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Abstract
With the development of functional neuroimaging tools, the past two decades have witnessed an
explosion of work examining functional brain maps, mostly in the adult brain. Against this backdrop
of work in adults, developmental research begins to gather a substantial body of knowledge about
brain maturation. The purpose of this review is to present some of these findings from the perspective
of functional neuroimaging. First, a brief survey of available neuroimaging techniques (i.e., fMRI,
MRS, MEG, PET, SPECT, and infrared techniques) is provided. Next, the key cognitive, emotional,
and social changes taking place during adolescence are outlined. The third section gives examples
of how these behavioral changes can be understood from a neuroscience perspective. The conclusion
places this functional neuroimaging research in relation to clinical and molecular work, and shows
how answers will ultimately come from the combined efforts of these disciplines.

Introduction
The study of human brain development across the lifespan has now become feasible with the
advent of functional neuroimaging tools. The past two decades have witnessed an explosion
of work examining functional brain maps, mostly of the adult brain. This experience has
brought expertise and experimental standards in the methodology and interpretation of
findings, paving the way for developmental brain research.

A number of functional neuroimaging tools, including electromagnetic (fMRI, MRS, MEG),
and nuclear medicine (PET, SPECT), and infrared techniques are available. These techniques
offer different advantages and limitations. The choice of the imaging modality mostly depends
on the scientific question, and, of course, on the availability of the equipment at the research
facility. A major limitation in the use of nuclear medicine techniques in the healthy pediatric
population concerns radiation exposure. For this reason, most of the developmental work
comes from fMRI research. However, imaging children poses unique challenges, relatively to
those associated with research in adults. First, children tend to be more anxious in unfamiliar
medical environments. Second, they have more difficulty remaining still in the scanner
(Thomas et al., 1999; Poldrack et al., 2002). Both issues can be minimized with practice in a
mock scanner, which familiarizes children with the environment, and helps them learn how to
remain immobile (Rosenberg et al., 1997). In addition, the use of head restraint systems or
motion training paired with feedback systems in the mock scanner have shown promising
findings on motion artifacts (Slifer et al., 1993; Temple et al., 2001). A third issue concerns
the validity of applying data acquisition algorithms and analytic tools used in adults to the
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pediatric population. While not significant in adolescents, this concern becomes substantial in
younger children, particularly those younger than 6 years of age (Muzik et al., 2000). The main
reasons are the age-related changes in brain sizes overall and individual structure sizes (Tien
et al., 1992; Giedd et al., 1996; Paus et al., 1999; Durston et al., 2001; Giedd, 2004; Gogtay et
al., 2004), and water content (Sakuma et al., 1991; Nomura et al., 1994), which is the basic
substrate of the MRI signal (Paus et al., 2001). Adjustment in scanning parameters for data
acquisition (Saunders et al., 2007), and use of age-appropriate structural brains for group
analyses (Muzik et al., 2000) become critical. Much work needs to be done in this area. These
issues, in addition to the status of vulnerable population as a whole, explain the scarcity of
studies in this age group.

Here, we will first provide an overview of the functional neuroimaging techniques that have
contributed to an understanding of brain development. This section will be followed by a review
of the key cognitive, emotional, and social changes taking place during adolescence. The third
section will give examples of how these behavioral changes can be understood from a
neuroscience perspective. We will conclude by placing this research in relation to clinical and
molecular work, and show how answers will ultimately come from the combined efforts of
these disciplines.

Of note, this review is focused on functional neuroimaging research, and structural
neuroimaging techniques and studies will not be addressed specifically.

Functional neuroimaging techniques
Comprehensive reviews of the functional neuroimaging techniques can be found in the volume,
“Functional Neuroimaging in Child Psychiatry” (Ernst, and Rumsey, 2000) and its upcoming
new edition “Neuroimaging in Developmental Clinical Neuroscience” (Rumsey and Ernst, in
press). In brief, these techniques fall into two categories, those which utilize magnetic fields
(functional magnetic resonance imaging [fMRI], magnetic resonance spectroscopy [MRS],
and magnetoencephalography [MEG]) and those which use ionizing radiation (positron
emission tomography [PET] and single photon emission computed tomography [SPECT]).

