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Multiple and rapid changes in brain development occur in infancy and early childhood that undergird behav-
ioral development in core domains. The period of adolescence also carries a second influx of growth and
change in the brain to support the unique developmental tasks of adolescence. This special section documents
two core conclusions from multiple studies. First, evidence for change in brain-based metrics that underlie
cognitive and behavioral functions are not limited to narrow windows in development, but are evident from
infancy into early adulthood. Second, the specific evident changes are unique to challenges and goals that are
salient for a respective developmental period. These brain-based changes interface with environmental inputs,
whether from the child’s broader ecology or at an individual level.

Brain development is an extraordinary process full
of both rapid and gradual transitions designed to
establish efficient structural and functional neural
connections supporting our behaviors, cognitions,
and emotions. The field of developmental neuro-
science has burgeoned over the last 20 years with
advances in technology and methods that are well-
suited for measuring the human brain in vivo in
infants, children, and adolescents. We can now
more than ever before directly capture the interplay
of changes in experience and brain development
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across the life span. As a result, these advances
have afforded us a better understanding of when,
where, how, and for whom, the brain’s structure
and function changes over time in response to, and
in anticipation of, experience.

Two guiding principles in developmental neuro-
science suggest that (a) multiple and rapid brain
changes in infancy and early childhood foster
development in core domains of functioning, and
(b) a second epoch of growth and change in the
brain occurs from adolescence into early adulthood,
supporting new areas of functioning related to the
unique tasks that first emerge in adolescence. We
created this special section to assemble studies that
illustrate these principles in examining the traits,
contexts, and experiences that underlie both neural
and behavioral development.

Longitudinal studies serve as the gold standard in
developmental science because they allow us to
unravel dimensions of change rather than snapshots
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in development. Thus, we showcase in this section
studies that have data on brain development with at
least two time points on the same individuals (e.g.,
longitudinal within-person designs; pre-post training
or treatment designs) and draw on a range of neu-
roimaging and electrophysiological methods (e.g.,
structural MRI, functional MRI [fMRI], electroen-
cephalography [EEG]). Two sets of articles provide
evidence for delineating windows of brain develop-
ment based on within-person changes in the brain’s
structure or function in relation to a range of
domains of functioning. The first set of articles focus
on brain development in support of early emerging
functions in infancy and childhood. The second set of
articles focus on brain change, growth, and reorgani-
zation during adolescence that foster maturation
toward adult-like behaviors (e.g., role of the frontal
lobes in cognitive control; identity development).
This type of evidence is critical to understanding
how measures of brain function and structure can
inform child and adolescent development.

We Need to Examine Within-Person Change in
the Brain

Brain development reflects time- and experience-
dependent dynamic processes of growing, creating
new connections, or advancing functioning as well
as loss processes such as pruning, closing of critical
or sensitive periods, or regressing in functioning. In
developmental neuroscience, cross-sectional designs
have been frequently used to generate knowledge
about the degree to which specific neural character-
istics and processes are present within certain age
groups compared to each other (e.g., 9-12 year olds
vs. 13-17 year olds vs. 18-25 year olds; 6-9 months
vs. 12-15 months). Based on such designs, striking
mean-level differences exist between age groups in
specific domains. For example, reward cues, salient
emotions, and peer influence are found to elicit
heighted brain activity in adolescence relative to
childhood or adulthood (Chein, Albert, O’Brien,
Uckert, & Steinberg, 2011; Galvan et al, 2006;
Guyer et al., 2008). In addition, we have docu-
mented how the size of, and connections among,
brain structures change over time drawing on age
cohorts (e.g., prefrontal cortex [PFC]; Giedd et al,,
2015).

We know less about how within-person change
unfolds in the process of brain growth and
advancement in function. For example, by examin-
ing slopes, we can gain knowledge about the tim-
ing and progression or regression of brain

development such as when deviances from
expected patterns occur as well as patterns of
tempo, stability, and change. This is information we
cannot gain from comparing age-categorized
groups on mean levels of a developmental out-
come. Longitudinal designs are also important for
understanding how developmental changes in the
brain co-occur with changes in behavior, relations
that are unobservable with cross-sectional data.
Indeed, gathering longitudinal data will enable our
ability to tie neural changes directly to changes in
our constructs of interests, and expand our under-
standing of both normative mechanisms and mark-
ers of individual variability and change.

