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our understanding of how constitutional factors and experiences create the brain networks
that support the expression and regulation of
emotion across development. Finally, we discuss outstanding issues and future directions
with the neuroscientific approach to the study
of emotional development.

Abstract

In the current chapter, we suggest that a neuroscientific approach provides a valuable perspective to the study of emotional development.
We discuss how a neuroscientific approach
offers unique contributions to notable practical
and theoretical challenges in the study of the
development of emotion and emotion regulation. We exemplify these contributions by
reviewing the current knowledge on the development of the expression and regulation of
fear and anxiety and their associated neural
bases. The literature reviewed highlights the
fact that a neuroscientific approach situates the
study of emotional development in a larger
biological and evolutionary framework facilitating the translation of research across species
and providing an account for species-typical
development as well as individual variation. A
neuroscientific approach also provides methods that permit studying emotional development across several levels of analyses,
providing information on the similarity and/or
differentiation between processes and mechanisms. We also cover literature that exemplifies how a neuroscientific approach can expand
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Introduction
Our ability to experience and express emotions is
a core aspect of life. Moreover, regulating when
and how we experience, and express, emotions is
a crucial component of adaptive functioning. As
such, understanding emotional development has
important implications for individuals and society as emotional competence is crucial for mental
health, physical well-being, and economic wealth
(Eisenberg et al., 2001; Knudsen, Heckman,
Cameron, & Shonkoff, 2006; Pine & Fox, 2015;
Valiente, Lemery-Chalfant, Swanson, & Reiser,
2008). However, the scientific study of emotional
development faces significant practical and theoretical challenges.
In the current chapter, we argue that a neuroscientific approach provides valuable insight into
the study of emotional development, with the following broad contributions (Nelson, Thomas, &
DeHaan, 2008): First, a neuroscientific approach
places hypotheses and observations in a larger
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biological and evolutionary context, facilitating
the translation of human emotional development
from – and to – animal models. Second, by examining emotional development with a neuroscientific lens, we leverage several methods that allow
us to examine the phenomena of interest at different levels of analysis (e.g., genetic, molecular,
structure, function, social), helping differentiate
distinct processes and mechanisms. Finally, as
we gain a better understanding of the mechanisms and the interactions across several levels of
analysis, we gain a picture of emotional development that moves beyond simplistic models (e.g.,
nature vs. nurture) and allows us to examine how
experiences impact the brain circuits that support
the expression and regulation of emotion.
In the following sections, we summarize three
notable challenges and briefly highlight how a
neuroscientific approach provides a unique perspective into these issues. We then briefly review
the development of emotion and emotion regulation and its associated neural bases.

 hallenge I: Emotion and Emotion
C
Regulation as Distinct Constructs
The first challenge arises when trying to define
primary aspects of emotional development such
as emotion and emotion regulation. As with most
psychological constructs, there is no standard
definition of emotion and emotion regulation.
However, a particular challenge when defining
these constructs is that it is difficult to empirically and theoretically separate emotion from
emotion regulation. Although there are considerable debates about the essence of emotions and
formal definitions of emotion have been
attempted since the beginning of modern psychology (James, 1884) and biology (Darwin,
1872/1998), most authors would agree that emotions are biologically based processes that
quickly and automatically evaluate events as well
as prepare the organism to act in order to aid
well-being and survival (Cole, Martin, & Dennis,
2004; Dennis, Buss, & Hastings, 2012). Recent
definitions of emotion reserve emotion terms
such as “fear” to the experiential components of
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the emotions and label as “survival circuits” the
behavioral responses and accompanying neurophysiological changes (LeDoux, 2012; LeDoux
& Brown, 2017). This distinction between components of emotion is important when studying
emotional development, as it is not possible to
access the experiential components of emotion
during early development. Here, we do not make
use of terms such as “survival circuits” and
instead use emotion-related terms (e.g., “emotion” and “fear”) in line with most of the developmental literature. However, throughout this
chapter, we explicitly label the component of
emotion being discussed to emphasize this distinction between behavioral and physiological
changes compared to conscious feeling states
(i.e., fear-related behaviors vs. feelings of fear).
Importantly, this definition of emotion highlights that emotions are by nature regulating
the physiology, behavior, and experiences of
the organism. In other words, emotions are
inherently regulatory; thus, it is difficult to separate them from the processes that regulate
them (Campos, Mumme, Kermoian, & Campos,
1994; Cole et al., 2004). Processes that change
the valence, intensity, and duration of emotions
are often termed emotion regulation
(Thompson, 1994).
Most definitions of emotion regulation highlight a wide breadth of such processes including
conscious and unconscious processes that change
emotional responses such as purposely distracting oneself by focusing on other aspects of the
situation or unintentionally looking away from
aversive events (Gross & Thompson, 2007).
Recent models also distinguish between explicit
and implicit strategies as well as automatic and
controlled forms of emotion regulation
(Braunstein, Gross, & Ochsner, 2017; Etkin,
Büchel, & Gross, 2015), further complicating its
distinction with emotional responses. For
instance, imagine a child being approached by a
novel stimulus like a stranger. When the child
perceives the stranger approaching, their eyebrows raise, their eyes widen, their heart rate
accelerates, and their pupils dilate – clear
behavioral and physiological changes associated
with fear. The child then turns around, runs away,
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clings to their caregiver’s leg, and averts their
gaze away from the stranger. Although these
withdrawal behaviors regulate behavior and lead
to decreases in fear-related physiology and
behavior, it is less clear if they are part of the
expression of fear or if there are implicit and
automatic forms of emotion regulation.
Cole et al. (2004) propose that to resolve this
challenge it is necessary to measure emotion processes independently from implied emotion regulation processes and/or to assess changes in the
emotion due to emotion regulation. However,
currently, no single method in developmental
psychology is able to empirically make this distinction. As such, developmental psychologists
need to make inferences based on several methods. A neuroscientific approach provides a powerful way to measure mental processes as some
methods have a high temporal precision, allowing to capture the chronometry of emotional and
regulatory processes, while others can indicate
which brain regions are involved in emotion and/
or emotion regulation. For example, electroencephalography (EEG) measures of brain electrical activity over the scalp that can be decomposed
into specific frequency bands or averaged around
an event of interest (i.e., event-related potentials;
ERP). EEG measures have an excellent temporal
resolution. In general, the latency of a measure of
interest (e.g., ERP) is thought to indicate whether
a mental process is relatively automatic or effortful with shorter latencies indicating shorter information processing and more automatic responses.
Another commonly used measure is magnetic
resonance imaging (MRI), which provides several measures of the structure of the brain such as
gray matter, white matter, and myelination.