The physics underlying these two technologies are fundamentally different. PET and SPECT
measure radioactive counts in the brain that accumulate over a certain amount of time
(Herscovitch and Ernst, 2000), and MR measures distortions in electromagnetic fields
proportional to changes in the concentration of deoxyhemoglobin (Blood Oxygen Level
Dependent signal [BOLD]) (Eden and Zeffiro, 2000). PET and SPECT require that the
radioactive compounds be prepared in a radiochemistry laboratory. Because of the short half-
lives of these compounds for PET use, this laboratory needs to be in short proximity of the
PET scanner. This is not so much the case in SPECT, which typically uses compounds with
longer radioactive half-life. The success of these techniques is based on the development of
radioligands that give valid and reliable measurements of the in vivo behavior of biological
molecules of interest (see Table 1). MR requires electromagnetic isolation of the scanner room.
Both technologies depend on the collaboration of physicists, mathematicians and clinicians.
PET/SPECT requires the additional contribution of radiochemists.

PET and SPECT are similar techniques, with the practical difference that SPECT is easier to
use in terms of both radiochemistry and instrumentation, but provides lower quantitative
accuracy and is more limited by the relatively narrower range of available radioligands (Tables
1–2). For simplicity, we will focus mainly on PET technology.

PET paired with the tracer H2
15O (radioactive water) and fMRI both provide measures of

cerebral blood flow that index neural activity. These techniques differ in their temporal
resolution, i.e., approximately 60 seconds with PET and 2 to 5 seconds in fMRI (Figure 1).
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Spatial resolution is fairly equivalent, except that PET permits a better delineation of medial
temporal and orbital frontal structures than fMRI. Indeed, the fMRI signal is affected by the
proximity of air in the frontal sinuses. FMRI instrumentation and sequences of acquisition
continue to be refined, with the goal of providing better spatial and temporal resolution and of
minimizing physiological artifacts. MEG records electrical activity directly without the use of
ionizing radiation and provides high temporal resolution, but moderate spatial resolution,
particularly with respect to subcortical structures (Rojas et al., 2000). MEG is less available
than either PET or fMRI, and thus fewer studies have been completed using this method. Figure
1 provides a comparison of the spatial and temporal resolution among imaging neuroscience
tools.

The major drawback with PET is radiation exposure. It restricts the number of possible repeated
measures, which is a serious limitation for developmental studies. Limits on radiation exposure
to research subjects are set by regulatory bodies such as the US Department of Health and
Human Services (e.g., http://www.hhs.gov, http://www.nrc.gov) and institutional radiation
safety committees. In contrast, fMRI imposes no limit on repeated scanning. On the one hand,
the PET signal (radioactive counts) is substantially stronger than the fMRI signal, and does
not require large number of repeated measurements. On the other hand, repeated measures are
required in the design of experiments that compare different experimental conditions, or for
longitudinal studies. Regarding fMRI, it is important to stress that this technique is far from
being without risk. Failure to carefully follow fMRI precaution guidelines, i.e., banning
ferromagnetic material from the MR scanner room, can be lethal.

PET paired with radioligands and MRS provide neurochemical measures (Tables 1–2).
Whereas PET and SPECT track the physiological behavior of molecules (e.g., neurotransmitter
receptor binding potential, rate of neurotransmitter synthesis, synaptic concentration changes
of neurotransmitter), MRS indexes the relative concentration of metabolites, whose functions
are not as well-delineated (Table 3). PET and SPECT can detect very small concentrations
(nanomolar range) of the compounds under study, whereas MRS is limited to larger amounts
(millimolar range). For this reason, only compounds present in large quantities in the brain can
be imaged. The main limitation in the advancement of PET and SPECT methods lies with the
development of radioligands. In MRS, the sensitivity and specificity of the signals are the
critical limiting factors. Tables 1–3 are providing exemplars of the measures that can be
obtained with MRS, PET and SPECT.

