to leave only the brain activity that was associated 
with the attribution of mental states and emotions. Such 
a high-level cognitive process might not be expected to 
have a modular functional architecture, as it presumably 
involves multiple component processes that might not be 
domain-specific47. The consistent localization of activity 
to a network of regions that included the pSTS/TPJ, the 
mPFC and the temporal poles suggests that these regions 
are key to the process of mentalizing.

In the next section I describe the functional develop-
ment during adolescence of brain regions that are 
involved in mentalizing and other aspects of social 
cognition.

Functional changes in the adolescent social brain

There is a large body of literature on the development 
of social cognition in infancy and childhood that points 
to step-wise changes in social cognitive abilities during 
the first five years of life (BOX 1). However, there has been 
surprisingly little empirical research on social cogni-
tive development that takes place beyond childhood. 
Only recently have studies focused on the development 
of the social brain beyond early childhood, and these 
studies support evidence from social psychology that 
adolescence represents a period of significant social 
development.

Most researchers in the field use the onset of 
puberty as the starting point for adolescence48. The 
end of adolescence is harder to define and there are 
significant cultural variations. However, the end of 
the teenage years represents a working consensus in 
Western countries2. Adolescence is characterized by 
psychological changes that affect an individual’s sense 
of identity, their self-consciousness and their relation-
ships with others. Compared with children, adolescents 
are more sociable, form more complex and hierarchical 
peer relationships and are more sensitive to acceptance 
and rejection by their peers2,49. Although the factors 
that underlie these social changes are most likely to 
be multi-faceted, one possible cause is development 
of the social brain. Some neuroimaging experiments 
have investigated the development of the social brain 
during adolescence, focusing on face processing and 
mentalizing.

 Box 1 | Early development of mentalizing

Signs of social competence develop during early infancy, so that by approximately 12 

months of age infants can ascribe agency to a system or entity81. The understanding of 

intentions emerges at approximately 18 months, when infants acquire joint attention 

skills — that is, the ability to follow an adult’s gaze towards a goal or to look to where an 

adult is pointing82. ‘Pretend play’, which usually starts at approximately 18 months, 

involves differentiating between belief and reality83. These early social abilities precede 

more explicit mentalizing, such as ‘false-belief understanding’, which usually becomes 

apparent by four or five years of age84. In a typical false-belief task, the child is asked 

where a person (for example, Sally) will look for a toy that she left in a certain place and 

that was moved by another person (for example, Anne) when Sally was out of the room. 

Understanding that Sally will not know the new location of the toy relies on the ability to 

distinguish between Sally’s false belief and reality. Recently, Onishi and Baillargeon 

provided evidence that infants as young as 15 months of age can correctly evaluate the 

mental states of others85. They investigated whether infants can predict an actor’s 

behaviour on the basis of the actor’s true or false belief about a toy’s hiding place. The 

infants were surprised (they looked for longer) when the actor reached for the toy in its 

actual hiding place rather than in the location where they believed the toy to be.

Children with autism spectrum disorder tend to fail false-belief tasks86. Recent 

paradigms that have been used to test people with autism include the animations task87 

(see part A of the figure), during which participants watch silent animations in which 

two triangles move around in such a way that they seem to have mental states, such as 

intentions and desires. Children with autism spectrum disorder do not generate 

appropriate mental-state terms to describe the triangles’ patterns of movement87. 

Regions of the social brain, including the medial prefrontal cortex (top panel in part B of 

the figure), the temporal poles (middle panel) and the superior temporal sulcus (bottom 

panel), are activated when healthy participants observe this type of mentalizing 

animation (relative to a control task in which they observe animations that do not evoke 

mental-state attributions)25. Parts A and B of the figure reproduced, with permission, 

from REF. 25  (2000) Academic Press.
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Development of recognition of conspecifics during  