Grimm, Davoudzadeh, and Ram (2017) highlight
how nearly 40 years ago, Baltes and Nesselroade
(1979) offered five motivations for conducting
longitudinal research. These reasons included (a)
identifying intraindividual change/stability, (b)
identifying interindividual differences/similarity in
intraindividual change, (c) analyzing interrelations
in change in multiple constructs, (d) analyzing
causes/determinants of intraindividual change, and
(e) analyzing causes/determinants of interindivid-
ual differences in intraindividual change. These
rationales encourage us to do the same in research
on brain development and individual trajectories
across neural systems, as they are necessary for
moving beyond cross-sectional snapshots of brain
maturation.

Indeed, recent perspectives have highlighted the
benefits of using within-person longitudinal designs
to study brain development. For example, longitu-
dinal designs can reduce sampling bias introduced
by cohort effects, help tease apart trait stability
from state variability in brain and behavior, demon-
strate brain-context interactions, and be used for
testing mediation models of causal factors in devel-
opment (Crone & Elzinga, 2015). Fortunately, col-
lecting longitudinal measurements of the brain has
gained traction in ways that are advancing the field
by shedding light on the degree of stability, concor-
dance between brain and behavior, and which stim-
uli and environmental inputs are more or less
influential for different brain regions in commonly
assessed brain metrics such as regional volumes or
neural reactivity.

Examples of Opportunities for
Neurodevelopmental Plasticity

As discussed next, the 11 studies in this special sec-
tion represent a wide-ranging set of brain-based



functions and characteristics including (a) inputs
that predict specific brain indices over time or elicit
variation in brain reactivity, (b) brain connectivity
at rest without specific inputs, and (c) individual
differences related to features of long-term brain
structure maturation. To assess brain reactivity and
connectivity, the studies presented in this section
used EEG (Lahat et al., 2018; MacNeill, Ram, Bell,
Fox, & Pérez-Edgar, 2018) and event-related poten-
tials (ERPs; Brooker, 2018; Pickron, lyer, Fava, &
Scott, 2017) in early development, with the excep-
tion of Lahat et al. who examined adolescents. To
study change in adolescence and early adulthood,
five studies used either fMRI while participants
were at rest (Sylvester et al., 2017) or when paired
with a task (Lauharatanahirun et al.,, 2018, Qu,
Pomerantz, McCormick, & Telzer, 2018; Schreuders
et al., 2018; Vilgis et al., 2018). Finally, two studies
assessed brain structure using MRI to quantify the
volume of specific brain regions or the thickness
and surface of cortical areas (Becht et al., 2018; Fer-
schmann et al., 2018).

Infancy and Early Childhood

Infancy and early childhood mark a significant
period for relatively rapid brain growth. The brain
reaches nearly adult size by the age of 5, initial con-
nections are laid down, and a multitude of experi-
ence-dependent  changes  support emerging
individual differences in functioning (Giedd &
Rapoport, 2010; Lenroot & Giedd, 2006). Indeed,
these brain changes support fundamental processes
such as language acquisition, attention, working
memory, and self-regulation (Johnson, 2000, 2001,
2011). Three studies in this special section focus on
within-person change in brain activity during
infancy and early childhood. Pickron et al. (2017)
conducted an innovative intervention study over
3 months to examine change in infant brain
response using ERPs during a visual attention task.
The study randomly assigned 43 six-month-olds to
either a parent-delivered training group or to a no-
training group. Brain activity was measured before
and after the 3-month long training, with a focus
on the Nc component of ERP, an index of selective
and sustained attention. Infants trained to individu-
ate labeled object exemplars increased their atten-
tion to these novel objects manifested as a larger
Nc amplitude to infrequently presented objects.
This suggests that a top-down environmental influ-
ence, here label-training, altered a specific neural
substrate of attention during this period of develop-
ment. Thus, from 6- to 9-months of age, the infant
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brain showed plasticity in response to repeated pre-
vious learning when attending to novel objects.