Potentially exciting future techniques are optical imaging (see chapter…) and the use of
transcranial magnetic stimulation (TMS) in combination with other imaging tools. As a caveat,
TMS’s potential adverse effects still need to be better characterized before being used
experimentally in children.

Research in neurodevelopment is based principally on the study of healthy children. Ethical
considerations mandate that studies with this vulnerable population be of minimal risk
(http://www.hhs.gov/ohrp/humansubjects/guidance/45cfr46.htm#subpartd), and as such,
preclude the use of techniques such as PET or SPECT (Arnold et al., 2000; Munson et al.,
2006). Although PET/SPECT studies have been conducted in healthy minors (Chugani et al.,
1987; Ernst et al., 1997; Ernst et al., 1999; Takahashi et al., 1999), they will not be covered
herein, since the majority of developmental work has been done with fMRI. Finally, because
of the difficulty in imaging younger children and the paucity of studies in this age group, this
chapter is dedicated to the late childhood/adolescence period.

Cognitive, affective, and social changes in adolescence
Adolescence is defined operationally as the transition period that characterizes the passage
from childhood to adulthood. During this period, individuals acquire the skills that permit them
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to move away from the familial cell and start an independent and sexually active life. In humans,
the skills necessary to make this transition successfully occur at multiple levels, within the
cognitive, emotional and social spheres. These refinements result from synergistic changes in
biology and environment. One of the most significant changes occurring in adolescence is
puberty.

Puberty refers to sexual maturation, which affects both primary and secondary sexual
characteristics, and results from adrenal and gonadic hormonal changes (for review see (Sisk
and Foster, 2004). Besides physical development, pubertal maturation influences metabolism,
and behavior through its modulation of brain function (Romeo et al., 2001; Romeo and Sisk,
2001; Nunez et al., 2002; Hebbard et al., 2003). The specificity and extent of hormonal-related
cerebral changes are unclear. Studies of individuals with early or late puberty suggest that
hormonal changes may not significantly affect cognitive development, in contrast to their
influence on emotional development. Although the regional distribution of sex hormone
receptors in the brain, i.e., sites of direct hormonal action, is fairly well documented (Yuan et
al., 1995; Gu et al., 1999; Rosas-Arellano et al., 1999; Gundlah et al., 2000; Pareto et al.,
2004; Catalano et al., 2005; Clark et al., 2006), the precise contribution of pubertal hormonal
changes on the structural and functional development of the brain still needs to be determined.
Research on the contribution of puberty to the shaping of brain function is wide open. Because
of the scarcity of data using functional neuroimaging in this area, puberty will not be addressed
in the remainder of this review.

Although cognitive function improves dramatically, qualitatively as well as quantitatively,
from infancy into childhood, when the basic scaffold of adult cognition is in place, it continues
to be refined across adolescence. Reaction time shortens (Williams et al., 1999; Bedard et al.,
2002), motoric and cognitive inhibition improves (Munoz et al., 1998; Williams et al., 1999;
Bedard et al., 2002), working memory capacity increases (Gathercole et al., 2004; Bayliss et
al., 2005), computation processing expands as the number of items successfully manipulated
increases (Bayliss et al., 2005), and the ability to set up rules for adaptive behavior that takes
into account time estimation rises (McCormack et al., 1999). These elemental components of
cognition contribute to permit adaptive goal-directed behavior.

However, observations suggest enhanced mood lability and emotional intensity in adolescence
(Buchanan et al., 1992). Adolescence represents the peak onset of mood disorders (Pine et al.,
1998; Angold et al., 1999), which supports the notion of alterations of affective regulation
during this period. In addition, affective processes and response to reward/punishments, which
contribute substantially to decision-making, may present in adolescence specific features that
facilitate risk-taking behavior in this age group (Gerrard et al., 1996; Dahl, 2001; Martin et al.,
2002).

Although also influenced by affective processing, social behavior presents unique
characteristics in adolescence. This period is known for the primacy of peer relationships which
tend to replace familial ties (Steinberg, 1989; Steinberg and Morris, 2001; Gardner and
Steinberg, 2005). It is also a time for intense romantic involvement, as well as idealistic beliefs
and extreme behaviors (Bouchey and Furman, 2003; Brown, 2004).