adolescence. Some of the earliest empirical studies on cog-
nitive development during adolescence investigated the 
effect of puberty on face recognition in girls and produced 
a surprising result. Performance on face-recognition  
tasks improved steadily during the first decade of life, but 
this was followed by a decline at approximately age 12 
(REF. 50). Puberty (rather than age per se) was implicated 
in this decline, as a later study showed that mid-pubertal  
girls performed worse than prepubertal or postpubertal girls  
matched for age51. A more recent study also found evi-
dence of a pubertal ‘dip’ on a match-to-sample task in 
which participants ranging from 10 to 17 years of age had 
to match emotional faces to emotion words52. A 10–20% 
increase in reaction time on the match-to-sample task 
was found in children of pubertal age (10–11-year-old 
girls and 11–12-year-old boys) compared with younger 
children. Performance then improved, regaining its  
earlier level at approximately 16–17 years of age. Whether 
this dip can be replicated, whether it is specific to face 
processing and what causes it are questions that remain 
to be answered.

A number of functional neuroimaging studies have 
investigated the neural correlates of facial-expression 
recognition from childhood to adulthood. An fMRI 
study reported increased activity in a number of lateral 

and superior prefrontal regions (bilaterally for girls, right 
sided for boys) in response to fearful faces in individuals 
between the ages of 8 and 15 years (REF. 53). Thus, frontal 
activity increased between childhood and adolescence 
in this study. In a different study, adolescents (aged 9–17 
years) showed activation of the ACC and left OFC during 
passive viewing of fearful faces (relative to neutral faces), 
whereas adults (aged 25–36) did not54. When attention was 
directed to a non-emotional aspect of fearful faces, activ-
ity in the ACC was higher in adolescents than in adults 
(FIG. 3). Therefore, in this study, frontal activity tended to 
decrease between adolescence and adulthood. In addition 
the findings indicate that, whereas adults modulate brain 
activity based on attention demands, adolescents modu-
late activity based on the emotional nature of a stimulus. 
This suggests that the neural basis of the ability to pay 
attention to a non-salient stimulus (in this case, the nose 
of a fearful face) in the presence of emotionally evocative, 
attention-grabbing stimuli (the eyes of a fearful face) is 
still undergoing maturation between adolescence and 
adulthood.

To summarize, there is some indication that, not-
withstanding potential sex differences (BOX 2), activity in 
parts of the frontal cortex during face-processing tasks 
increases between childhood and adolescence and then 
decreases between adolescence and adulthood.

So far, few studies have investigated the development 
of the neural substrates of biological-motion processing. 
However, a recent study indicated that activity in the STS, 
which is associated with biological-motion perception, 
increased with age in children aged 7–10 years (REF. 55).

Development of mentalizing ability during adolescence. 
Although there is no strong evidence that performance 
in mentalizing tasks changes during adolescence, fMRI 
studies of mental-state attribution have shown that 
frontal-cortex activity decreases between adolescence 
and adulthood. A recent fMRI study investigated the 
development of our ability to perceive communica-
tive intent, using a task in which participants had to 
decide whether a speaker was being sincere or ironic56. 
Understanding irony requires the ability to separate the 
literal meaning of a comment from its intended mean-
ing. In children/young adolescents (aged 9–14 years), the 
mPFC and left inferior frontal gyrus were more active 
during this task than they were in adults (aged 23–33). 
The authors interpreted the increased mPFC activity in 
young adolescents as a reflection of the need to resolve 
the discrepancy between the literal and the intended 
meaning of an ironic remark. The region of the mPFC 
that was more active in young adolescents than in adults 
(Montreal Neurological Institute (MNI) coordinates  
–8, 58, 20), as well as the region in which activity was sig-
nificantly negatively correlated with age over the whole 
group of participants (MNI coordinates –2, 44, 32), lies 
in the dorsal mPFC, an area that is consistently activated 
by mentalizing tasks in adults32,33 (FIG. 2; green dots).