Functional MRI (fMRI) provides a measure of
brain activity with high spatial resolution. In general, processes that involve the same brain areas
are considered to involve similar mental processes, whereas activation in different brain areas
is thought to involve different cognitive processes. Moreover, it is possible to describe the
interrelations among brain areas by examining
structural and/or functional connectivity, providing information about brain networks. Structural
connectivity consists of measuring the brain
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regions that are physically or anatomically connected to each other. On the other hand, functional connectivity refers to measuring brain
activity that is temporally related across brain
areas, implying that these areas are active at the
same time, potentially working together and
influencing each other.
As will be reviewed in this chapter, researchers have used these techniques in past decades to
measure the time course and networks of brain
areas involved in emotional development increasing our understanding of which processes are
shared (and different) between emotions and
their regulation. Although a neuroscientific
approach does not solve this challenge on its
own, it can provide important evidence and tools
that together with other approaches can serve to
better understand the distinction between emotion and emotion regulation.

 hallenge II: Emotion and Cognition
C
Integration
The second challenge to studying and understanding emotional development involves treating emotional and cognitive development as
categorically different phenomena. The dichotomy between cognition and emotion can be
rooted all the way back to dualistic models of the
mind and brain/body best exemplified by
Descartes and Aristotle, in which emotion and
reason were treated as categorically separate constructs. For psychology in general, the dichotomy
was exacerbated during the cognitive revolution,
which focused on the role of information processing in human cognition. This led the field of
cognitive psychology to focus on studying processes such as attention, memory, language, and
decision-making, rarely including emotion
(Phelps, 2006).
In developmental psychology in particular,
this divide was further increased with the undertaking of charting cognitive development, led by
work like Piaget’s (Maccoby, 1984). For this,
researchers studying cognitive development
mostly employed experimental methods aimed at
characterizing developmental milestones across
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development. Examples of such methods can be
found in the descriptions of Piaget’s experiments
and now-classic tasks (e.g., A-not-B task) used to
understand differences across development by
carefully controlling the environment (Piaget,
1954). Perhaps because emotional development
was less amenable to experimental manipulation,
emotional development was mostly studied using
a more naturalistic and descriptive approach. As
such, cognitive development was historically
studied mostly by experimental paradigms, while
emotional development was studied mostly by
correlational work (Maccoby, 1984; Pérez-Edgar
& Hastings, 2018). This led to a large corpus of
empirical and theoretical work in each subfield
emerging from different conceptual and methodological approaches, making it harder to integrate
cognitive and emotional development theoretically and empirically. However, advancements in
neuroscientific methods and increased understanding of the brain have demonstrated that cognitive and emotional development, not only
interact but are deeply integrated in the individual
throughout development (Bell & Wolfe, 2004;
Lewis, 2005; Pessoa, 2008; Phelps, 2006). As
will be discussed in this chapter, the brain networks associated with emotion and emotion regulation span across areas commonly studied in
cognitive processes, illustrating that several cognitive functions such as attention, learning, memory, and cognitive control are deeply involved in
emotional development.

Challenge III: Variations
Across Development and Across
Individuals
Developmental science aims to describe change
over time as well as the mechanisms and consequences of change. The traditional goal of developmental science is to uncover laws concerning
the development of human thought and behavior.
In order to achieve this, developmental science
commonly characterizes phenomena of interest
by pooling information across people to summarize the data using measures of central tendency
(e.g., average changes across age). Although this
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approach is highly valuable to characterize normative development, it often ignores the variability around the normative patterns of change.
Importantly, most psychological processes have
developmental trajectories that vary across individuals (Molenaar, 2004). As such, any individual developmental trajectory in the sample rarely
represents the average trajectory.
Individual differences have important implications for our understanding of emotional
development for practical and theoretical reasons. First, evidence suggests that many individual differences, for instance, in emotion
expression, are stable over time, suggesting that
they are not random noise. Second, many of the
practical applications of the study of emotional
development depend on the variability of emotion and emotion regulation across individuals
as they are important predictors and markers of
adjustment. For instance, identifying individuals at risk for later psychopathology or determining which factors predict developmental
trajectories of resilience or risk relies on differences between individuals rather than norms
(e.g., Kagan & Snidman, 1999; Mischel, Shoda,
& Rodriguez, 1989; Moffitt et al., 2011).
Finally, considering the diversity in the development of emotion is crucial to help elucidate
some of the mechanisms behind the developmental outcomes. As such, the study of emotional development is faced with the challenge
to not only consider both variations across normative development and variations across individuals but the need to integrate them into a
framework that can account for both types of
variation. We suggest that a neuroscientific
approach can aid with this challenge by examining emotional development through an evolutionary
biology
lens
that
integrates
species-typical and individual differences
(Scarr, 1992). In this chapter, we will review
empirical and theoretical literatures suggesting
that individual variation due to constitutional
factors such as temperament or early experiences have important implications for emotional development, including modifying the
rate of developmental change. This growing
literature leverages animal models to examine
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amygdala. We focus on fear, anxiety, and the
amygdala because of the availability of developmental data with animal models as well as
humans. In addition, the development of fear and
anxiety have important implications as anxiety
disorders are one of the most common forms of
psychopathology, causing a significant burden to
the individual and society (Kessler, Petukhova,
Sampson, Zaslavsky, & Wittchen, 2012).
Fear and fear-related behaviors are thought to
emerge around 7 months after birth (Sroufe,
1977). This is evidenced by the emergence of
fear-related behaviors such as expressions of distress in response to strangers or heights around
this developmental period (Braungart-Rieker,
Hill-Soderlund, & Karrass, 2010; Scarr &
Salapatek, 1970). For example, fear-related
behaviors toward strangers are observed at
7 months (Sroufe, 1977), increase through
infancy, and remain relatively high during toddlerhood before starting to decline in childhood
Neural Correlates of Emotion
(Brooker et al., 2013).
Another source of evidence comes from the
Normative Development
development of threat processing during infancy.
For instance, infants around 7 months of age
Since the foundational work of Broca (1878/2015) develop a normative attentional preference for
and Papez (1937) on the limbic system, emotions threatening information (e.g., fearful or angry
have been thought to arise from subcortical brain facial expressions) (LoBue & DeLoache, 2010;
structures. For example, individuals with damage Nelson & Dolgin, 1985; Peltola, Leppänen,
to subcortical areas like the amygdala are reported Palokangas, & Hietanen, 2008). Importantly,
to have abnormal fear reactions, including a these changes in fear-related behaviors, including
marked reduction in the experience of fear, fear processing, develop during a developmental
implying that the amygdala plays a critical role in period in which fear becomes functionally relethe expression and experience of fear (Feinstein, vant as infants become independently mobile and
Adolphs, Damasio, & Tranel, 2011). Most start to explore the environment and spend time
researchers would now agree that emotions are away from the caregiver (Campos, Barrett, Lamb,
not localized to specific brain regions such as Goldsmith, & Stenberg, 1983; Leppänen &
recent conceptualizations that propose that the Nelson, 2012).
amygdala is involved in processing of salient
Although evidence on the development of
stimuli in general rather than exclusively fear- subcortical neural structures that may underlie
related stimuli (Adolphs, 2008).
the development of fear-related behaviors durHowever, the emphasis on subcortical circuits ing infancy in humans is only emerging, nonhuas fundamental for the development of emotion is man animal models can be highly informative.
reflected in the available literature. As such, we Other species show a similar developmental trastart by reviewing findings that focus on the jectory of fear-related behaviors (Sullivan &
development of relatively simplistic notions of Holman, 2010). For example, rhesus monkeys
mapping emotion to subcortical structures and do not display fear-related behaviors in the presfunctions with a focus on fear, anxiety, and the ence of a stranger until approximately 2–3 months
how variations in evolutionarily conserved
mechanisms shape emotional development
across species.