A study by MacNeill et al. (2018) examined
whether changes in brain electrical activity mea-
sured using EEG paralleled the timing (how mature
infants are relative to same-age infants) and rate
(how quickly or slowly infants gained proficiency)
of change in object permanence performance. A
sample of 28 six-month-olds was tested monthly for
7 months on the classic A-not-B task and electrocor-
tical brain activity was assessed at each visit. A
nonlinear pattern of performance was found with
most infants unsuccessful on the task at 6 months,
a rapid nonlinear increase in performance from 7 to
11 months, and peak performance at ceiling by
12 months. Baseline EEG power increased linearly
from 6 to 12 months of age across the brain. Impor-
tantly, infants who advanced more quickly in task
performance had lower occipital (but not frontal)
EEG at age 6 months and showed relatively small
increases in occipital EEG power over time. The
coupling between EEG and performance suggests
developmental plasticity specifically of occipital
neural systems involved in attending to and track-
ing moving objects supported the increased ability
to attend to visual cues and facilitated learning dur-
ing the first year of life. MacNeill et al.’s results
also highlight the importance of modeling both lin-
ear and nonlinear change patterns in early brain
and behavioral development and charting their pro-
gression at behavior-relevant time intervals, two
goals met through repeated measurement of brain
and behavior within-individual during the window
of skill acquisition.

The third article covering this period of develop-
ment focused on an aspect of self-regulation that
begins to mature in the preschool years. Using a
1-year prospective longitudinal design, Brooker
(2018) examined in 119 three-year-olds a neural sub-
strate of self-monitoring indexed by error-related
negativity (ERN) via EEG recordings of electrical
brain activity. ERN is thought to be an adaptive
mechanism signaling the need for cognitive resources
for self-control. Developmental plasticity of the brain
was investigated in relation to the sensitivity of par-
ents to their child’s behaviors and a more distal envi-
ronmental factor marked by socioeconomic status
(SES). Normative developmental increases in ERN
amplitude from age 3 to 4 were found for preschool-
ers raised in families with high maternal sensitivity
and high SES. Results suggest that this neural system
implicated in self-monitoring may become organized
earlier in development for children raised in more
enriched and responsive environments.
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As a whole, these articles highlight that the
infant brain changes over time in response to spe-
cialized learning experiences and that the timing
and rate of change in specific areas of the brain par-
allel increased cognitive proficiency within a speci-
fic window of time. Furthermore, normative
development of a brain system that contributes to
self-regulation is supported by optimal environmen-
tal input over the course of a year across early
childhood. These studies are innovative examples
of examining brain activity in young children
because they open a new focus on very early
appearing neurally based change processes that
underlie developmentally appropriate domains of
functioning and account for the influence of input
from early caregivers in facilitating these key devel-
opmental functions via brain changes.

Adolescence and Early Adulthood

We have also come to learn that adolescence rep-
resents another rapid and dynamic growth period
during which the brain changes in critical ways that
support more nuanced, complex and controlled
behaviors such as decision making, reward sensitiv-
ity, emotion regulation, and making sense of com-
plex social experiences (Casey, 2015; Guyer, Silk, &
Nelson, 2016; Nelson, Jarcho, & Guyer, 2016; Stein-
berg, 2010). Adolescent brain refinement occurs
through changes in concentrations of gray and
white matter, reinforcement of short- and long-
range neural connections, linear and nonlinear
changes in brain reactivity, and modulation in
levels of specific neurotransmitters, such as dopa-
mine (Spear, 2013). In addition, we now understand
that many of these changes extend well into early
adulthood, lengthening the traditional time window
of neural development and mirroring the modern
day lengthening of the transition period into adult-
hood, referred to as emerging adulthood (Arnett,
2007; Taber-Thomas & Perez-Edgar, 2015).

EEG and MRI have been the two most widely
used tools for studying the adolescent brain in vivo.
MRI has been useful because it provides high spatial
resolution of brain structures and allows statistical
maps representing neural activity to be aligned with
anatomy. At about 7-9 years of age, children are
more capable of laying very still in the scanner (im-
portant for obtaining clear pictures of the brain) and
can more easily follow what can be relatively com-
plex rules required to complete tasks paired with
fMRI or EEG. Six articles in the special section used
fMRI or EEG to study changes in adolescent brain
activity either at rest or in response to a task.