A similar region of the dorsal mPFC was found to 
be more active in adolescents than in adults in an fMRI 
study that involved thinking about one’s own inten-
tions57. Adolescents (aged 12–18 years) and adults (aged 

Figure 2 | Activation of the medial prefrontal cortex 

(mPFC) during mentalizing tasks decreases during 

adolescence. The yellow shaded area indicates a section 

of the dorsal mPFC that is activated in studies of 

mentalizing: Montreal Neurological Institute ‘y’ 

coordinates range from 30 to 60; ‘z’ coordinates range from 

0 to 40 (REF. 32). The coloured dots indicate voxels in which 

altered activity is observed between late childhood and 

adulthood during participation in social-cognition tasks. 

The red dot represents an area of activation that is higher 

in adolescents than in adults during the animations task 

described in BOX 1 (REF. 59). The green dots represent areas 

of activation that are higher in adolescents than in adults 

during an irony-comprehension task56. The blue dots 

represent areas of activation that are higher in adolescents 

than in adults during intention understanding57. The yellow 

dots represent areas of activation that are higher in 

children than in adults in a self–other evaluation task58. The 

blue lines indicate approximate borders between 

Brodmann areas, which are numbered on the diagram. 

Figure modified, with permission, from REF. 32  (2006) 

Macmillan Publishers Ltd.
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22–38 years) were presented with scenarios about inten-
tional causality (involving intentions and consequential 
actions) or physical causality (involving natural events 
and their consequences). In both groups, intentional 
causality (relative to physical causality) activated the 
classic mentalizing network that includes the mPFC,  
the temporal poles and the pSTS/TPJ. However, 
intentional causality activated the dorsal mPFC (MNI 
coordinates 12, 42, 21) more in adolescents than in 
adults, relative to physical causality (FIG. 2; blue dots). 
A different activity cluster in the same region (MNI 
coordinates 15, 45, 18) was negatively correlated with 
age over the whole group of participants. Conversely, 
a region in the right STS was more activated by inten-
tional causality in adults than in adolescents, relative to 
physical causality. These results suggest that the neural 
strategy for thinking about intentions changes from 
adolescence to adulthood. Although the same neural 
network is active, the relative roles of the different areas 
change with age, with activity moving from anterior 
(mPFC) regions to posterior (STS) regions.

In the intentional-causality study described above, 
the scenarios pertained to the self insomuch as they 
asked about participants’ own hypothetical intentions57. 
In another developmental study that focused on the 
processing of self-related sentences58, children (aged 
9.5–10.8 years) and adults (aged 23–31.7 years) read 
phrases about academic skills and social competence. In 
the ‘self ’ condition, participants were asked to indicate 
whether the phrases accurately described themselves. 
In the ‘other’ condition, they were asked to indicate 
whether the phrases accurately described a fictional, 
familiar other person (Harry Potter). The mPFC (MNI 
coordinates –16, 54, 24 and –10, 54, 14) and the ACC 
(MNI coordinates –12, 42, 2) were more active in chil-
dren than in adults during self-knowledge retrieval rela-
tive to other-knowledge retrieval (FIG. 2; yellow dots). 
The authors suggested that, compared with adults, 
adolescents might rely more on ‘on-line’ self-reflective 
processing that is performed by the mPFC.

In another study of mentalizing, participants aged 9 
to 16 years were scanned during participation in an ani-
mation-based mentalizing task59 (BOX 1). Age correlated 
positively with activity in the dorsal mPFC (Talairach 
coordinates –6, 57, 14) and negatively with activity 
in the ventral mPFC (Talairach coordinates 10, 43, 0) 
(FIG. 2; red dots). The researchers suggested that this 
might reflect a change in strategy, from simulation in 
childhood (based on the self, and involving the ventral 
mPFC) to a more objective strategy in adults (involving 
the dorsal mPFC). The developmental change in dorsal 
mPFC activation reported in this study seems to con-
tradict those of the mentalizing studies described above. 
However, this task is different from other mentalizing 
tasks in that it is non-verbal, and the attribution of 
mental states to the shapes in the animations is illusory 
and subjective. In addition, the oldest participants in 
this study were 16 years of age, and it is unknown how 
activity in the dorsal mPFC during participation in the 
animations task changes after this age. Because no adult 
group was included for comparison, it cannot be ruled 
out that activity in this region decreases between 16 
years of age and adulthood.