We have summarized three important challenges to the study of emotional development. In
addition, we have conceptually outlined some of
the benefits of a neuroscientific approach to the
study of emotional development. In the next section, we select a few examples from our work and
others studying the development of the expression and regulation of fear and anxiety. The aim
of the next section is to discuss examples that
highlight the benefits of the neuroscientific
approach, in particular, as it contributes to solving the challenges outlined above. Finally, we
discuss outstanding issues and future directions
with this approach. For each section below, we
will first describe normative development, followed by a discussion on individual differences.
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of age, the rough equivalent of 7–12 months of
age in human infants (Kalin, Shelton, &
Takahashi, 1991).
Neuroanatomical work suggests that these
changes in behavior are associated with changes
in subcortical regions, particularly the amygdala.
For instance, in rhesus monkeys, the amygdala
undergoes exponential developmental changes
during the first months of life before stabilizing
and displaying slower rates of change (Chareyron,
Lavenex, Amaral, & Lavenex, 2012; Payne,
Machado, Bliwise, & Bachevalier, 2010).
Moreover, disruptions to the amygdala during
this developmental period lead to abnormal threat
detection and fear-related responses to strangers
(Bauman, Lavenex, Mason, Capitanio, & Amaral,
2004; Raper, Wilson, Sanchez, Machado, &
Bachevalier, 2013). Similarly, rat pups do not
exhibit threat learning during their first 10 days
of life, a developmental period approximately
equivalent to the second half of the first year in
humans (Haroutunian & Campbell, 1979;
Sullivan, Hofer, & Brake, 1986). Elegant work
has delineated the neural changes that accompany the expression of fear-related behaviors.
This work suggests that around the 10th day of
life, hormonal changes lead to transitions in the
structure and function of the amygdala, which
permit rat pups to display adult-like threat learning (Sullivan & Holman, 2010). In sum, in animal models, the developmental changes in
structure and function of the amygdala largely
parallel the timing of the development of fear-
related behaviors.
These findings are consistent with the few
human studies in which the amygdala displays
rapid increases in volume during the first year of
life, compared to the second year of life and
other subcortical structures like hippocampus
(Gilmore et al., 2012). However, continued
increases in volume continue to be observed during early childhood, through adolescence and
into young adulthood (Giedd et al., 1996;
Goddings et al., 2014; Herting et al., 2018; Østby
et al., 2009). Although evidence directly linking
amygdala activity to fear-related behaviors during infancy is lacking, emerging data using fMRI
suggests that the amygdala shows stronger
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responses to emotional stimuli during childhood
and adolescence compared to adulthood (Decety,
Michalska, & Kinzler, 2011; Gee, Humphreys,
et al., 2013; Hare et al., 2008; Silvers et al., 2016;
Silvers, Shu, Hubbard, Weber, & Ochsner, 2015;
Swartz, Carrasco, Wiggins, Thomason, & Monk,
2014). This pattern of amygdala reactivity is in
line with normative decreases in the expression
and reports of fear and some forms of anxiety
(e.g., separation anxiety) from early childhood
into adolescence and adulthood (Gee,
Humphreys, et al., 2013).
The limited experimental evidence concerning the development of subcortical areas in
infancy comes from EEG measures. Although
EEG does not directly index activity from subcortical structures (e.g., the amygdala), it is possible that the observed activity reflects neural
circuits that involve the amygdala. EEG measures of threat processing in infancy reveal a pattern that parallels the development of fear
expression and behavioral measures of threat
processing. For example, at 7 months, infants
begin to display a larger Nc (a component related
to attention toward salient stimuli) to threat-
related facial expressions compared to other
facial expressions (Kobiella, Grossmann, Reid,
& Striano, 2008; Leppänen, Moulson, Vogel-
Farley, & Nelson, 2007; Peltola, Leppänen, Maki,
& Hietanen, 2009). Interestingly, larger Nc to
threats emerging at 7 months also occurs to only
eye whites expressing fear, even in the absence of
conscious perception (Jessen & Grossmann,
2014, 2016). The automatic and unconscious perception of threats is thought to occur in subcortical brain regions like the amygdala (Whalen,
2004). Together, these neuroimaging evidence
suggests that infants, by the second half of their
first year, process threat-related facial expressions like adults by subcortical mechanisms that
operate automatically and outside of conscious
awareness (Jessen & Grossmann, 2015).
These emerging data in humans, together
with data from animal models, suggests that the
amygdala is functional from early development
and seems to have periods of change that coincide with the expression of fear-related behaviors. Importantly, this early developmental
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had a lower threshold for amygdala responsivity
(Kagan, 1994). Later studies provided further
evidence for this as children who were characterized as fearful in toddlerhood or as highly reactive as infants displayed more amygdala reactivity
to faces as adolescents or adults (Pérez-Edgar
et al., 2007; Schwartz et al., 2011; Schwartz,
Wright, Shin, Kagan, & Rauch, 2003). Although,
to our knowledge, no study has examined relations between amygdala activity and fearful temperament during infancy and early childhood,
analogous findings have been found in animal
models of fearful temperament. For example, an
Individual Differences
extensive literature suggests that in rhesus monkeys the amygdala plays a key role in the develVariations in the expression of fear and anxious opment of fearful temperament and anxiety (e.g.,
behaviors across development are often studied Birn et al., 2014; A. S. Fox et al., 2012; Kalin,
under the umbrella of constitutional and/or con- Shelton, & Davidson, 2004; Oler et al., 2010).
