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Abstract: The human brain works as a synergistic system
where information exchanges between functional neu-
ronal networks. Rudimentary networks are observed in the
brain during infancy. In recent years, the question of how
functional networks develop and mature in children has
been a hotly discussed topic. In this review, we examined
the developmental characteristics of functional networks
and the impacts of skill training on children’s brains. We
first focused on the general rules of brain network devel-
opment and on the typical and atypical development of
children’s brain networks. After that, we highlighted the
essentials of neural plasticity and the effects of learning
on brain network development. We also discussed two
important theoretical and practical concerns in brain net-
work training. Finally, we concluded by presenting the
significance of network training in typically and atypi-
cally developed brains.

Keywords: brain disorders; brain network; fMRI; func-
tional connectivity; human development; motor learning.

Introduction

Functional networks refer to networks consisting of
mutually connected brain regions on which temporal
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patterns of neural activity are statistically dependent.
Remote regions in the functional brain networks may not
be physically connected. The communication between
regions is dynamic and context-specific, depending both
on subject and task characteristics (Stevens, 2009). Func-
tional networks are usually identified with neuroimaging
techniques when one is at rest. Among these techniques,
resting-state functional magnetic resonance imaging (rs-
fMRI) is the one that is most popular and most widely used
(Ernst et al., 2015).

The rs-fMRI is suitable for identifying the intrinsic
networks that reflect the spontaneous brain fluctua-
tions resulting from the maturation of the neural systems
(becoming more stable and adult-like), the prior history of
co-activation between the brain regions, and the present
neural activities (Johnson, 2011; Guerra-Carrillo et al.,
2014). The identification of brain networks has become
a key research area with the emergence of the rs-fMRI
(Menon, 2013; Byrge et al., 2014), which has several advan-
tages. Firstly, because no task is implemented during
resting-state scans, it is free from the influences and con-
straints of the tasks (Nomi and Uddin, 2015). Secondly, it
is relatively easy to acquire resting-state data from special
populations, like infants and patients, who have difficul-
ties in certain cognitive tasks. Moreover, exploratory or
data-driven analyses can be conducted on rs-fMRI data
with less biased information about brain anatomy and
dynamics. Perhaps it is a more powerful way of uncov-
ering new principles of brain organization (Ernst et al.,
2015).

Studying brain networks from a developmental per-
spective carries significant implications. Brain network
maturation occurs as one grows older, and it interacts
with behavioral changes (Diamond, 2000; Johnson, 2011;
Byrge et al., 2014). Besides, because some neuropathology
occurs at system level, brain network studies can provide
evidence to validate existing models and theories that
describe neural changes underlying the emergence and
progression of brain disorders (Menon, 2011; Ernst et al.,
2015; Fornito et al., 2015). Therefore, the developmental
view provides valuable insights into the psychopathologi-
cal or neurodevelopmental mechanisms of brain disor-
ders like autism spectrum disorders (ASDs) and attention
deficit/hyperactivity disorder (ADHD) (Yan and Thomas,
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2002). Investigating the network would help identify the
biomarkers that differentiate typical and atypical neural
development. This is particularly crucial for the early
detection and diagnosis of developmental brain disorders.

To date, some intrinsic networks have been con-
sistently reported, even in infants (Gao et al., 2015b).
Research highlights the networks’ importance in early
human development in the mechanisms that help infants
and children adapt to the world. Infant and adult net-
works mainly differ from each other in the number of con-
nected voxels and the connectivity strength (Jolles et al.,
2011). Primary examples of intrinsic networks include
the sensorimotor network, the visual network, the atten-
tion network, the default mode network (DMN), the sali-
ence network, and the fronto-parietal network (Gao et al.,
2015b; Supekar et al., 2009, 2010). We will discuss these
studies in the following sections. According to Gao et al.
(2015b), the connectivity strength between most of the
networks decreases from 1 to 2 years of age, thereby dem-
onstrating a trend towards network segregation during
human development. The sequence of maturation differs
between networks. The sequence starts from the senso-
rimotor/auditory network, then progresses to the visual
network to attention/default-mode, and finally to the
executive control networks during the first year of life
(Gao et al., 2015a).