Neuroimaging in development
Structural neuroimaging has provided fundamental information regarding brain maturation. In
adolescence, these structural changes vary by regions and include changes in the ratio of gray
and white matter. Principally, white matter, an index of myelination, increases, while gray
matter, an index of cellular and unmyelinated fiber density, decreases (Paus et al., 1999; Gogtay
et al., 2006; Mabbott et al., 2006). Although the histological significance of these white and
gray matter changes are not known at present, these changes could reflect, at least partially,
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the combination of processes of myelination, and pruning. Myelination provides faster
communication between regions, and pruning more efficient neural coding. These two
processes could contribute to faster reaction time and greater capacity for cognitive
manipulation.

Of most interest, these structural changes are protracted and occur at different points in time
according to regions. Changes seem to progress from posterior to anterior dorsal regions, such
that parietal gray matter loss is most prominent from childhood to adolescence and frontal gray
matter decrease is most salient from adolescence to adulthood (Sowell et al., 2004; Gogtay et
al., 2006). Much less is known about ontogenic changes of subcortical structures. Reduced
striatal volume with age has been reported (Giedd et al., 1996), whereas no systematic changes
in hippocampal volume could be detected (Suzuki et al., 2005).

The significance of these changes at the behavioral level is not clear. The contribution of
learning and experience vs. genetically determined alterations need to be elucidated. It is also
critical to obtain information on connectivity. Diffusion tensor imaging can contribute to this
question but improvements to the technique are still needed to interpret the findings (Neil et
al., 2002; Schmithorst et al., 2002; Bengtsson et al., 2005). Functional neuroimaging can also
help translate the functional significance of these structural changes.

The regional heterogeneity of maturation rates may have critical implications for the neural
basis of the adolescent behavior. An attractive hypothesis is that of an imbalance between
cognitive and emotional processing networks, mediated by a developmental shift in the balance
between mesolimbic/striatal and mesocortical dopamine systems during adolescence (Spear,
2000; Andersen, 2003). A related hypothesis proposes an adolescent-typical pattern of
equilibrium among three systems, approach, avoidance and supervisory systems (Ernst et al.,
2006). Adolescent behavior suggests enhanced recruitment of limbic structures associated with
the coding of emotions, and reduced or less efficient recruitment of cognitive inhibitory
structures such as the ventrolateral prefrontal cortex. Approach-related structures, such as
ventral striatum, that preferentially translate sensory inputs into appetitive stimuli to be
approached, might be engaged more easily than are avoidance-related structures, such as
amygdala, which preferentially translate sensory inputs into aversive stimuli to be avoided.
Both scenarios would explain a propensity for intense emotions, novelty-seeking and risk-
taking behavior, and diminished control over emotional processing.

At present, neurodevelopmental research using functional neuroimaging has been limited to
cross-over studies that compare different age groups. Longitudinal studies, the gold-standard
for examining development, are difficult to conduct, not only because of the research cost, but
also in view of the rapid changes in instrumentation which often compromise the reliability of
repeated measures. As will be seen below, three basic potential group differences can be noted
in the immature brain: (1) lesser engagement of the mature network; (2) greater engagement
of the mature network; (3) engagement of a different network, or any combination of the above.
The interpretation of such findings continues to be speculative, and will need to be corroborated
by additional judiciously designed experiments.

Developmental functional neuroimaging
Cognitive processes: Attention, working memory and response inhibition

The general principle underlying fMRI studies relies on the subtraction rule (Owen et al.,
2001). This rule posits that task performance can engage several elemental cognitive processes,
each of them relying on specific neural circuits. By manipulating the tasks and the type of
cognitive processes being engaged, the specific circuit recruited by a given cognitive process
can be isolated through subtraction of the different activation maps. For example, the activation
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map of a decision-making task associated with monetary rewards subtracted from the activation
map of the same task without monetary rewards would provide information on the neural
processing of rewards. Although simplistic, this theoretical framework seems to be adequate
for most research questions.