textual factors. One line of work has focused on
Early life experiences are another widely
fearful temperament – the expression of wari- studied source of individual differences in the
ness, distress, negative affect, or avoidance in development of fear and anxiety. Early adverse
response to novel stimuli (N. A. Fox, Henderson, experiences place individuals at increased risk
Rubin, Calkins, & Schmidt, 2001). Fearful tem- for psychopathology, including anxiety disorders
perament is most often assessed in toddlerhood (National Scientific Council on the Developing
and has been most often studied as behavioral Child, 2010; Shonkoff et al., 2012). This literainhibition (N. A. Fox, Henderson, Marshall, ture also suggests that early experiences have
Nichols, & Ghera, 2005). Importantly, fearful implications for the development of the amygtemperament is one of the best early predictors of dala. A large corpus of evidence with animal
later anxiety (Buss, 2011; Chronis-Tuscano et al., models suggests that early experiences are
2009; Pérez-Edgar & Fox, 2005; Schwartz, related to the structure of the amygdala. For
Snidman, & Kagan, 1999). A recent meta- example, early stressors are predictive of larger
analysis found that children characterized as tem- amygdala volumes (e.g., Howell et al., 2014;
peramentally fearful are at a 7.5-fold increase in Salm et al., 2004). Neuroimaging studies in
the odds of developing anxiety problems, espe- humans have confirmed that, like in animal modcially social anxiety (Clauss & Blackford, 2012). els, a wide range of early experiences are related
The antecedents of fearful temperament are to the functional and structural development of
early emerging and can be observed in 4-month- the amygdala.
old infants’ reactions to novelty. Infants who disThese experiences range from normative variplay high levels of motor behavior (e.g., thrashing ations in parenting (Gard et al., 2017), early life
their arms and legs), negative affect, as well as stress (Herringa et al., 2016; Suzuki et al., 2014),
arching their back are more likely to become childhood poverty (Gianaros et al., 2008; Kim
temperamentally fearful children (N. A. Fox, et al., 2013; Noble, Houston, Kan, & Sowell,
Snidman, Haas, Degnan, & Kagan, 2015). Kagan 2012), to more extreme forms of early experiand Snidman (1991) proposed that these behav- ences such as maltreatment and social deprivaiors were caused by infants’ amygdala responses tion (Mehta et al., 2009; Olsavsky et al., 2013;
in the face of novelty. Kagan suggested that these Tottenham et al., 2010). In general, but with
highly reactive infants, who were more likely to some exceptions, these studies find that early
go on to become temperamentally fearful children, adverse experiences are related to increased
period of rapid change in structure and function
of the amygdala has been proposed as a period in
which the amygdala is particularly susceptible to
environmental factors leading to lasting changes
in socioemotional development (Tottenham &
Gabard-Durnam, 2017). In the next section, we
review studies that suggest that individual differences in fear and anxiety are also associated with
changes in the amygdala and have implications
to the development of social behaviors and
psychopathology.
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amygdala activity and larger amygdala volume.
Importantly, in some instances the associated
changes of amygdala function and structure are
in turn associated with the known outcomes of
early experiences such as increased anxiety
(Tottenham et al., 2010).

 utstanding Issues and Future
O
Directions
The first outstanding issue concerns the developmental trajectory of amygdala function. Although
studies concur that adults display lower amygdala activity compared to children and adolescents, the evidence is mixed as to whether the
amygdala displays a linear or a quadratic trajectory with adolescence being a period of increased
amygdala activity (Gee, Humphreys, et al., 2013;
Hare et al., 2008; Silvers et al., 2016, 2015). This
difference has important implications as some
models propose that adolescence is a unique
period for the expression and regulation of emotions (Casey, 2015; Pattwell et al., 2012). One
important factor to be considered is the task
involved to elicit amygdala activity as the study
finding linear decreases used explicit instructions
to regulate emotion (Silvers et al., 2015, 2016),
whereas others showing nonlinear changes
involved implicit forms of emotion regulation
(Hare et al., 2008) (see next section on Neural
Correlates of Emotion Regulation). It is also
worth noting that the amount of longitudinal data
on the function of the amygdala is scarce. Future
longitudinal studies with multiple assessments
will be needed to better characterize the development of the amygdala’s structure, function, and
its role in emotional development.
Although our discussion has focused on the
development of the amygdala and its role in the
development of fear and anxiety, it is clear that
the amygdala does not solely relate to fear-related
behaviors, nor does it function in isolation. For
example, amygdala activity has been related not
only to the perception and expression of fear but
also has been involved in other emotions such as
disgust, happiness, sadness, and anger (Lindquist,
Wager, Kober, Bliss-Moreau, & Barrett, 2012).
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This is in line with recent conceptualizations that
suggest that amygdala is involved in the processing of salient stimuli more generally, which can
be threatening, rewarding, or unpredictable
(Adolphs, 2008).
Further complicating this picture, both animal
and human works suggest that some of the
regions commonly thought to be implicated in
emotion, like the amygdala, are composed of
subregions that have unique functions and are
associated with specific patterns of connectivity
(Etkin et al., 2004; Roy et al., 2009). For example, the basolateral subregion of the amygdala is
most strongly functionally connected to temporal
and frontal regions, while activity in the centromedial subregion is more closely related to activity in other subcortical structures (e.g., striatum)
(Qin, Young, Supekar, Uddin, & Menon, 2012;
Roy et al., 2009). Importantly, although some of
this functional specificity is evident from early in
development, the patterns of connectivity with
the amygdala subregions become more segregated and specialized during development
(Gabard-Durnam et al., 2014, 2018; Qin et al.,
2012). On the other hand, other animal work suggests that subregions, which are commonly considered to be distinct, are functionally similar and
closely work together to organize fear-related
behaviors (A. S. Fox & Shackman, 2019).
Given this complexity and the lack of one-to-
one mapping between brain structure and function to emotions, some authors posit that rather
than trying to focus on specific brain regions, the
emphasis should be in characterizing circuits or
networks (Barrett, 2017; Casey, Galván, &
Somerville, 2016; Pessoa, 2017). Crucially, many
of these systems are not circumscribed to traditionally conceptualized emotional processes or
brain areas (i.e., subcortical structures). Rather,
they involve a wide variety of processes and brain
areas, including sensorimotor and cognitive (e.g.,
memory and language) processes. As such, recent
frameworks attempt to integrate and define emotion as the interaction across circuits (Barrett,
2017; Casey et al., 2016; Pessoa, 2017). Although
these recent circuit- or network-based frameworks are potentially highly fruitful, little work
has tested developmental changes using these
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believed to underlie the development of effortful
control of behavior (e.g., attention; Ruff &
Capozzoli, 2003). Moreover, the number of emotion regulation strategies used by children
increases during childhood (Hodgins & Lander,
1997). Similarly, from childhood into adulthood,
the use of more complex and adaptive emotion
regulation strategies continues to increase
(Zimmermann & Iwanski, 2014).