Because fMRI is susceptible to movement artifacts, we
should be cautious when interpreting the rs-fMRI results
of children and special populations (Power et al., 2015). In
addition, the instructions for subjects in different studies
might vary. Some might ask the subjects to close their
eyes, whereas other might ask the subjects to stare at a
fixation cross during scanning, leading to different behav-
iors in children and adults.

Developmental trajectories of
functional networks in children

Sensorimotor networks

Sensory and motor networks have been observed in
infants (Fransson et al., 2007). The sensorimotor networks
primarily include the somatosensory area, the primary
motor cortex, the secondary motor cortex, the supple-
mentary motor cortex, and the premotor cortex (PM). It
was first observed in brains of 41-week infants (Fransson
et al., 2007). Liu et al. (2008) noticed greater intra-hem-
ispheric connectivity than interhemispheric connectivity
in the sensorimotor networks in infants of 12 months old.
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Moreover, the connectivity strength of the sensorimo-
tor networks increases from 1 to 2 years of age (Lin et al.,
2008). However, as shown in a longitudinal study, the
connectivity within the sensorimotor networks decreases
during this period of time (Gao et al., 2015b).

Visual network

The visual network is mainly in the visual cortex. By using
independent component analysis, the visual network can
often be divided into several sub-networks due to the hier-
archical structure of the visual cortex (Gohel and Biswal,
2015). This sensory network is present at birth (Doria
et al., 2010), and it shows rapid development in the first
2 years of life (Lin et al., 2008). However, the connectivity
between the visual system and the prefrontal cortex has
not been observed in infants between 30 and 50 months
old (Redcay et al., 2007), thus suggesting that the visual
network is characterized by short-range connections
during this period (Fransson et al., 2007).

Attention network

This network can be divided into two or three comple-
mentary parts according to two different categorization
methods. It can be divided into the ventral and the dorsal
attention networks (VAN and DAN) (Farrant and Uddin,
2015). The former is right-lateralized, consisting of the right
ventral frontal cortex (VFC) and the temporal-parietal junc-
tion (TPJ); the latter includes the bilateral frontal eye field
and the intraparietal sulcus. VAN and DAN are engaged in
response to unexpected events (bottom-up attention) and
goal-directed (top-down attention) processing, respectively
(Farrant and Uddin, 2015). Farrant and Uddin (2015) com-
pared the connectivity of DAN and VAN between children
(712 years old) and adults (18-31 years old). They observed
more within-network connections in the DAN and more
internetwork connections between the VAN and the sali-
ence network in children; this suggests that there is a shift
from the overrepresentation of exogenous stimuli to greater
top-down attention control during human development.
Recently, Cao et al. (2014a,b) reported an inverted U-shaped
developmental trajectory of the DAN connectivity that
matures at around 30 years of age. Consistent with this view,
Casey and colleagues suggested that the DAN and language
regions are the last regions to mature (Casey et al., 2000).
In another categorization, the attention network is
divided into the alerting (frontal and parietal cortices),
the orienting (TP] and VFC), and the executive control
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sub-networks (anterior cingulate cortex, ACC, and the lateral
prefrontal cortex, LPFC) (Petersen and Posner, 2012; Wang
et al., 2014a,b, 2015). It is noteworthy that the VAN and the
orienting sub-network largely overlap each other and that
they may share similar cognitive functions. It was proposed
that the orienting sub-network appears in the early months
of life and matures at 2-4 years of age (Posner et al., 2014a,b;
Rothbart and Posner, 2015). Following this development,
the executive control sub-network gradually differentiates
from the orienting sub-network (Rothbart et al., 2011), and
it has an inverted U-shaped developmental trajectory with
a peak at about 4-7 years of age (Raz and Buhle, 2006; Fjell
et al., 2012). The alerting sub-network has a steady develop-
mental trajectory from infancy to adulthood (Rueda et al.,
2004). This shows that the networks that support different
aspects of attention mature at different rates.