Measuring brain activity at rest can provide
information regarding variations in functional net-
works that are intrinsic to the individual and inde-
pendent of specific tasks. Variations in intrinsic
connectivity can help explain how the individual’s
brain responded to past experience and set the
foundation for predicting future responses. Two
articles in the special section assessed neural con-
nectivity at rest in order to understand the associa-
tions between shyness, evolving brain profiles at
rest, and socioemotional development.

Sylvester et al. (2017) examined whether shyness
predicted change in resting state neural connectivity
across three time points in middle childhood and
early adolescence in 147 youth. Temperamental
shyness is an early appearing individual trait that is
relatively stable over time and, when coupled with
specific additional risk factors, can lead to a marked
increase in risk for anxiety (Pérez-Edgar & Guyer,
2014). Over the course of development, changes in
neural connectivity are thought to underlie more
effective and efficient regulatory mechanisms,
potentially blunting the risk for developing psy-
chopathology. In this study, the authors targeted
four functional brain networks associated with both
temperamental shyness and anxiety: default mode
(DMN), frontoparietal, salience, and ventral atten-
tion. Of the four networks, they found that only the
trajectory of functional connectivity in the DMN
was associated with shyness, even after controlling
for anxiety symptoms. In particular, participants
with low levels of shyness, and therefore low risk,
presented a negative slope in connectivity over
time. In contrast, highly shy children were rela-
tively flat in their levels of DMN connectivity over
time. The resulting relative hyperconnectivity from
late childhood to early adolescence could support a
shift in a more internally focused and self-referen-
tial type of thinking, characteristics previously high-
lighted as symptomatic of anxiety. In this way,
early temperament is embedded in specific brain
networks, in this case one that involves self-focus
highlighting a new cognitive-behavioral target to
probe in interventions for children at risk for anxi-
ety due to their early life temperament.

Lahat et al. (2018) also focused on shyness, this
time examining the construct in the context of mal-
treatment in order to predict change in resting EEG
asymmetry. Here, the focus was on 80 adolescent
girls (ages 14-16) who had previously experienced
child maltreatment. Although maltreatment often
has devastating effects, it is difficult to predict the
outcomes for any one child. Examining biomarkers
such as brain activity may boost prediction and



point to targets of intervention and opportunities to
leverage brain plasticity. Resting EEG asymmetry,
in turn, is a low-cost, easily tolerable, marker of
electrocortical activity. Left frontal EEG activity at
rest, and in result to provocation, is associated with
approach-related behaviors and emotions. In con-
trast, right frontal EEG activity is associated with
withdrawal-related behaviors and emotions, early
temperamental shyness, and the later emergence of
anxiety and depression. Lahat et al. (2018) found
that adolescent girls exposed to child maltreatment
reported higher levels of shyness than control par-
ticipants did only if they also presented with
greater relative right frontal EEG asymmetry. In
addition, adolescents exhibiting right frontal EEG
asymmetry at rest had both the highest and lowest
shyness scores, depending on their maltreatment
history. Adolescent girls with left frontal EEG
asymmetry at rest appeared relatively less sensitive
to their environment. This finding is in line with
the differential susceptibility to the environment
model (Ellis, Boyce, Belsky, Bakermans-Kranenburg,
& van ljzendoorn, 2011), suggesting that right fron-
tal EEG asymmetry may make children more open
to environmental input, for better and for worse
including during the middle adolescent period
beyond the early childhood period emphasized in
the susceptibility model.