During these important changes in children’s
ability to use self-initiated emotion regulation
strategies, it is assumed that not only the number
of strategies increases but also the effectiveness
Neural Correlates of Emotion
with which these strategies are used improves
through childhood to adulthood, allowing chilRegulation
dren to better regulate their emotions. For examNormative Development
ple, children’s emotion regulation strategies are
more effective at regulating fear responses at age
The development of emotion regulation begins in 5 compared to age 2 (Morales et al., 2017).
infancy, as the infant relies on automatic physio- Likewise, the ability to reinterpret the meaning
logical processes and their caregiver to regulate of an emotional event (i.e., reappraisal), a sophistheir homeostatic and arousal states (Kopp, 1982; ticated emotion regulation strategy, improves
Sameroff, 2010). Children begin regulating dis- with age from childhood to adulthood (Silvers
tress in early infancy, mostly with aid of their et al., 2015, 2016). Although these behavioral
caregivers, by using several strategies like dis- examples provide initial evidence, a neuroscitraction, which is accomplished by the early- ence approach allows examining the engagement
appearing orienting response (Harman, Rothbart, of emotion-
related and regulation processes
& Posner, 1997). As children develop, they begin (e.g., control of attention) that are not evident in
to internalize these strategies and start to use behavior, especially at later developmental perithem on their own with more frequency to reduce ods in which regulatory processes may mask
distress and negative affect (Mangelsdorf, emotional responses.
Shapiro, & Marzolf, 1995; Morasch & Bell,
Emotion regulation is thought to involve sev2012; Rothbart, Ziaie, & O’Boyle, 1992); how- eral anterior areas of the brain including the
ever, their effectiveness is limited during infancy medial prefrontal cortex (mPFC), ventrolateral
(Stifter & Braungart, 1995), especially when PFC (vlPFC), dorsolateral PFC (dlPFC), and
regulating fear (Buss & Goldsmith, 1998).
anterior cingulate cortex (ACC) (Etkin et al.,
During toddlerhood, children’s deliberate use 2015). In general, the brain areas associated with
of such strategies shows a marked increase dur- emotion regulation show a protracted developing the third year of life (e.g., the use of distrac- mental trajectory with important structural and
tion; Cole et al., 2011; Kochanska, Coy, & functional changes during infancy and early
Murray, 2001), which has been theorized as the childhood (Gilmore et al., 2012; Li et al., 2012)
developmental period in which self-regulation as well as preadolescence that last until the end of
emerges (Kopp, 1982). This age also corresponds adolescence (Giedd et al., 1999; Gogtay et al.,
with considerable increases in the development 2004; Lenroot & Giedd, 2006) and emerging
of other cognitive processes such as executive adulthood (Taber-Thomas & Pérez-Edgar, 2015).
function (Zelazo, 2004) and executive attention
For example, in one of the few available lon(Posner, Rothbart, Sheese, & Voelker, 2014; gitudinal studies, the PFC showed significantly
Rothbart, Sheese, Rueda, & Posner, 2011) more volume change than subcortical structures
broader frameworks. There is emerging developmental work examining the brain networks
related to emotional development, rather than
specific brain areas, utilizing connectivity
approaches. However, most of these studies have
been focused on or conceptualized as examining
emotion regulation rather than emotion expression based on the measures used. In the next section, we discuss the development of emotion
regulation and its neural correlates, reviewing
some of this emerging network-based literature.
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(e.g., amygdala and nucleus accumbens) from
late childhood into adulthood (Mills et al., 2014),
providing support for its protracted development
compared to other subcortical structures involved
in processing and expressions of emotion. The
development of these areas also corresponds
with the observed changes in behaviors that
these areas are thought to support (Crone &
Steinbeis, 2017; Ordaz, Foran, Velanova, &
Luna, 2013). For example, effortful control, the
ability to inhibit a prepotent response in order to
enact another response, shows a similar protracted developmental trajectory with continued
improvements in late childhood and adolescence. Moreover, the size of these brain areas,
such as the ACC, is a significant predictor of
effortful control across development, with the
largest predictive power during the periods of
rapid change (<12 years; Fjell et al., 2012).
Similarly, EEG measures that reflect activity
from these anterior areas (e.g., ACC) and index
aspects of cognitive control also suggest a prolonged developmental period from early childhood to well into adulthood (Buzzell, Richards,
et al., 2017; Hoyniak, 2017; Tamnes, Walhovd,
Torstveit, Sells, & Fjell, 2013).
Importantly, recent studies examining the
development of emotion regulation have focused
on the brain networks that support emotion regulation, rather than studying single brain areas.
These network approaches are one step closer to
examining the process of regulation, moving
beyond brain activity in isolated areas. For
example, rather than examining if the amygdala
is differentially active across conditions (e.g.,
emotion regulation vs. no emotion regulation),
these approaches measure the degree to which
activity in regulation-related areas is related to
emotion-related areas – under the assumption
that we utilize regulatory processes (e.g., PFC
activity) to dampen our emotional reaction (e.g.,
amygdala activity). A first step in characterizing
the development of emotion regulation using this
approach is to characterize the developmental
trajectories in the patterns of connectivity among
the brain regions of interest. Given the paucity of
developmental data on the structure and function
of these networks, animal models as well as a
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growing literature characterizing these patterns
of connectivity during rest in human infants are
of great importance.
Animal models with rodents and non-human
primates suggest largely reciprocal anatomical
connections between the amygdala and the PFC,
especially mPFC (Ghashghaei, Hilgetag, &
Barbas, 2007; Öngür & Price, 2000).
Developmentally, tracing studies in rodents show
that these projections emerge during infancy or
early childhood. The projections between the
amygdala and PFC continue to develop during
adolescence and early adulthood (Cressman
et al., 2010). Importantly, functional networks do
not perfectly overlap with structural networks
(e.g., Honey et al., 2009). As such, several PFC
areas, which do not share direct connections to
the amygdala, can be involved in its regulation.
For example, in non-human primates, the amygdala showed significant functional connectivity
with areas that have direct anatomical connections to the amygdala-like mPFC as well as areas
that lack direct anatomical connections to the
amygdala-like dlPFC (Birn et al., 2014).
In humans, similar patterns of connectivity
have been found from early development.
Emerging work characterizing functional connectivity networks in humans at rest suggests that
from infancy to adulthood, the functional connectivity with amygdala is largely stable and displays similar topology (Gabard-Durnam et al.,
2014, 2018). This is in line with recent studies
examining functional connectivity of brain networks at rest more broadly (i.e., not specific to
the amygdala), in which adult-like topology of
networks is found from early childhood and
infancy
(De Asis-Cruz,
Bouyssi-Kobar,
Evangelou, Vezina, & Limperopoulos, 2015;
Gilmore, Knickmeyer, & Gao, 2018) and even
before birth (van den Heuvel et al., 2018). One
exception are networks involved in regulatory
processes such as frontoparietal brain regions
which show considerable changes in connectivity
from infancy to childhood (Gao et al., 2009,
2014; Gao, Alcauter, Smith, Gilmore, & Lin,
2015) and from childhood to adolescence (Fair
et al., 2009). Similarly, for emotion-related networks specifically, the connectivity between the
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amygdala and the mPFC shows significant
increases in connectivity from early childhood to
adulthood (Gabard-Durnam et al., 2014; Qin
et al., 2012). However, a recent accelerated
cohort longitudinal study found significant
decreases in functional and structural mPFC-
amygdala connectivity from childhood to adulthood (Jalbrzikowski et al., 2017). Overall, these
changes in connectivity are in line with the developmental changes observed in emotion regulation and the development of executive functions
more broadly.