Default mode network

The DMN is involved in social or self-referential processing,
stimulus-independent thought, manipulation of episodic
memories, and semantic knowledge (Hulvershorn et al.,
2014). It includes the posterior cingulate cortex (PCC), the
medial prefrontal cortex (MPFC), the medial temporal lobe
(MTL), and the angular gyrus (Fox and Raichle, 2007). The
DMN undergoes a steady developmental trajectory from
infancy to adulthood. In the perinatal period, the anterior
and posterior parts of the DMN are often found in different
networks (Wylie et al., 2014). With participants from neo-
nates to 2 years old, Gao et al. (2009) observed DMN devel-
opment from a distributed network to an adult-like network.
In a large sample study (210 participants of 7-31 years of
age), Fair et al. (2008) reported that there were sparser con-
nections within the DMN in children than in adults. Simi-
larly, Supekar et al. (2010) scanned 45 persons from two age
cohorts (7-9 vs. 19-22 years of age) and observed weaker
DMN connectivity (especially between MPFC and PCC) in
children. Consistent with this observation, Sherman et al.
(2014) showed that the connectivity between PCC and MPFC
increases from 10 to 13 years of age. From late adolescence
to adulthood, the anti-correlation between DMN and task-
positive networks increases (Barber et al., 2013). In general,
the DMN becomes more and more integrated from teenage
to adulthood (Fair et al., 2007, 2008).

Salience network

The salience network includes the ACC and the anterior
insula (Seely et al., 2007). This network is important for
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orienting to and detecting the relevant stimuli. The con-
nectivity increases within the salience network during the
first year of life but decreases during the second year (Gao
et al., 2015b). This may suggest that the salience network
reaches its plateau connectivity during the first year of life
and undergoes fine tuning thereafter. Because the sali-
ence network is involved in functions crucial for survival
and learning, the early maturation of this network may
enable rapid learning and threat avoidance during the
early period of life.

Fronto-parietal network

The fronto-parietal network is regarded as the central
executive network (CEN) consisting of the dorso-lateral
prefrontal cortex (DLPFC) and the lateral posterior pari-
etal cortex (Seely et al., 2007). This network is involved
in higher cognition, ranging from working memory to
decision making. During the first year of life, connectiv-
ity within the bilateral fronto-parietal network increases
rapidly, and the rate of growth is reduced in the second
year of life (Gao et al., 2015b). From 10 to 13 years of age, an
increased connectivity between the DLPFC and other CEN
nodes occurs, and there is greater segregation between
the fronto-parietal network and the DMN (Sherman et al.,
2014).

Patterns of development of
functional networks

There are three dominant theories on brain development:
maturation, skill learning, and interactive specialization
(Johnson, 2001, 2011; Karmiloff-Smith, 2009; Jolles and
Crone, 2012; Klingberg, 2014). The maturational view
suggests that the brain is genetically pre-programmed to
follow a certain sequence of structural maturation which
underlies human development. This view interprets cog-
nitive and motor development as a consequence of the
maturation of specific regions of the brain. The skill-learn-
ing perspective suggests that the brain regions active in
children are similar to those in adults; it also highlights
the role of learning or training in promoting human devel-
opment. The interactive specialization theory emphasizes
that interregional interaction changes the functional char-
acteristics of brain regions for human development. These
general developmental theories indicate the essential role
of the emergence and development of intrinsic brain net-
works in childhood development.
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During development, neural pruning, axonal myeli-
nation, and behavior-brain interaction forge brain net-
works together. Brain networks emerge and evolve from
more widely distributed and weaker ones to more focal,
specialized, and stronger ones, from local connections to
distant connections (Supekar et al., 2009; Hulvershorn
et al., 2014). Some general requirements or rules about the
transformation of the network organization from child-
hood to adulthood have been established (Figure 1) (Ernst
et al., 2015).

The local to distributed pattern

During the prenatal period, short-range connections are
abundant and characterize many local networks (Ernst
etal., 2015). During development, two kinds of reorganiza-
tion occur. One is an increase in long-range connections,
such as links between the two hemispheres or between the
anterior and the posterior parts of the brain. These distant
connections improve the large-scale integration of infor-
mation, making the brain a more dynamic and integrated
system (Hwang et al., 2013). Meanwhile, smaller networks
are refined, specialized, and restricted (Fair et al., 2007).