A number of processes have been studied this way, including attention, working memory,
response inhibition, and reward-related performance (Figure 2). These normative
developmental studies are still in their infancy and need not only to be further validated but
also to be examined from different perspectives to better understand their functional and
developmental significance.

Attention and Working Memory—Only a few studies have examined the development of
attention using functional neuroimaging (Konrad et al., 2005). Konrad et al (2005) showed in
children between 8–12 yo (N = 16) significantly reduced activity in brain areas associated with
attention such as the frontal midbrain or temporo-parietal areas, relative to older controls (ages
20–34, N = 16). However, more areas outside the expected networks were activated in children
relative to adults, which suggested that additional neural networks were required to support
the underdeveloped attentional networks.

Developmental studies of working memory have focused mostly on visuospatial information
rather than object or verbal stimuli. Most studies found enhanced activation with age (8 or 9
yo through 18 yo) in the circuits already identified in adults for supporting this process: dorsal
or lateral prefrontal cortex and intra- or posterior parietal cortex (Klingberg et al., 2002; Kwon
et al., 2002; Olesen et al., 2003).

In addition, sex differences in working memory performance seemed to emerge in adolescence.
Schweinsburg et al (Schweinsburg et al., 2005) reported that males showed greater activity in
frontopolar cortex during a spatial working memory task, while females exhibited reduced
activity in the anterior cingulate. This suggested that males and females recruited different
brain regions to perform a spatial working memory task.

Response Inhibition—A combination of increased and decreased regional activations with
age has been reported in studies of response inhibition. A number of paradigms have been used,
including antisaccade (Luna et al., 2001), go/no-go (Tamm et al., 2002; Durston and Casey,
2006; Rubia et al., 2006), stop signal (Rubia et al., 2006), and Stroop tasks (Adleman et al.,
2002; Marsh et al., 2006).

Luna et al. (2001) contrasted fMRI results among children (7–12 yo), adolescents (13–17 yo)
and young adults (18–22 yo) during the performance of an antisaccade task, and found
decreased activation in the superior middle gyrus but increased activation in the striatum, intra-
parietal sulcus, frontal eye field and lateral cerebellum with age. Activation of the dorsolateral
prefrontal cortex was found to peak in adolescents relative to children and adults. How these
qualitatively different developmental trajectories influence each other, and are integrated into
patterns that subserve age-related typical cognitive control, is critical to understand.

Using the go/no-go task, Tamm et al (2002) reported age-related increased activation in left
inferior frontal gyrus and reduced activation in superior and middle frontal gyri between 8
years and 20 years of age. Based on the notion that findings in adults converge towards the
inferior prefrontal cortex as the seat for inhibitory control, the findings in adolescents suggest
a strengthening of the mature substrates of inhibition, while relying less on the more immature
neural correlates of inhibition. Similar activations in inferior frontal and anterior cingulate area
have been reported in another developmental sample (8 to 20 years) (Durston, Mulder et al.,
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2006). Rubia et al. (2006) found increased prefrontal, temporo-parietal and striatal activation
with age (10–17 yo vs. 20–43 yo).

Using the Stroop task, Adleman et al (2002) found increased activation in parietal cortex
between children (7–11 yo) and adolescents (12–16 yo), and then increase in left middle frontal
gyrus between adolescents and young adults (18–22 yo). This finding suggests qualitative
differences in neural maturation in children and adolescents. Marsh et al. (2006) compared 20
children (mean age 13.5 years) with 50 adults (mean age 31.9 years), and reported greater
activation in adults than in children in brain areas typically activated by the Stroop task (right
frontostriatal circuits) and known to subserve self-regulatory function.

Overall, adults seem to be more able to recruit a specific circuit supporting response inhibition.
Because of the differences among studies, including task constructs, age ranges, and sample
sizes, it is difficult to clearly delineate the neural network responsible for response inhibition
per se. The significance of decreased activation with age suggests disengagement of alternative
neural circuits used in younger populations. However, the recruitment of these alternative
neural networks may represent reliance on different cognitive strategies employed by younger
individuals. It may also signal ongoing learning processes, or nonspecific age-group
differences in their efforts to complete the task. Each of these interpretations can be tested in
future work.