Other sources of evidence examining the neural bases of the development of emotion regulation using a network approach come from
task-based studies. Recent models of the neural
bases of emotion regulation make the useful distinction between implicit and explicit emotion
regulation strategies (Braunstein et al., 2017;
Etkin et al., 2015; Gyurak, Gross, & Etkin, 2011).

variants of the Go/No-go tasks (Casey et al.,
2011; Hare et al., 2008).

Implicit
emotion
regulation
development Implicit emotion regulation strategies do
not require instructions and occur automatically and largely outside of conscious awareness such as fear extinction, emotional conflict,
and affect-biased attention. These emotion regulation strategies tend to activate ACC, mPFC,
and vlPFC (Braunstein et al., 2017; Etkin et al.,
2015). Support for the involvement of these
areas comes from several sources of evidence.
The original support for the involvement of
these areas (e.g., mPFC) came from lesion studies with animal models examining fear extinction – the process of learning that a previously
threatening stimulus is no longer dangerous
(Milad & Quirk, 2012; Morgan, Romanski, &
LeDoux, 1993). Later work in adults also
involving fear conditioning confirmed the role
of similar brain areas in the inhibition of fear in
humans (Phelps, Delgado, Nearing, & LeDoux,
2004; Phelps & LeDoux, 2005). Other evidence
comes from paradigms examining emotional
conflict, in which emotional cues are distracting and incompatible or irrelevant to task
demands such as the emotional Stroop
(Mathews & MacLeod, 1985) or the emotional

Importantly, regulating affective stimuli is
incidental to successfully carrying out goal-
directed behavior in these paradigms. In studies
using such paradigms, increased brain activation
in the ACC and mPFC is commonly observed for
conditions that involve conflict (Egner, Etkin,
Gale, & Hirsch, 2007; Etkin, Egner, Peraza,
Kandel, & Hirsch, 2006). Finally, affect-biased
attention is the tendency to selectively attend to
environmental cues that are pertinent to the one
psychological state, facilitating the processing of
stimuli in the environment and influencing one’s
emotional processes (Morales, Fu, & Pérez-
Edgar, 2016; Todd, Cunningham, Anderson, &
Thompson, 2012). Studies examining the neural
bases of affect-biased attention have found
greater activity in vlPFC for trials that involve
orienting away from threatening facial expressions (Fu, Taber-Thomas, & Pérez-Edgar, 2017;
Liu, Taber-Thomas, Fu, & Pérez-Edgar, 2018;
Monk et al., 2006; Telzer et al., 2008).
Most studies examining developmental patterns have used emotional variants of the Go/
No-go task. These studies find that the connectivity between the amygdala and mPFC becomes
more adult-like with age (Gee, Humphreys, et al.,
2013; Perlman & Pelphrey, 2011). Interestingly,
the amygdala-mPFC connectivity in response to
fearful faces shows a valence shift from positive
connectivity during early childhood to negative
connectivity during late adolescence and adulthood, paralleling normative decreases in amygdala reactivity to fear faces, increases in effortful
control behaviors, decreases in anxiety, and
improvement in emotion regulation across development (Gee, Humphreys, et al., 2013). The reason for this shift may be due to immature
structural connectivity between the amygdala
and the mPFC (Moreira & Silvers, 2018). As
reviewed above, the PFC continues to structurally mature well into adulthood, and structural
maturity has been associated with regulation of
amygdala reactivity (Swartz et al., 2014). Another
complementary hypothesis suggests that inputs
from subcortical areas to the PFC lead to the
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development of adult-like connectivity between
the PFC and subcortical regions (Casey et al.,
2019; Tottenham & Gabard-Durnam, 2017). This
hypothesis is based on positive connectivity during early childhood and the animal work suggesting the emergence of subcortical to cortical
before cortical to subcortical connections
(Bouwmeester,
Smits,
&
Ree,
2002;
Bouwmeester, Wolterink, & Ree, 2002).
Although most studies examining emotion
regulation have focused on characterizing influences between subcortical and cortical areas,
recent studies suggest that connectivity between
subcortical and subcortical areas may also play
an important role in emotion regulation. A recent
study found that amygdala and ventral striatum
connectivity decreased with age from childhood
to adulthood. Moreover this amygdala-ventral
striatum connectivity was related to worse effortful control, especially to emotional cues (Heller,
Cohen, Dreyfuss, & Casey, 2016). On the other
hand, increased mPFC-amygdala connectivity
was related with better effortful control to emotional cues. Moreover, mPFC-amygdala connectivity
mediated
the
relation
between
amygdala-ventral striatum connectivity and
effortful control. These findings suggest that subcortical to subcortical connectivity plays an
important role in the development of emotion and
emotion regulation. Furthermore, this study provides further support for the role of cortical to
subcortical connectivity in the regulation of emotion (Heller et al., 2016).
Explicit emotion regulation development Explicit
emotion regulation strategies involve the conscious desire to change one’s emotions by following either intrinsic or extrinsic goals (e.g.,
following instructions). The principal explicit
emotion regulation strategies are selective attention, distraction, and reappraisal (Ochsner &
Gross, 2005). Selective attention involves
actively attending to either the nonemotional features of the environment to downregulate emotion or to focus one’s attention on the emotional
features of the stimuli to upregulate emotion
(Hariri, Bookheimer, & Mazziotta, 2000; Hariri,
Mattay, Tessitore, Fera, & Weinberger, 2003).
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Another attention-related emotional regulation
strategy is distraction, which involves becoming
immersed in another task to limit or diminish
attention to the emotional stimuli (Pessoa,
McKenna, Gutierrez, & Ungerleider, 2002;
Tracey et al., 2002). Finally, reappraisal involves
reinterpreting the meaning of an emotional stimulus to change ones reaction to it (Gross, 1998).
Studies examining these emotion regulation
strategies generally find activation of frontal
areas including vlPFC and dlPFC (as well as
parietal areas commonly involved in the executive control network) (Buhle et al., 2014; Kohn
et al., 2014).
Although there are far fewer studies examining the development of explicit emotion regulation strategies, recent studies have started to
examine explicit emotion regulation strategies in
children. These studies show that the ability to
use reappraisal as an emotion regulation strategy
increases with age from childhood to adulthood
(DeCicco, O’Toole, & Dennis, 2014; Silvers
et al., 2015, 2016, 2017). Evidence for these
studies comes from two main neuroimaging
modalities, EEG and fMRI.