Network enhancement through experience

The Hebbian theory can be extended to a network level
where the more certain functions are used in daily life,
and these processes are more likely intensified in brain
networks (Ernst et al., 2015). This highlights the impor-
tance of experience-based plasticity in network develop-
ment. According to this view, the connections between
the key regions are reinforced, whereas the redundant
connections are reduced, thereby reorganizing brain
networks from diffuse to more focal links (Durston et al.,
2006; Stevens, 2009).

Network development through internetwork
interaction

The hierarchical architecture is an important feature of a
mature brain network. The formation of this architecture
is driven by an integration of repeated experiences and
relative biological scaffolding (Ernst et al., 2015). Along
with the specialization of small networks, sub-networks
emerge in childhood (Supekar et al., 2009). Accompanied
by the development of long-range connections, smaller
networks are reorganized into larger networks, thus
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Figure 1: A schematic diagram for rules of network development.

forming a large-scale hierarchical architecture (Supekar
et al., 2009; Ernst et al., 2015).

Typical network development

As a general rule, the sensory and motor networks are
present at birth, whereas other networks engaging in
higher-order cognition emerge later on (Stevens, 2009).
The first reported brain networks include the visual,
the auditory/temporal, the sensorimotor, the prefron-
tal cortex, the subcortical/basal ganglia, the parietal
cortex, and the cerebellum networks (Fransson et al.,
2007; Smyser et al., 2011). From infancy to adulthood, the
network connectivity generally extends along the poste-
rior-anterior direction; and the specialization and fine
tuning of functional networks for higher cognition are still
ongoing during early adolescence (Hoff et al., 2013).
Brain networks develop rapidly during the first
2 years of life. The strength of the connection increases
with age, especially in the sensorimotor cortex and the
PCC (Lin et al., 2008; Hulvershorn et al., 2014). Thalamic
connectivity with the sensorimotor and salience net-
works is already present in neonates, whereas that with
the visual and DMN networks emerges during the first
year of life (Alcauter et al., 2014). Cortical hubs are largely
confined to the sensory and the motor regions to support
perception-action tasks during infancy (Fransson et al.,
2011). Adult-like sensorimotor networks can sometimes be
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observed in children aged 5-8 years old, whereas the DMN
and other networks involved in higher cognition are not
mature enough during this age range (de Bie et al., 2010).
Compared to adults, children have weaker within-network
connectivity in the salience network and the DMN, and
weaker connectivity between the CEN and the salience
network and between the salience network and the DMN
(Menon, 2013).

In childhood, some adult-like networks are devel-
oped. Using the graph-theoretical approach, Supekar
et al. (2009) observed significant small-worldness and
hierarchical organization in 7- to 9-year-olds. The cen-
trality of most nodes in the DMN and the dorsal anterior
and posterior cingulate, the right anterior insula, and the
left posterior temporal cortex in the CEN increases with
age from 7 to 15 years of age, implying that these nodes
become increasingly important during childhood devel-
opment (Sato et al., 2014). In addition, functional network
segregation and integration proceed from childhood
to adulthood, which is characterized by an increase in
distant networks and a decrease in local networks (Fair
et al., 2009; Vogel et al., 2010; Damaraju et al., 2014).
Another two manifestations of functional segregation
and integration are a shift from the subcortical-cortical to
the cortico-cortical connection (Supekar et al., 2009) and
increased within-network connectivity and more efficient
between-network connectivity (Stevens, 2009). Transition
to adolescence is associated with the greater centrality of
the angular gyrus and the lower centrality of the subcorti-
cal and cerebellar regions (Sato et al., 2015).

The development of the cognitive/executive control
networks is an important mechanism underlying various
issues in children and adolescents (Ernst et al., 2015).
These networks are first seen in full-term and late-pre-
term infants (Doria et al., 2010). They continue to develop
from childhood to late adolescence and early adulthood
(Stevens, 2009). This process parallels the development of
the neocortex and supports the view that the development
of the higher-level integrative networks builds upon the
earlier-developing networks (Luna and Sweeney, 2004;
Stevens, 2009). Dosenbach et al. (2010) used functional
connectivity in the cingulo-opercular network to predict
brain maturation, and they found parallel development
of the executive network and neocortex. The development
of control networks is of importance for children and
adolescents for whom a development lag would produce
problematic or risky behaviors as well as developmen-
tal disorders (Somerville and Casey, 2010; Sripada et al.,
2014a,b).