Affective and social processes
To date, much neuroimaging research directed toward the study of emotion has used paradigms
involving the perception of facial expressions (Nelson et al., 2003; Lieberman et al., 2005;
Meyer-Lindenberg et al., 2005; Noesselt et al., 2005; Pessoa et al., 2005; Fitzgerald et al.,
2006; Rich et al., 2006; Roberson-Nay et al., 2006; Williams et al., 2006). These studies have
focused primarily on the amygdala, which has been associated with fear processing (LeDoux,
2000) and social coding (Adolphs, 2003). Furthermore, negative emotions have been assessed
more consistently, primarily because these emotions are easier to evoke and to control
experimentally than positive emotions.

Davidson and Slagter (2000) have pointed out potential issues regarding developmental studies
of emotion. For example, the perception and the production of emotion may be more difficult
to separate in children than in adults, because stimuli used to probe emotion (e.g., facial
expressions) may more readily evoke emotion in children than in adults. For this reason, the
evaluation of behavioral performance and physiological reactions become important adjuncts
in neuroimaging studies of emotion.

The largest neuroimaging developmental study of emotion to date compared 30 healthy adults
(21–40 yo) with 31 healthy adolescents (9–17 yo) on a facial emotion task (Figure 3) (Guyer
et al., in press). Findings replicated previous work (Monk et al., 2003), showing greater
activation of the amygdala in adolescents compared to adults during passive viewing of fearful
vs. neutral faces. In addition, adults showed greater amygdala-hippocampal functional
connectivity than adolescents across the whole task. This finding may suggest that maturational
changes strengthen amygdala/hippocampus interactions in forming memories of faces
(Kilpatrick and Cahill, 2003;Dolcos et al., 2005). This interpretation would be in line with the
continuing development of the relationship between cognitive and affective systems during
adolescence (Casey et al., 2000;Nelson et al., 2005;Ernst et al., 2006). Of note, sex and age
were not correlated with amygdala activation in neither the adolescent group nor the adult
group (Guyer et al in press).

The main finding of greater amygdala activation in adolescents than in adults in response to
fearful faces was consistent with prior work (Monk et al., 2003; Killgore and Yurgelun-Todd,
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2004), but in opposite direction to the finding by Thomas et al. (Thomas et al., 2001), which
used a sample of 12 adolescents (9–13 yo) and 6 adults (18–30 yo) as well as a different
experimental design.

These findings are based on passive viewing, which, by nature, prevents the collection of self-
reports. Consequently, their interpretation is limited. However, Guyer et al. (in press) also
collected fear ratings in a different condition, and showed that these ratings did not differ
between adults and adolescents. In addition, they included independently obtained eye
movement data during the viewing of the faces. These data showed no differences in patterns
of eye movements between adults and adolescents, perhaps indexing similar level of attention
directed to the faces.

The field of affective developmental neuroscience research is wide open. The study of response
to evocative face stimuli, which combines basic features of affective processing with features
of social processing is only one way to probe the coding of emotions. Work is currently being
conducted on social processes per se, using economic exchange paradigms and other tasks
targeting issues of affiliations, fairness, trust, and theory of mind. Models of the neural
networks involved in social processing are beginning to be proposed (Nelson et al., 2005),
generating a priori hypotheses that can be tested in future work. It will be important to control
for differences in emotion processing in these social paradigms, and, reciprocally, control for
differences in social processing in affective paradigms, when appropriate.

Reward circuitry
Reward-related processes are at the heart of motivated behavior. As such, they have been the
object of a huge body of research. Within neuroscience, they have been probed within three
major disciplines: addiction (Pecina et al., 2006; Mahler et al., 2007), learning (Martin-Soelch
et al., 2007), and decision-making (Ernst and Paulus, 2005). A third field, neuroeconomics, is
emerging (Sanfey et al., 2003; Huettel et al., 2006). The situation at a cross road of converging
research domains presents, on the one hand, the advantage of generating a large amount of
information to understand these processes, yet, on the other hand, the drawback of the potential
for mixing terminology that carries slightly different meaning (e.g., reward can refer to positive
reinforcement in learning theories, induction of positive valence state in affective neuroscience,
or positive utility value in economics).