To summarize, as of yet there have been only a hand-
ful of developmental-neuroimaging studies of social 
cognition, but there does seem to be some consistency 
with respect to the direction of change in frontal activ-
ity. Overall, the studies reviewed here have found that 
activity in various frontal regions decreases between 
adolescence and adulthood, despite performance being 
equated across groups. Equating performance between 
groups is critical for the interpretation of the functional 
neuroimaging data: if performance between groups 
were significantly different, it would be impossible to 
know whether a group difference in neural activity was 
the cause, or simply a consequence of, the difference in 
performance. On the other hand, matching performance 
between groups negates important differences between 
adolescents and adults in terms of social cognition, as 
has been reported in a large number of social psychol-
ogy studies. If the neural substrates of social cognition 
change during adolescence, what are the consequences 
for social cognitive behaviour? Most developmental 
studies of social cognition focus on early childhood, 
possibly because children perform adequately in even 
quite complex mentalizing tasks by five years of age 
(BOX 1). It is a challenge therefore to design a task on 
which older children and adolescents do not perform 
at ceiling level (note that there is one recently developed 
ingenious mentalizing task on which even healthy adults 
make mistakes60).

One possible explanation for the decrease in prefron-
tal activity on social-cognition tasks is that adolescence 
represents a time of synaptic reorganization in the PFC. 
This is discussed in the following section.

Structural brain development during adolescence

Cellular development. Research in the 1970s and 1980s 
carried out on post-mortem brain tissue revealed that 
the human PFC undergoes a protracted period of synap-
tic development that continues well into adolescence61,62. 

Figure 3 | Developmental changes in brain activation elicited by looking at fearful 

faces. In a study by Monk and colleagues54, a group of adolescents aged 9 to 17 and a 

group of adults aged 25 to 36 viewed fearful (an example of which is shown in a) and 

neutral faces and attended to either the emotional facial feature (the eyes) or a non-

emotional facial feature (the nose).  b | Adolescents showed higher activation of the 

anterior cingulate cortex (ACC) and left orbitofrontal cortex (OFC) than adults when 

passively viewing fearful faces (relative to neutral faces). When attending to a non-

emotional physical feature of a fearful face (the nose), adolescents showed greater 

activation than adults in the ACC. Part a reproduced, with permission, from REF. 101  

(1976) CPP. Part b reproduced, with permission, from REF. 54  (2003) Elsevier Science.
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Huttenlocher’s research contrasted with earlier studies 
on the development of sensory and motor regions in 
animal brains (in particular those of cats and monkeys), 
which demonstrated that synaptogenesis and synaptic 
pruning occur early in an animal’s life63. In the primary 
motor cortex of macaque monkeys, for example, synapto-
genesis starts early in fetal development and results in 
a greater synaptic density in early infancy than in adult-
hood. The excess synapses (that is, synapses that are 
not included in functional neuronal circuits) are then 
pruned back, and synaptic density declines to adult 
levels by approximately three years of age (the age of 
sexual maturity in monkeys)64. Huttenlocher’s research, 
by comparison, demonstrated that in the human brain 
synaptic density reaches a maximum before one year of 
age in the primary auditory and visual cortices and at 
approximately three and a half years of age in the PFC 
(middle frontal gyrus; see FIG. 4)61,62,65. Interestingly, 
whereas in the human auditory cortex synaptic elimi-
nation is complete by 12 years of age, pruning continues 
until mid-adolescence in the PFC65.