Kelly et al. (2009) examined the functional develop-
ment of the ACC from childhood to adulthood. Sub-regions
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engaging in emotional and social information processing
seem to have the greatest degree of development. The
functional connectivity between the amygdala to most
of the subcortical and limbic regions is stable from 4 to
23 years of age. However, its connection with the MPFC
increases with age, whereas its connections with the
insula, the superior temporal sulcus (STS), the para-
hippocampal gyrus, and the PCC show the reverse trend
(Gabard-Durnam et al., 2014).

Another important issue is the development of anti-
correlated networks. The anti-correlated networks are
formed in the first year of life with further expansion
by the age of 2 years (Gao et al., 2013). Chai et al. (2014)
investigated the development of anti-correlated networks
in 82 individuals of 8-24 years of age. The correlations of
activity between the MPFC and the DLPFC and between
the lateral parietal cortices and the DAN reversed from
positive to negative with age increases. The correlation
between these networks turns from positive in childhood
into negative in adulthood (Chai et al., 2014). Sherman
et al. (2014) examined the development of the DMN and
the CEN in 45 children aged 10-13 years. They observed
enhanced within-network connectivity and between-
network segregation. The aforementioned evidence indi-
cates that during childhood and adolescence, networks
are becoming distinct from each other with increased
anti-correlation.

Atypical network development
Autism spectrum disorders

Here we review atypical network development in several
typical developmental disorders (ASDs, ADHD, and mood
disorders). ASDs are prevalent neuro-developmental dis-
orders marked by repetitive and restrictive behaviors and
deficits in social interaction and communication. Com-
pared to typically developing (TD) controls, ASD patients
show both hypo-connectivity and hyper-connectivity in
different networks (Uddin et al., 2013).

Firstly, most studies reported reduced connectivity
in patients with ASDs, compared with TD patients. Inter-
hemispheric connectivity in the sensorimotor cortex, the
anterior insula, the fusiform gyrus, the superior temporal
gyrus (STG), and the superior parietal lobule is reduced in
ASD patients (Anderson et al., 2011). Most of the decreased
connections are located in the DMN (Hernandez et al.,
2015), the visual and the motor networks (Uddin et al.,
2013), the thalamus (Nair et al., 2013), and the networks
engaging in social-emotional information processing
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(Hernandez et al., 2015). For the DMN, reduced connec-
tivity was primarily reported between the posterior DMN
(the inferior parietal lobe, IPL) and the superior frontal
gyrus (SFG) (Wiggins et al., 2011) and between the pre-
cuneus and other DMN areas (Assaf et al., 2010). Weaker
connectivity between the PCC and the SFG is related to
poorer social functioning in ASD children (Monk et al.,
2009). For the social-emotional networks, reduced con-
nectivity was often observed between the posterior supe-
rior temporal sulcus (pSTS) and the reward-related brain
regions (Abrams et al., 2013), between the striatal areas
and the insula (Di Martino et al., 2011), and between the
salience network and the MTL network (Ebisch et al., 2011;
von dem Hagen et al., 2013). The decreasing connectivity
of the insula with age in TD children is reversed in ASD
children (Bos et al., 2014). In adults with ASD, there is
reduced connectivity between the right pSTS and fronto-
parietal areas typically encompassing the action observa-
tion network (Alaerts et al., 2014), and this may underlie
their communication deficits.

Secondly, there was greater functional connectivity
in patients with ASDs than TD in some connections. For
example, Lynch et al. (2013) found increased functional
connectivity between the PCC and the temporal cortex.
Wiggins et al. (2011) observed a smaller increase of func-
tional connectivity within the DMN in ASD patients. More-
over, stronger connectivity between the PCC and the right
para-hippocampal gyrus is related to more severe repeti-
tive behaviors in ASD children (Monk et al., 2009). Hyper-
connectivity between the DMN and the salience network
was also reported (Uddin et al., 2013).