Four articles used task-based fMRI to elicit neu-
ral response to specific cues or images, which
allows researchers to assess the regions of the brain
that are more or less reactive to specific classes of
stimuli. Adolescence marks a time of increased risk
for depression, especially in girls (Avenevoli,
Swendsen, He, Burstein, & Merikangas, 2015). This
risk may relate to the cognitive approaches girls
use to manage their emotions. Vilgis et al. (2018)
undertook an innovative analytic approach using a
cross-lagged panel analysis to test the influence of
brain and behavior in the context of risk for depres-
sion in adolescent girls. Using fMRI, brain reactivity
was measured in a diverse sample of 78 sixteen-
year-old girls (nearly two thirds were African-
American) when they appraised their subjective
feelings of sadness in response to images of others
depicting sad facial expressions. Signs of depression
and the strategies the girls use to regulate their
emotions were also assessed. The girls were reeval-
uated at age 17 for depression, emotion regulation,
and brain reactivity to sad faces. The study found
that the level of brain activity associated with
reflecting on one’s sadness at age 16 in the dorso-
medial PFC served as a predictor of depression
severity and the ability to effectively regulate
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emotions at age 17. In addition, this neural sensitiv-
ity during sadness introspection predicted specific
strategies, which fed variation in regulatory effec-
tiveness. Using a cross-lagged panel analysis in this
way allowed for the determination of whether
specific patterns of neural sensitivity to thinking
about one’s emotions predicts behaviors (e.g., emo-
tion strategy usage) or vice versa. These findings
suggest that brain activity may drive emotional
behaviors across this sensitive developmental per-
iod for depression risk, which in turn can inform
targets of intervention (e.g., thought processes,
emotion probes) during this late adolescent window
that may alter emotion regulation via the brain for
girls at heightened risk for depression.

In addition to spikes in anxiety and depression,
adolescence brings a normative increase in risk tak-
ing and reward seeking behaviors (Romer, Reyna,
& Satterthwaite, 2017; Steinberg, 2008). Risk taking
can facilitate the development of skills needed to go
out into the world as an independent and autono-
mous individual, while also providing experiences
that scaffold adult roles. Three studies in this
special section examined how the brain changes
over time in relation to risk taking and reward
processing.

Qu et al. (2018) examined whether the neurode-
velopment of cognitive control associated with
changes in the PFC across adolescence would be
altered as a function of adolescents” perceptions of
teens as being irresponsible. The authors hypothe-
sized that youth who view the teenage years as
marked by irresponsibility and lack of familial con-
nection would lag in the development of cognitive
control and engage in increased risk taking. A
three-wave longitudinal neuroimaging study of
twenty-two 13-year-olds examined the youths’
stereotypes about teens. Middle schoolers who
reported that teens are irresponsible in the family
showed increased bilateral ventrolateral PFC
(VIPFC) activation during a cognitive control task
across the transition to high school. Although
vIPFC activity is typically associated with impulse
control, interindividual declines in vIPFC over time
may reflect more mature, and efficient, neural con-
trol. Indeed, both stereotypes of teen irresponsibility
and increased vIPFC activation over time were
associated with increased risk taking behaviors.
These findings provide preliminary evidence that
youth’s conceptions of adolescence play a role in
neural plasticity over this phase of development,
perhaps by coloring their experience with, and
interpretations of, their families. That the processing
of these perceptions permeates the level of the brain
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suggests that taking on new mindsets and ways of
thinking about others are quite powerful and can
serve as targets for social cognitive interventions at
this phase of development.

Lauharatanahirun et al. (2018) also examined
adolescent risky behavior. However, here the focus
was on whether risky behaviors were related to
developmental changes in decision making and
associated neural correlates as a function of the
family environment. In this study, 167 adolescents
(13-15 years, 53% male) self-reported on the level
of chaos they experienced in their homes and their
parents’ monitoring practices. Participants then
completed a decision-making task during fMRI at
two time points 1 year apart. The insular cortex has
been associated with processing risk information
and increased activity can lead to risk aversion
(Mohr, Biele, & Heekeren, 2010). Parental knowl-
edge of their adolescent’s whereabouts and behav-
iors was positively related to insular activity at
both time points, suggesting that adolescents’ per-
ception of parental monitoring impacted their con-
sideration of risk. However, this effect only held
among adolescents in low-chaos environments. It
also appears that the consistency of input is an
important consideration when understanding the
role the environment may play in shaping the neu-
ral response to developmentally salient processes
such as deliberating whether to engage in risky
behaviors. This is particularly central when the
focus is on the adolescent’s subjective assessment of
his or her environment.