Developmental MRI studies of the human brain. 
Huttenlocher’s research relied on post-mortem human 
brains. In the past decade or so, structural MRI has ena-
bled researchers to investigate the development of the 
living human brain. Since the first developmental MRI 
studies (for examples see REFS 66,67) there have been 
numerous large-scale studies. Some were longitudinal, 
and scanned the same children more than once over 
time to see how brain regions change with age; others 
were cross-sectional, and scanned participants of differ-
ent ages to see how their neuroanatomy compared. MRI 
studies have mostly focused on developmental changes 
in grey matter (which corresponds to cell bodies, syn-
apses and neuropil) and white matter (which corre-
sponds to myelinated axons). The results of these studies 
are remarkably consistent: several cortical regions, in 
particular parts of the PFC, the temporal cortex and the 
parietal cortex, as well as a number of subcortical struc-
tures, undergo substantial changes in white- and grey-
matter volume during the first two (and in some studies 
even three) decades of life. White-matter volume seems 
to increase linearly during the first two decades68,69. This 
increase in white-matter volume has been suggested to 
reflect protracted axonal myelination in some cortical 
regions throughout the first two decades of life70.

By contrast, grey-matter volume in several corti-
cal areas decreases between childhood and adult-
hood. A recent longitudinal study of anatomical brain 
development in participants aged between 4 and 21 
years showed that grey-matter loss occurs initially in  
the primary sensorimotor areas and then spreads over the  
PFC, the parietal and occipital cortices and finally  
the temporal cortex71 (FIG. 4). This finding has been repli-
cated a number of times, with other studies showing that 
decreases in grey-matter volume continue throughout 
adolescence, in particular in the lateral and superior 
PFC72,73. The decrease in grey-matter volume in the PFC 
during adolescence is proposed to reflect, at least in part, 
synaptic elimination61,62,65.

Box 2 | Sex differences and the role of hormones in brain development

How adolescent brain development differs between the sexes, how it is affected by 

hormonal changes and how this interaction affects social cognition are still empirical 

questions. Anecdotal evidence suggests that relationships with peers, other social 

behaviours, and the way in which these develop during puberty and adolescence differ 

between males and females. An early MRI study demonstrated significant sex differences 

in age-related grey-matter changes in a range of cortical regions67. Specifically, there was 

a delay of approximately two years in the peak total brain grey-matter volume in males 

relative to females. The figure illustrates the predicted volume, with 95% confidence 

intervals, of cortical grey matter in frontal, parietal, temporal and occipital lobes for 

males and females aged 4 to 22 years. The arrows indicate the age at which grey-matter 

volume was maximal. Note that grey-matter volume in the frontal cortex peaks at 

approximately the age of puberty onset: 11 years in girls and 12 years in boys. In the 

temporal cortex the peak is not reached until approximately 16 years. Although no 

measure of puberty was taken in this study, the study does suggest that puberty, rather 

than age, might be the trigger for neuroanatomical changes, at least in frontal and 

parietal regions77.

Sex hormones influence a range of neurodevelopmental processes in animals, 

including neuronal survival, neurogenesis, synaptogenesis, receptor expression, 

neurotransmitter synthesis and neuronal excitability77. Research in animals88 and 

humans has shown that sex hormones also influence social behaviour. In humans, 

affective responses to male faces vary across the menstrual cycle in women89. In men 

and women, sex-hormone levels are associated with differential emotional 

responses to infants. For example, changes in female sex hormones during 

pregnancy predict post-partum attachment feelings to infants90, and lower 

testosterone levels in men are associated with higher levels of sympathy and a 

greater need to respond to infant cries91. In addition, sex hormones affect sexual 

behaviour, by binding to receptors in limbic areas, including the hypothalamus and 

the amygdala. In monkeys the amygdala has a predominance of androgen 

receptors92 whereas the hippocampus has a predominance of oestrogen receptors93. 

This difference might account for the finding that, in humans, amygdala volume 

increased between the ages of 4 and 18 years in males only, whereas hippocampal 

volume increased only in females94. Figure reproduced, with permission, from REF. 67 

 (1999) Macmillan Publishers Ltd.
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Other studies report a nonlinear, ‘inverted-U’-
shaped pattern of grey-matter change with age in 
frontal, parietal and temporal regions67 (see BOX 2 
figure). In an early study by Giedd and colleagues, 
the region in which grey-matter volume peaked latest 
(at approximately 16 years of age) was the temporal 
cortex, and this was followed by a decline during 
late adolescence and the early twenties67. Sowell and  

colleagues observed a similar inverted-U-shaped pat-
tern of grey-matter volume in the STS72,74. It is unknown 
why some studies report an inverted-U-shaped pattern 
whereas others report a steady decline in grey-matter 
volume between childhood and adulthood. However, it 
is possible that the increase in grey-matter volume dur-
ing childhood that is reported in some studies reflects 
prolonged synaptogenesis.