With this caveat in mind, developmental “reward” neuroscience work is starting to raise
considerable interest.

Much of this work has been reviewed in the recent description of the “triadic model” (Ernst et
al., 2006). Since then, a few studies have been published (Galvan et al., 2006; van Leijenhorst
et al., 2006), supporting the basic tenets of Ernst et al’s model (Figure 4). This developmental
neurophysiological framework of reward processes originally proposed that the balance among
three behavioral control systems differs between adults and adolescents. These three systems
include an approach behavioral system, centered on the ventral striatum, an avoidance
behavioral system, centered on the amygdala, and a supervisory system, centered on the medial
prefrontal cortex.

The triadic model is based on a priori hypotheses that find their origins in evolutionary theories.
We speculate that the adolescent brain undergoes unique changes that promote behaviors
supporting the evolutionary fitness theme of optimal species reproduction. Adolescence is the
time when individuals begin to move away from the familial cell and acquire independence in
order to fulfill adult roles in terms of reproductively mature and socially competent behavior.
This impetus to move away from the protective nest is necessary for preventing genetic
inbreeding and for enabling genetic diversity, which serves the overall evolutionary fitness
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goal. Behaviors of novelty-seeking and risk-taking facilitate this transition. As such, neural
circuits that code approach behavior, such as ventral striatum, are likely to be more dominant
during adolescence, whereas neural circuits that code avoidance, such as amygdala, are likely
to be less powerful during adolescence than at other life periods.

A number of functional neuroimaging findings are consistent with this model. First, adolescents
generally recruited a similar reward circuitry (May et al., 2004) as that identified in adults
(Delgado et al., 2000) when responding to rewards or punishments. However, direct
comparison of adults and adolescents showed that adolescents activated the ventral striatum
more strongly than adults in response to rewarding stimuli (Ernst et al., 2005; Galvan et al.,
2006), and deactivated the amygdala less strongly than adults in response to penalties (Ernst
et al., 2005). In addition, during choice-making, adolescents engaged the medial prefrontal
cortex, including the anterior cingulate gyrus, and orbital frontal cortex to a lesser extent than
did adults (Figure 5)(Eshel et al., 2007).

Adolescents may differ from pre-adolescents in the function of the reward circuitry (Galvan
et al., 2006). Indeed, pre-adolescents (mean age 11.3 years) were found to show greater
modulation of the medial prefrontal cortex as a function of the likelihood of receiving a reward,
during the anticipation of this reward, relative to adults (mean age 21 years) (van Leijenhorst
et al., 2006). This is in contrast to Eshel’s findings comparing response selection between
adolescents (13.3 years old) and adults (see above). The discrepancy between both sets of
findings might also relate to the different paradigms employed, rather than maturational
changes between pre-adolescence and adolescence. Van Leijenhorst et al. (2006) manipulated
the probability rather than the magnitude of the reward, and choice selection did not involve
competing options, whereas Eshel et al. (2007) used a paradigm involving decision-making
between two competing options that carried different risks and reward magnitudes. Thus,
differences in age groups (13.3 yo vs. 11.3 yo) and/or in paradigms may account for the opposite
findings of these studies with regards to the recruitment of medial prefrontal cortex in reward-
processes.

Finally, Bjork et al. (2004) employed a monetary reaction-time task to directly compare adults
and adolescents, and found that adolescents recruited less strongly the ventral striatum when
anticipating possible gains. This finding, at odds with the studies by Ernst et al. (2005) and
Galvan et al. (2006), highlights the need for more work.

Future Direction
The present overview provides a window into the promises of developmental cognitive
neuroscience research. Among these promises, three major themes stand out.

First, from a methodological standpoint, more knowledge is warranted to understand how
developing brain physiology affects functional imaging parameters, to formulate standardized
procedures and to create age-appropriate structural brain templates.