Finally, Schreuders et al. (2018) examined how
ventral striatum responses to rewards develop
across adolescence and early adulthood. They
brought a specific focus on the relation between
changes in striatal response and individual differ-
ences in state- and trait-level reward sensitivity.
Participants (aged 8-29 years) were tested across
three waves separated by 2 years (693 fMRI-scans
in total) in an accelerated longitudinal design. Pre-
vious work suggests that striatal activity is closely
associated with adolescents’ tendency to seek out
rewards and engage in exciting (albeit risky) behav-
iors. This large-scale study confirms the adolescent
peak in reward-related ventral striatum, specifically
in the nucleus accumbens (NAcc), activity. In addi-
tion, the rise in striatal activity over time was stron-
gest among individuals with greater trait-level
reward sensitivity in the younger half of the sam-
ple, leading up to mid-adolescence. This relation
was not evident in the older half of the sample,
who was on the downward slope for both striatal
reactivity and reward sensitivity. This study

demonstrates that state- and trait-level reward sen-
sitivity  differentially account for reward-related
ventral striatum activity in different phases of ado-
lescence and early adulthood. Specifically, the
expectation that ventral striatum activity peaks in
mid-adolescence and declines again in late adoles-
cence and beyond, especially for youth driven to
seek novel experiences was confirmed. The data
suggest narrow developmental windows within the
adolescent period may be designed to foster youths’
exploration of new experiences and increase the
chance for new environmental influences to occur.

How much of our brain development is
explained by our attributes and approach to the
world as individuals? Using structural MRI, Fer-
schmann et al. (2018) examined how personality
traits relate to brain development in anatomical
characteristics, an important but understudied ques-
tion. These researchers assessed cortical thickness
(CT) and surface area (SA) in 99 participants aged
8-19 years at an initial time point and again
2.6 years later. Specific personality traits from the
Big Five Model of Personality were related to longi-
tudinal change in regional CT or SA. In particular,
conscientiousness, emotional stability, and imagina-
tion were associated with greater age-expected
cortical thinning over time. However, few age-inde-
pendent cross-sectional associations were found
between personality traits and CT or SA. Together,
these results suggest that the timing and pattern of
change may be more informative when examining
individuals still in the formative processes of per-
sonality development. Static brain-behavior rela-
tions may be more evident, and likely more stable,
in adults who show relatively less change at both
the neural and behavioral level of analysis, but
longer term longitudinal studies are needed to see
whether this pattern persists across the life span.
These data could help us better understand varia-
tions in personality and emotional behavior evident
in life span research extending from young adult-
hood into late adulthood.

Identity formation is a fundamental component
of adolescent development (Meeus, 2011). Becht
et al. (2018) conducted a multimethod multisample
longitudinal study to investigate how the volume
of brain structures associated with self-reported
goal-directedness and information-seeking relate to
adolescents’” global identity. Their focus was on
how perceptions of interpersonal and educational
functioning influence their identity. The first study
(497 adolescents; M,z T1 13.03 years) collected self-
report data on goal-directedness across three bi-
annual waves with identity measured one wave



later. Study 1 design and measurements were
repeated in Study 2 (131 adolescents; M,z T1
14.69 years) and extended with structural gray mat-
ter volume data for the NAcc and PFC, collected
across three biannual waves. They found relative
stability for the NAcc and decreases in PFC volume
over time. Using latent growth curve models, they
found that NAcc volume was most strongly associ-
ated with identity formation, which might reflect
striatal involvement in novel and rewarding behav-
ior. In contrast, PFC volume predicted identity
maintenance, perhaps reflecting prefrontal roles in
cognitive control and behavior monitoring. Impor-
tantly, these individual differences were noted with
measures that showed relative (rank-order) stabil-
ity. It is only in examining trajectories that many
subtle relations are able to emerge. These findings
demonstrate how having a strong sense of identity
was shaped by behaviors, pursuing one’s goals,
and in an area of the brain that supports motivated
action and experiencing rewards, highlighting the
concordance between brain and behavior in devel-
oping one’s self-concept.

Future Directions

The current special section set out to highlight
diverse approaches to a common set of questions:
How do we capture change in the brain and can
we then link change to observed patterns of
thought and behavior? Importantly, we situated
these questions within two unique developmental
periods that manifest significant modeling of the
brain through progressive and regressive processes.
The articles presented here vary in a number of fea-
tures, including the age of participants, the core
technology used, the psychological construct of
interest, and the approach to quantifying the inter-
related systems associated with developmental
change. This diversity speaks to the exciting road
ahead for future research studies building on work
to date.