Figure 4 | Development of synaptic density and grey-matter volume in sensory and frontal regions. a | The left-hand 

graph shows the mean synaptic density in the primary auditory cortex (red circles), the primary visual cortex (green circles) 

and the prefrontal cortex (PFC) (specifically the middle frontal gyrus; crosses) in post-mortem human brains at different 

ages. The x axes show conceptual age in days from 200 days post-conception to 10,000 days post-conception 

(approximately 27 years). Synaptic density increases in all three regions in early childhood, but synaptogenesis is most 

prolonged in the prefrontal cortex. This is further demonstrated in the right-hand graph, which shows the difference in 

synaptic density between the auditory cortex and the middle frontal gyrus (purple circles) plotted against conceptual age. 

The line represents a curve of best fit for the data. Thus, although the peak synaptic density in the auditory cortex occurs 

early (at approximately three months after birth), the peak synaptic density in the PFC occurs significantly later. b | Right 

lateral and top views of the dynamic sequence of grey-matter maturation over the cortical surface between 4 and 21 years, 

as viewed in a longitudinal MRI study in which 13 children were scanned every 2 years for 8–10 years. The side bar shows a 

colour representation in units of grey-matter volume, with shades of blue corresponding to grey-matter loss. The images 

show that grey-matter loss occurs initially in the primary sensorimotor areas and then spreads over the PFC, the parietal 

and occipital cortices and finally the temporal cortex. This sequence can be viewed in movie form online — see REF. 71.  

Part a reproduced, with permission, from REF. 65  (1997) Wiley-Liss. Part b reproduced, with permission, from REF. 71  

(2004) National Academy of Sciences.
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Relationship between neuroanatomical, cognitive and 

functional brain development. One possible conse-
quence of the relatively late elimination of excess syn-
apses in the human PFC and other cortical regions is that 
it renders information processing in the relevant brain 
regions less efficient. The excess, ‘untuned’ synapses are 
thought to result in a low signal-to-noise ratio. Input-
dependent synaptic pruning eliminates those excess 
synapses, thereby effectively fine-tuning the remaining 
connections into specialized functional networks. After 
pruning, it is possible that it takes fewer synapses to do 
same amount of work, because the remaining synapses 
are more efficient. This would engender a system with 
a higher signal-to-noise ratio, which might result in 
more efficient cognitive processing and improved per-
formance with age. The dip in performance at puberty 
on face-processing tasks50–52 might be related to the 
increase in grey-matter volume at approximately this 
age in frontal67 and temporal regions67,72,74. On the other 
hand, there are other potential causes of a pubertal dip 
in performance, including changes in hormones (BOX 2) 
and changes in the social environment — puberty is the 
age at which most children enter new schools and are 
exposed to many new faces. Rendering the picture even 
more complex, hormonal and environmental changes 
might trigger, or at least influence, alterations in grey- 
and white-matter volume in the social brain, which 
might then influence social cognition and behaviour. 
It is currently difficult to disentangle genetically pre- 
programmed developmental changes from those that are 
triggered by changes in the environment.

The developmental neuroimaging studies of social 
cognition reviewed above tend to show a decrease in fron-
tal activity between adolescence and adulthood. In face-
processing tasks, activity in the lateral and superior PFC 
seems to increase between childhood and adolescence and 
then decrease between adolescence and adulthood. This 
nonlinear pattern of activity might be related to synaptic 

reorganization. Excess synaptogenesis during childhood 
might result in increasing levels of activity in the relevant 
brain region, owing to a low signal-to-noise ratio for the 
neuronal networks involved. Synaptic pruning during  
adolescence could then lead to a higher signal-to-noise ratio 
for the neuronal networks, possibly resulting in decreased 
levels of activity. This might account for the decrease in 
activity in the lateral and superior PFC in face-processing 
tasks and in the mPFC in mentalizing tasks between late 
childhood/early adolescence and adulthood.