Second, the increased use of neuroimaging techniques in young populations will help to
interpret findings from the traditional developmental psychology perspective and generate
neuroanatomical models of cognitive, affective and social processes of behaviour. For instance,
neuroimaging data could be used to support cognitive theories of memory development (Reyna
and Brainerd, 1998), or elucidate the brain mechanisms that underlie cognitive (Gardner and
Steinberg, 2005; Steinberg, 2005) or evolutionary (Ernst et al., 2006) models that seek to
explain adolescence as an increased period of vulnerability for psychiatric disorders.

Third, based on the recognition that most adult psychiatric disorders have their biological roots
anchored in the developing brain, it appears paramount to be able to identify and understand
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the mechanism of these vulnerability factors across development. Normative data, including
the role of sex and puberty, are clearly a requisite for this agenda and research is being under
way to address this question using populations at risk by virtue of temperament or family history
of psychiatric disorders (Guyer et al., 2006; Perez-Edgar et al., 2007; Monk et al., in press).

Finally, although not addressed in this chapter, a critical task of developmental cognitive
neuroscience research will be to integrate molecular genetic advances with functional
neuroimaging studies.
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Figure 1.
Figure illustrates some of the currently available cognitive neuroscience methods and sites of
action on both temporal and spatial dimensions. Figure adapted from Churchland and
Sejnowski, 1988.
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Figure 2.
Midline sagittal slices of T1 MRI images of the brain on which loci of activation are depicted.
These activation maps provide a summary of the results described in the Cognitive Process
Section of this chapter. Loci of activation correspond to age group differences of neural
activation in response to various cognitive processes. Unfilled white circles represent sites of
activations that are greater for younger participants relative to adults. Conversely, filled white
circles represent sites of activations that are greater for adults relative to younger participants.
The figure was created using the MRIcro fMRI display software
(http://www.sph.sc.edu/comd/rorden/mricro.html). Peak coordinates originate from studies
reported in the text. When necessary, Talairach coordinates were transformed into MNI
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coordinates (http://imaging.mrccbu.cam.ac.uk/imaging/MniTalairach). The sites of these
activations have been projected to the midline section since they are all displayed at x = 0, even
though most of these activation peaks are lateralized (see Table below).

Talairach coordinates for activations indicated in Figure 2

Function Reference Talairach Coordinates (x, y, z)

Attention Konrad, 2005 −30 27 −47
−9 −18 −12
33 −15 −2
54 −60 12

Rubia, 2006 −50 −30 26
−32 7 −2
−29 37 15

3 −74 37
25 −4 −2
40 −59 −24

Conflict Adleman, 2002 −28 12 52
Konrad, 2005 −27 56 17

−18 −52 63
45 38 −4
53 14 −18

Marsh, 2006 7 46 0
10 19 9
21 −16 36
−36 39 0
−31 6 9
−39 39 9
36 13 0

Inhibition Rubia, 2006 4 48 4
Tamm, 2002 −34 12 6

−14 46 46

Switching Rubia, 2006 14 19 26
32 19 9
−40 −33 53

Working Memory Klingberg, 2002 22 −64 48
30 0 52

Kwon, 2002 −38 54 10
48 −48 38

Schweinsburg, 2005 2 52 7
30 62 3
26 61 35
44 29 35
12 62 8
44 43 52
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Figure 3.
SPM99 glass brain indicating greater amygdala activation for adolescents relative to adults in
response to an emotional face viewing task (Guyer et al., in press).
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Figure 4.
The triadic model from Ernst et al (2006) shows a functional imbalance among medial/ventral
prefrontal cortex, ventral striatum and amygdala circuits in adolescents (left half) relative to
the adult equilibrium (right half).
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Figure 5.
Coronal and sagittal views of the SPM99 T1 MRI brain, which shows activation loci that are
greater for adults than adolescents in a decision making task. These foci are located in the left
orbitofrontal/ventrolateral prefrontal cortex and anterior cingulate cortex (Eshel et al. 2007).
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