First, we need longitudinal studies starting just
prior to key transition or turning points in develop-
ment to determine benchmarks of neurodevelop-
ment in structure and function. Benchmarks will
then aid in formulating underlying principles of
brain development based on the timing and rates of
growth/maturation as suggested, for example, by
the findings of MacNeill et al. (2018) showing that
A-not-B neural correlates parallel behavioral compe-
tency that then plateaus. While some work has
begun to formulate indices of brain maturation and
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brain development phase (Brown et al., 2012; Cao
et al.,, 2015), including evidence that brain-derived
age correlates well with chronological age (Bunge &
Whitaker, 2012), we currently do not have anything
close to the weight and height charts used to mea-
sure physical development. We do not have popu-
lation-based metrics, such as the T-scores we often
use to characterize socioemotional behavior. Thus,
our conclusions regarding normative development,
comparisons between typical and atypical func-
tions, or brain associations with maladaptive behav-
ior are all dependent on the specific characteristics
of the single study we are assessing and the com-
parison sample chosen by the researchers. Given
that most of the current literature depends on small
samples dominated by convenience samples, we
have little sense of how one set of data compare
with to-be-expected patterns of structure, function,
and development.

There are now large-scale studies (e.g.,, ABCD,
IMAGEN, Developing Human Connectome Project,
Pediatric Imaging, Neurocognition, and Genetics
Project) that may help fill in the missing gaps.
Rosenberg, Casey, and Holmes (2018) recently sum-
marized existing large MRI cohort studies (> 500
participants) and showed that most of these studies
are conducted in the United States and Western
Europe, but several new cohort studies are now
also ongoing in South America and China. These
new developments highlight continued progress in
understanding brain development in individuals
across the globe (Rosenberg et al., 2018). Central-
ized aggregation databases, such as the Neuroimag-
ing Informatics Tools and Resources Clearinghouse,
are also hugely beneficial to improving our power
to detect change and growth in the brain. However,
just as we are carefully charting the length and
width of brain development, we must also focus on
capturing how variations in brain development link
to accompanying variation in behavioral develop-
ment.

For example, one avenue for research will likely
focus on understanding how the epigenetics of bio-
logical traits (such as temperament) set the founda-
tion for brain development by both constraining the
form of specific neural structures and functions and
influence the impact of the genetic and environmen-
tal input that fuel experience-expectant and experi-
ence-dependent changes. That is, certain biological
traits may lead individuals to seek out environ-
ments that further reinforce nascent developmental
tendencies propagating modification of gene expres-
sion through epigenetics. Thus, variations in sensi-
tivity to environmental input and the input
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provided by the environment may not be fully
orthogonal. Further complicating the brain-to-envir-
onment-to-brain dynamic is the fact that the daily
determinants of environmental input will also
change with development, which aligns with the
perspective that epigenetic models are more appli-
cable to brain development than heritability models
(see Lester, Conradt, & Marsit, 2016).

For the young child, primary caregivers,
including siblings, extended family members, and
others who fulfill the child’s needs, shape, control,
and filter the environment. Thus, the personal and
psychosocial characteristics of the child’s main care-
givers influence how the caregiver interacts with
the child. Caregiver behaviors, in turn, shape the
child’s experienced environment. In this way,
caregiver behaviors and personality may affect how
infants come to view and approach the world.

Further engagement with the world, in turn,
shapes brain mechanisms that are uniquely plastic,
ready to learn from experience and adapt to the
environment (Selemon, 2013). Continuing this
chain, the brain changes that emerge via plasticity
mechanisms in turn influence the environments that
individuals seek out as children transition from
childhood to adolescence and young adulthood,
taking greater control of their daily experiences. We
will need nimble technologies embedded in rich
empirical research protocols applied across time
and context in order to capture this rich, and
dynamic, process.

Of course, the interval of brain assessment must
be titrated to the change seen in targeted
behaviors—for infants, change can occur within
days, week and months. As such, observation inter-
vals may need to be frequent and tightly scheduled
in order not to miss the window of change. Our
methods also need to be sensitive to the infant’s
ability (or willingness) to tolerate our measures.
Finally, we will need to step beyond traditional
approaches that have limited infant research to
small samples with limited measures per child (see
Oakes, 2017, for a critique).