This is a purely speculative idea that makes several 
assumptions that are yet to be tested. First, it assumes 
that a larger number of synapses in a given unit of 
brain tissue results in an increased blood-oxygen-level-
dependent (BOLD) signal if those synapses are active. 
This notion assumes that there is a more-or-less linear 
relationship between synaptic density and the BOLD 
signal. Exactly how linear the coupling between syn-
aptogenesis and the BOLD response is remains to be 
determined. It is likely that the coupling is different in 
different brain regions and that there is at least some 
degree of nonlinearity75. Second, it makes the assump-
tion that vascular changes correlate with synaptic 
changes; whether this is the case is as yet unknown. 
Furthermore, it would be useful to know whether there 
are correlations between structural changes (in grey 
matter) and functional changes (to the BOLD signal) 
in the same individuals. Although this has been inves-
tigated in one neuroimaging study on executive con-
trol76, none has yet attempted to correlate structural and  
functional development of the social brain.

Conclusion and questions for further research

Here I have reviewed evidence that certain areas of the 
social brain, namely the pSTS and the mPFC, undergo 
substantial functional and structural development dur-
ing adolescence. Recent functional neuroimaging studies 
of social cognitive development suggest that activity in 

 Box 3 | Mental illness and the influence of the environment on neural development in adolescence

Although adolescence represents a period of cognitive improvement, it also marks a period of increased rates of 

antisocial and risky behaviours and mental illness95. After puberty and throughout adolescence there is a marked 

increase in the incidence of depression, anxiety and mood disorders, eating disorders and substance abuse. It is possible 

that this arises owing to asynchronous trajectories of neural development, an idea that has been developed by Nelson 

and colleagues in their Social Information Processing Network model96. This model posits that social-information 

processing occurs by way of three interacting neural ‘nodes’. The ‘detection node’, comprising the intraparietal sulcus, 

the superior temporal sulcus, the fusiform face area and temporal and occipital regions, deciphers the social properties 

of a stimulus such as biological motion. The ‘affective node’, including limbic areas of the brain such as the amygdala, the 

ventral striatum, the hypothalamus and the orbitofrontal cortex, is thought to process the emotional significance of a 

social stimulus. The ‘cognitive-regulatory node’, consisting of much of the prefrontal cortex, is responsible for 

mentalizing, impulse inhibition and goal-directed behaviour. Nelson and colleagues propose that there is a mismatch in 

the maturation of the different nodes — namely that the development of the cognitive-regulatory node lags behind the 

development of the other nodes — and that this contributes to the onset of mood and anxiety disorders in adolescence.

Schizophrenia is a condition that often has its onset at approximately the end of adolescence, perhaps as a 

consequence of abnormal brain development during adolescence97. This abnormal development is probably genetically 

determined to a significant extent, but there is evidence that it might also be influenced by environmental factors, such 

as cannabis use: adolescents who regularly smoke cannabis have a significantly greater chance of developing 

schizophrenia than adolescents who do not smoke cannabis98. Adolescents with a genetic risk of schizophrenia might be 

more likely to use cannabis, and these longitudinal studies attempted to control for this by excluding participants who 

reported any psychotic symptoms or feelings that preceeded cannabis use. Therefore, the results suggest that cannabis 

use might affect brain development during adolescence and have a causal role in the onset of schizophrenia99.
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a number of prefrontal areas increases between child-
hood and adolescence and then decreases between early 
adolescence and adulthood. The decrease in prefrontal 
activity during adolescence might be related to struc-
tural development in this area, namely the elimination 
of unused synapses.

There are many outstanding questions. A fundamen-
tal question is how synaptic reorganization affects neural 
activity and cognitive function and what triggers its reorgan-
ization at puberty. Virtually nothing is known about this 
relationship, but it seems likely that hormonal changes at 
puberty trigger neuroanatomical changes77 (BOX 2).