EEG studies have examined the effects of
reappraisal on the late positive potential (LPP),
an ERP component thought to index facilitated
attention to emotional stimuli (Cuthbert, Schupp,
Bradley, Birbaumer, & Lang, 2000). In these
studies, listening to a reappraisal story before
observing an aversive picture significantly
reduced the LPP (Dennis & Hajcak, 2009).
These studies find that children’s ability to use
reappraisal increases with age (DeCicco et al.,
2014). Moreover, the effect of reappraisal on the
LPP seems to occur at later latencies than previously shown in adults, implying that the timing
of the emotion regulation process may change
with age (Dennis & Hajcak, 2009). Finally, the
extent of reappraisal is related concurrently and
longitudinally to children’s ability to use adaptive emotion regulation strategies during emotional challenges (Babkirk, Rios, & Dennis,
2015).
Similarly, studies using fMRI find that the
age-related increases in emotion regulation are
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evident by reductions in feelings of negative
affect and amygdala reactivity as well as increases
in vlPFC when instructed to reappraise aversive
stimuli. Further analyses suggest that age
increases in the vlPFC mediate the relation
between age and amygdala reactivity, suggesting
that as individuals grow older, they are better able
to recruit vlPFC during reappraisal to dampen
amygdala activity (Silvers et al., 2016). In addition, the effects of the vlPFC on amygdala were
stronger for individuals with a “mature” pattern
of mPFC-amygdala connectivity. This suggests
that the ability to regulate emotions via more
cognitively advanced regulation strategies may
depend on previously developing simpler forms
of emotion regulation such as implicit emotion
regulation strategies via mPFC-amygdala
connectivity.
As a way of summarizing this section on the
development of the neural bases on emotion
regulation, we briefly review recent developmental models of the neural bases of emotion
regulation. Recent developmental models propose that changes in the emotion and emotion
regulation circuitry across development occur
hierarchically (Casey, Heller, Gee, & Cohen,
2019; Tottenham & Gabard-Durnam, 2017).
Namely, that connectivity changes take place
from subcortical to subcortical, followed by
subcortical to cortical, followed by cortical to
subcortical, followed by cortical to cortical
(Casey et al., 2019). Evidence of this developmental trajectory is only emerging, but these
models highlight the main points of the literature reviewed above: (1) the role of subcortical
to subcortical connectivity in emotion during
childhood (Heller et al., 2016); (2) the potential
role of subcortical areas (e.g., amygdala) driving the connectivity with the PFC and shaping
the development of these cortical areas
(Tottenham & Gabard-Durnam, 2017); (3)
Finally, in addition to the more commonly studied role of the PFC to subcortical areas, they
highlight the role of connectivity across cortical areas, especially when using more advanced
and cognitively demanding emotion regulation
strategies such as reappraisal (Casey et al.,
2019; Silvers et al., 2016).
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Individual Differences
As with individual differences in emotion, studies have also found considerable variation across
individuals in their development of emotion regulation. Temperament is an important source of
variation in emotion regulation. Although there is
evidence of differences in emotion regulation
based on fearful temperament, this evidence is
limited almost exclusively to implicit forms of
emotion regulation (e.g., Morales, Pérez-Edgar,
& Buss, 2015; Morales, Taber-Thomas, & Pérez-
Edgar, 2016; Penela, Walker, Degnan, Fox, &
Henderson, 2015; Pérez-Edgar et al., 2010), and
information about their neural bases is even more
sparse. The studies that do exist suggest that individuals characterized as temperamentally fearful
either early in development or concurrent with
the neural measures show important differences
in brain structure and function in areas associated
with emotion regulation (Hardee et al., 2013;
Taber-Thomas, Morales, Hillary, & Pérez-Edgar,
2016). For example, structurally, adults characterized as temperamentally fearful in early childhood had a larger mPFC (Schwartz et al., 2010),
but smaller ACC (Sylvester et al., 2016).
Connectivity analyses suggest that fearful temperament is associated with increased negative
connectivity between the amygdala and ACC and
dlPFC (Hardee et al., 2013; Roy et al., 2014).
Notably, these findings closely parallel findings
with animal models of fearful temperament and
anxiety, suggesting an evolutionarily conserved
network (Birn et al., 2014).
Furthermore, other studies suggest that fearful
temperament is related to more activity in the
dlPFC and mPFC when instantiating effortful
control in an emotional context (Fu et al., 2017;
Jarcho et al., 2013, 2014). Intriguingly, these differences in brain activity are typically evident in
the absence of differences in performance, suggesting that fearful individuals may need to
engage these control-related areas to compensate
for higher levels of emotional reactivity (Fu et al.,
2017; Jarcho et al., 2014). This interpretation is
in line with the previously reviewed findings of
increased amygdala reactivity in individuals
characterized as temperamentally fearful in early
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childhood (Pérez-Edgar et al., 2007; Schwartz
et al., 2003). In addition, these findings also concur with studies examining EEG measures of
effortful control, which find that fearful temperament is related to increased control-related ERP
components such as error monitoring (Brooker &
Buss, 2014; Buzzell, Troller-Renfree, et al.,
2017; Lahat et al., 2014; McDermott et al., 2009).
Most studies investigating the development of
individual differences in emotion regulation
focus on the effects of early life experiences in
the development of emotion regulation and its
associated brain networks. Together, this literature suggests that in animal models as well as in
humans, a broad range of early experiences are
related to the functional and structural development of emotion regulation networks (Callaghan,
Sullivan, Howell, & Tottenham, 2014; McEwen
et al., 2015). These experiences range from normative variations in parenting (Kopala-Sibley
et al., 2018), early life stress (Burghy et al., 2012;
Hanson et al., 2012), and low socioeconomic status (Gianaros et al., 2007; Kim et al., 2013), to
more extreme forms of early experiences such as
maltreatment and social deprivation (Gee,
Gabard-Durnam, et al., 2013; Hanson et al.,
2013; McLaughlin et al., 2014; McLaughlin,
Peverill, Gold, Alves, & Sheridan, 2015;
Sheridan, Fox, Zeanah, McLaughlin, & Nelson,
2012). In general, this literature finds that more
stressful experiences are associated with worse
emotion regulation, increased amygdala reactivity, reduced structural measures in the PFC, and
increased negative connectivity between mPFC
and amygdala. Developmentally, studies from
animal models as well as humans imply that
early adversity may accelerate the development
of the mPFC-amygdala connectivity (Callaghan
et al., 2014). This is in line with models that suggest that early experiences shape the brain and
physiological mechanisms involved in emotional
responses and their regulation in an adaptive
manner for that context by accelerating maturation (Del Giudice, Ellis, & Shirtcliff, 2011),
albeit potentially by forgoing plasticity by closing sensitive periods earlier in development
(Callaghan & Tottenham, 2016). More research
is needed to reveal the functional implications of
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this accelerated developmental trajectory. It is
possible that accelerated development comes at
the expense of the development of other circuits
also needed for emotional competence and may
help explain the increased levels of psychopathology among children who experience high
levels of early life adversity (Callaghan &
Tottenham, 2016). Moreover, an accelerated
developmental trajectory may lead to worse
long-term health outcomes and premature aging
(Belsky & Shalev, 2016).