As we move through development, we open up
the developmental window. For example, the
changes we anticipate seeing in adolescence may be
more gradual, as some behaviors emerge over the
course of years. When we slow the pace of develop-
ment, we often introduce greater variability, as the
system has more opportunity to absorb and
respond to variations in the environment and expe-
rience. Thus, the measures we are most interested
in for older children (e.g., social competence) are
often complex, subtle, and difficult to quantify.

Here, the goal will be to find procedures that are
amenable to our measures of the brain, such as
fMRI, and the corresponding metrics of the brain,
without sacrificing the ecological validity of our
constructs of interest.

Given the time and resource intensive nature of
longitudinal studies, trade-offs often need to be
made. As seen in the current special section, and in
the larger literature, researchers either focus on rela-
tively smaller samples but institute rich and multi-
layered observation of development, or they take a
population approach, with less intensive measures
that allow for more heterogeneous and variable
samples. Longitudinal studies, by definition, are
designed to capture a phenomenon over time. As
such, they fix at study outset the methodologies
and measures that often must be carried out with-
out change within and across time. In vivo brain
measures that are well tolerated by children across
age are an asset in this regard. Shared measures
allow for direct comparisons across the entire
cohort at any one wave of study (T1) and over the
life of the study (T1 vs. T2 vs. T3, etc.).

Even though longitudinal studies help up to under-
stand co-varying changes over time, they do not allow
us to draw conclusions about causality. For example,
correlated changes in brain growth (e.g., PFC devel-
opment) and behavioral measures (e.g., alcohol use)
may be related to a third variable (e.g., temperament).
Nonetheless, longitudinal change studies are more
sensitive in detecting rapid periods of growth, which
can, for example, inform when a child is more
sensitive to environmental input. Often short-term
experimental studies can help probe the specific
mechanisms that fuel patterns and relations evident
in relatively slow-moving longitudinal studies. For
example, cognitive enrichment or training studies
can help delineate how environmental factors
accelerate or delay brain development. Impor-
tantly, experimental methods can systematically
manipulate processes or mechanisms that are
thought to directly shape outcomes of interest. Cou-
pled with in vivo brain imaging techniques, we need
to isolate agents of change as well as the specific tar-
gets of change. These studies will directly impact
translational work aimed at creating effective
interventions that may help re-direct maladaptive
trajectories.

Additionally, the field needs to systematically
study the culture and context in which our con-
structs of interests, and agents of neurodevelop-
mental change, are embedded (Chiao, 2017). That
is, much of the literature to date has taken a rela-
tively Universalist view, working under the



assumption that the developmental trajectories,
underlying mechanisms, and environmental pro-
cesses identified can be equally applied across cul-
ture and context. Despite the recent calls for
broadening developmental research to include non-
Western populations, the field is biased toward
WEIRD: Western, educated, industrialized, rich,
and democratic populations (Henrich, Heine, &
Norenzayan, 2010; Legare & Harris, 2016). This lim-
itation is evident in the articles included in the cur-
rent special section. The bias not only encompasses
who is being studied, but also reflects who is doing
the studying.

Developmental neuroscience has progressed by
working to incorporate the role of context and envi-
ronmental input on brain-behavior relations. The
next step is to systematically study a broader array
of contexts and cultures to note not only similarities
or differences across groups, but to better understand
the mechanisms that help shape these differences.
Until we do so, we cannot fully understand the
breadth and scope of our phenomena of interest. To
borrow from the world of motor development, the
standard consensus regarding the timing and pro-
gression of motor development is upended when
you consider children developing in diverse contexts
that both limit (e.g., bundling) and expand (e.g.,
early tool use) the ability to engage in behavior. If we
wish to chart the extent of brain plasticity in develop-
ment, we must incorporate the breadth of experi-
ences and contexts a child may be embedded in.

We hope that this special section on the develop-
ing brain will inspire and inform future work that
focuses on developmental processes and mecha-
nisms involving the temporality of change, such as
(a) identifying neural regions with differing matura-
tional timetables and quantifying the impact of
their maturation on developmental outcomes; (b)
examining sensitive periods in brain development
rooted in cognitive or behavioral processes using
experimental interventions informed by nonlinear
developmental patterns that give clues regarding
inflection points for sensitive periods; (c) elucidat-
ing individual differences in rates of brain matura-
tion and their developmental consequences; and (d)
considering how early alterations in the brain affect
later brain development.
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