Uddin et al. (2013) claimed that age can be a con-
founding factor in connectivity studies. Specifically, hypo-
connectivity is often reported in adolescents and adults,
whereas hyper-connectivity is often shown in children.
However, this view has not been fully supported in recent
reports. For instance, Padmanabhan et al. (2013) tested
the atypical cortico-striatal connection in patients with
ASD. They observed hyper-connectivity between the stria-
tum and the parietal cortex but hypo-connectivity with
the prefrontal cortex in ASD individuals, after controlling
for age. Recently, Nomi and Uddin (2015) observed both
hypo-connectivity and hyper-connectivity in ASD chil-
dren for within-network connections, but hypo-connectiv-
ity in non-ASD children, adolescents, and adults. It is also
observed that connectivity (both short- and long-range)
within functional networks is reduced, whereas internet-
work connectivity is enhanced in children and adoles-
cents with ASD (Rudie et al., 2013; Supekar et al. 2013).
These studies emphasized the complexity of the network
organization in ASD, and they warrant future study in
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revealing which factors are responsible for the aberrant
connections in ASDs.

Attention deficit/hyperactivity disorder

ADHD is one of the most prevalent developmental dis-
orders, characterized by inattention, hyperactivity, and
impulsivity. Like ASD, ADHD patients also show aber-
rant connectivity in some networks. For example, the
DMN shows atypical development in ADHD patients. It is
believed that delayed maturation of the DMN and its con-
nections to the fronto-parietal and attention networks may
underlie the pathology of ADHD (De La Fuente et al., 2013;
Sripada et al., 2014a,b). Other scholars have reported that
alterations in the frontal-temporal-occipital and fronto-
amygdala-occipital networks are closely related to inat-
tention and hyperactivity in young adults with ADHD
(Cocchi et al., 2012).

Reduced functional connectivity in ADHD is often
observed in the DMN and the cortico-striatum network
(Liston et al., 2011; Posner et al., 2014a,b). In the DMN,
there is decreased connectivity between the PCC/precu-
neus and ACC or the nearby frontal cortex (Castellanos
et al., 2008; Fair et al., 2010; Sripada et al., 2014a,b), and
between the DMN and the VAN (Sripada et al., 2014a,b).
Compared with normal controls, the negative correlation
between the dorsal ACC (dACC) and the DMN is lower in
ADHD boys (Sun et al., 2012). The negative correlation
between the DMN and the cognitive control network is
either diminished or absent in ADHD patients (Posner
et al., 2014a,b). In the cortico-striatum network, reduced
connections were observed between the caudate and the
superior and middle frontal gyri (SFG/MFG) (Hong et al.,
2015), between the putamen and the para-hippocampus
(Hong et al., 2015), and between the left putamen and the
right frontal and limbic regions and the DMN (Cao et al.,
2009). In addition, Tomasi and Volkow (2012) reported
lowered connectivity between the orbital frontal cortex
(OFC) and the superior parietal lobe (SPL).

On the other hand, increased connectivity in ADHD
was reported for the visual cortex and para-hippocampus
(Cao et al., 2006). Increased connectivity between the
OFC and the ACC and between the OFC and the ventral
striatum may highlight an impaired interaction between
the control and reward pathways in producing attention
and motivation deficits in ADHD (Tomasi and Volkow,
2012). Increased connectivity is also observed between the
dACC, the thalamus, the cerebellum, the insula, and the
pons (Tian et al., 2006). Moreover, there is reduced con-
nectivity between the salience network and sensorimotor
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network and between the anterior DMN and the posterior
DMN (Choi et al., 2013).

Furthermore, some atypical network characteristics
were reported in ADHD. For example, children with ADHD
showed higher local efficiency and local clustering and
lower global efficiency (Cao et al., 2014a,b). Decreased
nodal efficiency was observed in the OFC and several tem-
poral and occipital regions, whereas increased nodal effi-
ciency was found in the inferior frontal gyrus (Wang et al.,
2009). Tomasi and Volkow (2012) found lower connectivity
in the SPL, the precuneus, and the cerebellum but higher
short-range connectivity in the ventral striatum and the
OFC (the reward-motivation system). Barber et al. (2015)
observed better attention in ADHD when the anti-correla-
tion of the cingulo-opercular network with DMN is higher;
but this relationship is reversed for the TD controls. Lately,
Sripada et al. (2014a,b) observed a developmental lag in
ADHD children in the connectivity between the dorsal
medial prefrontal cortex (PFC) and the PCC, within the
DMN, and between the DMN and the right PFC and anterior
insula. Because ADHD patients move more frequently, they
are more vulnerable to motion artifacts, and may result in
increased short-range connections compared to long-range
connections. Such an issue is addressed in recent studies.