 utstanding Issues and Future
O
Directions
The first outstanding issue reflects the lack of evidence concerning developmental changes in the
neural networks associated with emotion regulation early in development. As reviewed above,
most developmental neuroscience work has
focused on late childhood, early adolescence, and
adulthood. This is in stark contrast to the behavioral work, in which there are decades of work on
the early development of emotion regulation –
work that implies that important changes in emotion regulation occur during the first years. To our
knowledge, there is no neuroimaging work
describing critical periods of the development of
emotion regulation such as the emergence of
independent forms of emotion regulation during
toddlerhood and early childhood (Kopp, 1982,
1989). The lack of work during this developmental period probably stems from the difficulty of
using neuroscientific measures during toddlerhood and early childhood. Neuroscientific measures are highly susceptible to motion, especially
fMRI, and require a high degree of compliance. In
addition, when studying developmental patterns
other methodological considerations must be considered such as brain templates, skull thickness,
etc. Although there is emerging work characterizing brain networks in infancy and toddlerhood
during sleep (Gilmore et al., 2018; Graham et al.,
2015), future research will require novel paradigms that allow the study of emotion-related processes (e.g., Graham, Fisher, & Pfeifer, 2013)
during this important developmental period.
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Another future avenue of research is the application of computational models to study the
development of emotion regulation. Emotion
regulation is a complex process composed of several cognitive processes, each of which is
developing, potentially at different rates. A fruitful approach to understanding the development
of emotion regulation is to focus on examining
and differentiating the cognitive processes
needed for successful emotion regulation. In
adults, there are proposals (old and new) that
highlight the utility of parsing the different cognitive processes involved in emotion regulation
(Carver & Scheier, 1990; Etkin et al., 2015;
Gyurak et al., 2011). However, to our knowledge,
there has been little to no application of computational models to the development of emotion
regulation. For example, although models differ
in the specific cognitive components, most of
these models agree that a key component is the
ability to detect discrepancies between expected
outcomes and current experiences, namely monitoring of prediction errors. There is considerable
work in adults and in children examining this
process, its development, and relations with the
development of fear and anxiety (Buzzell,
Troller-Renfree, Morales, & Fox, 2018; Meyer,
2017; Tamnes et al., 2013). Broadly, this line of
research suggests that error monitoring increases
from childhood to adulthood (Tamnes et al.,
2013) and that increased error monitoring is
related to increased levels of anxiety, especially
clinical levels (Meyer, 2017). Moreover,
increased error monitoring moderates the relation
between early fearful temperament and later anxiety problems, such that fearful temperament is
especially predictive of anxiety problems for
children with increased error monitoring (Buzzell
et al., 2018). Integrating this knowledge into an
emotion regulation framework would be beneficial to our understanding how we control our
emotions across development.
As with the study of the neural bases of emotion, there is a dearth of longitudinal studies. To
our knowledge, all of the studies on the development of the brain networks associated with emotion regulation are cross-sectional. Future
longitudinal studies in which the same individu-
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als are assessed at multiple time points are needed
in order to capture intraindividual variations as
well as interindividual variations. For example,
utilizing an accelerated cohort longitudinal
design (Jalbrzikowski et al., 2017) would allow
capturing within-person changes across a wide
age range. Moreover, multiple time measures on
the same individual will provide a better characterization of nonlinear changes as well as time
periods that are highly susceptible to change.
Finally, future studies should utilize multiple
neural measures on the same individuals leveraging the strengths of each modality to better understand emotion regulation and its development.

Conclusion
In the present chapter, we propose that a neuroscientific approach provides a unique and valuable perspective to the study of emotional
development. In particular, we suggest that a neuroscientific approach can contribute to three theoretical and methodological challenges to the
study of emotional development. The first challenge involves the distinction between emotion
and emotion regulation as separate processes. A
neuroscientific approach can contribute to this
challenge by providing tools and concepts that
allow the examination of emotional development
across several levels of analyses, aiding the differentiation of distinct processes and mechanisms. For example, in the literature reviewed,
the amygdala was commonly involved in
emotion-
related processes such as fear-related
behaviors. On the other hand, prefrontal areas
(e.g., mPFC and vlPFC) were mostly involved in
the regulation of emotion processes, including
emerging connectivity data that implies that
engagement in prefrontal regions regulates
amygdala activity. Furthermore, different patterns of connectivity were involved with different
forms of emotion regulation (i.e., explicit vs.
implicit), implying different processes. Future
studies leveraging a combination of neuroimaging methods (e.g., multimodal imaging) will further increase our understanding by not only
characterizing the brain areas involved but also
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the unique chronometry of emotion and emotion
regulation processes.
The second challenge regards the common
conceptualization of emotion and cognitive processes as categorically distinct processes. As
reviewed in this chapter, several of the emotion
regulation strategies and its associated brain
networks emphasized the integration of emotion-
related processes and other processes traditionally conceptualized as purely cognitive processes
such as attention and cognitive control. Further
supporting this integration, the developmental
data reviewed in this chapter suggests that several emotion and emotion regulation processes
follow a similar developmental trajectory as
closely related cognitive processes. For instance,
emotion regulation and cognitive control both
rely heavily on prefrontal regions, and they follow a similar protracted developmental trajectory from early childhood into adulthood. Given
the novelty of network or systems approaches to
the study of the neural bases of emotional development, future studies should continue to characterize development of these networks. For
instance, recent studies with adults utilizing multivariate pattern classification techniques have
found that emotion processes involve highly distributed patterns of brain activation across cortical and subcortical areas (e.g., Kragel & LaBar,
2015). However, to our knowledge, no study has
utilized similar pattern classification techniques
to examine the development of emotion and
emotion regulation.
The third challenge involves accounting for
variation across development and across individuals. The literature reviewed highlights the fact
that a neuroscientific approach situates the study
of emotional development in a larger biological
and evolutionary framework by using animal
models and accounting for species-typical as
well as individual variation. We also reviewed
literature illustrating how a neuroscientific
approach can further our understanding of how
constitutional factors and experiences shape the
brain networks that associated with the expression and regulation of emotion across development. Future longitudinal research utilizing a
combination of methods is needed to increase

our understanding on the development of the
brain networks that underlie emotional development, including early identification of risk and
the periods most susceptible to change.
We believe that a neuroscientific approach
will continue to provide valuable contributions
and help inform when and how to assist children’s developmental trajectories to promote successful emotional development.
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