How the environment influences brain development 
during adolescence is another empirical question. It has 
been proposed that synaptic pruning in early develop-
ment fine-tunes neuronal circuitry in an input-dependent 
manner. Rats that are brought up in an enriched environ-
ment — that is, together with other rats in a cage with 
toys and exercise wheels — have higher synaptic density 
in the visual cortex than rats that are brought up indi-
vidually with little stimulation78. The ‘enriched’ rats also 
show better performance on spatial-navigation tasks, but 
at present the relationship between enrichment, synaptic 
density and memory is purely correlational and no infer-
ence about causality can be drawn. In humans, synaptic 
pruning in early childhood has been proposed to underlie 
sound categorization. The ability to distinguish certain 
speech sounds depends on being exposed to those sounds 
in early development. For example, before approximately 
12 months of age, babies that have been brought up in the 
United States can detect the difference between certain 
sounds that are common in the Hindi language; after 
12 months they can no longer distinguish these sounds 
because the English language does not contain them79. 
Although there is no direct evidence, this fine-tuning of 
sound categorization is thought to rely on the pruning  
of synapses in sensory areas that are involved in processing 
sound. It is unknown whether the pruning of synapses in 
the PFC during adolescence might be similarly influenced 
by environmental input. It has recently been suggested 
that cannabis use might influence the development of the 
brain during adolescence, although the precise mecha-
nisms by which cannabis might affect synaptogenesis or 
synaptic pruning are not known (BOX 3).

A number of neuroimaging studies have reported 
lower levels of activity during face-processing, emotion-
recognition and mentalizing tasks in the PFC in adults 
than in adolescents. This difference implies that damage 
to the PFC during adolescence might be more detrimen-
tal to associated cognitive functions than damage that is 

suffered during adulthood. There is evidence that dam-
age to the PFC (including the mPFC) in adulthood does 
not impair mentalizing30. A comparison between peo-
ple who have suffered mPFC damage at different ages 
would be interesting. Perhaps the mPFC is important 
for the early development of mentalizing, but becomes 
less important with age. On the other hand, as discussed 
above, this region is consistently activated when adults 
think about mental states. The question, then, is what is 
the role of the mPFC in social cognition in adulthood? 
Also, how and why does its role in social cognition 
change between adolescence and adulthood?

Adolescence is a period in which individuals undergo 
changes in their social behaviour, yet few empirical 
behavioural studies have reported significant behavioural 
development that is specific to social cognition and that 
cannot be explained by general improvements in atten-
tion, concentration, memory and so on. One possibility 
is that adolescents are more adept at completing compli-
cated social cognition tasks in the laboratory than they 
are at dealing with situations that arise in everyday life. 
More naturalistic paradigms might be useful in address-
ing this question. Another possibility is that it is not 
mentalizing per se that changes, but rather the modula-
tion of mentalizing by executive functions. An example 
of this kind of relationship was reported by Monk and 
colleagues in their study of face processing54. In this study, 
whether participants directed their attention to emotional 
facial features (the eyes) or non-emotional facial features 
(the nose) affected neural activity associated with face 
processing differentially in adolescents and adults (FIG. 3). 
However, it is important not to try to explain all of ado-
lescent behaviour in terms of neuroanatomical changes, 
as this neglects other important factors such as hormonal 
and social changes (although these could in turn trigger 
neuroanatomical changes). There are presumably large 
differences between individuals in the development of the  
social brain, but these have so far been neglected in  
the literature. Furthermore, synaptic plasticity is a base-
line property of the brain even in adulthood, and it occurs 
whenever something is learned80. An unanswered ques-
tion is whether and how plasticity that takes place during 
adolescence differs from plasticity in adulthood.

These are just some of the many questions that remain 
to be investigated in this new and rapidly expanding field. 
The study of neural development during adolescence is 
likely to have important implications for society in rela-
tion to education and the legal treatment of teenagers, as 
well as for various mental illnesses that often have their 
onset in adolescence (BOX 3).
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