Mood disorders

Anxiety, depression, and bipolar disorders are common
mental disorders in children. In these disorders, emo-
tional networks are often disturbed. Specifically, reduced
connectivity is reported (1) between the subgenual ACC
(sgACC, a sub-region of the ACC engaged in the processing
of emotional information) and the dACC, several frontal
and temporal regions in children with major depressive
disorders (MDD) (Gaffrey et al., 2010); (2) between the
amygdala and the DMN in MDD children (Hulvershorn
et al., 2011); (3) between the sgACC and the precuneus in
MDD adolescents (Connolly et al., 2013); (4) between the
amygdala and the hippocampus, the para-hippocampus,
and the brainstem in MDD adolescents (Cullen et al.,
2014); (5) between the PCC and the middle temporal gyrus
(MTG), the inferior parietal lobule, and the cerebellum in
depressed preschoolers (Gaffrey et al., 2012); (6) between
the amygdala and the cortical regulation networks in
depressive children (Luking et al., 2011); (7) between the
amygdala and the prefrontal cortex in anxious adolescents
(Burghy et al., 2012); (8) within the task-positive network
in depressive and anxious children (Sylvester et al., 2013);
and (9) between the DLPFC and the STG in children with
bipolar disorders (Dickstein et al., 2010).

J.S.Y. Chan et al.: Developmental neuronal circuitry == 7

Moreover, enhanced connectivity is also observed. In
anxious children, connectivity is enhanced (1) between
the amygdala and the brain regions involved in emotion
and attention (Qin et al., 2014); (2) between the DMN and
the insula (Dennis et al., 2011); and (3) between the amyg-
dala, the insula, and the STG (Roy et al., 2013). In children
with MDD, enhanced connectivity is observed (1) between
the amygdala and the limbic system (Luking et al., 2011);
(2) between the sgACC and the precuneus (Gaffrey et al.,
2010); and (3) within the regions of the striatum (Phil-
lips et al., 2003). In depressed preschoolers, connectivity
between the PCC and the subgenual and anterior cingulate
cortices, and the anterior MTG bilaterally was increased
(Gaffrey et al., 2012). In children with bipolar disorders,
connectivity within the dACC and affective, executive, and
sensorimotor networks was enhanced (Wu et al., 2013).

Brain plasticity, experience and
functional networks

Neuronal plasticity refers to the structural or functional
changes of the brain in response to changes in the inter-
nal or external environments (May, 2011; Cai et al., 2014).
According to the Hebbian theory (Hebb, 1949), neurons
with a history of simultaneous activations tend to produce
stronger associations with each other. This is also true at
the network level (Sporns, 2013). Thus, we can improve
our cognitive abilities by modulating brain networks
via training and interventions (Taya et al., 2015). In the
domain of neuroplasticity and training, there are some
complex questions which need to be clarified.

The transfer effect is a core issue of learning. The
transfer effect consists of near transfer and far transfer.
The near transfer refers to an improvement in tasks that
are similar to the trained task, whereas the far transfer is
an improvement in tasks that are significantly different
from the trained task (Kirk et al., 2015). It is suggested that
the transfer effect can be enhanced if we train modality-
independent higher-level executive control processes
rather than basic processes or specific strategies (Lustig
et al., 2009). Researchers have proposed that the transfer
effects take place only if the tasks in training and trans-
fer share similar cognitive processing or brain networks
(Karbach and Schubert, 2013). It is still an open ques-
tion concerning what kind of learning most efficiently
improves the occurrence of transfer effects (Karbach and
Schubert, 2013).

The manifestations of neuronal plasticity in physi-
cal or cognitive training are observed from childhood to
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older adulthood (May, 2011) and from healthy individu-
als to patients (Karbach and Schubert, 2013; Chan et al.,
2015a,b). However, the way to measure training effects
varies across studies (Grady and Garrett, 2014). It is still
not yet completely understood why learners benefit more
than others from particular interventions. This question is
especially important for selecting effective training para-
digms for people with specific needs (Karbach and Schu-
bert, 2013).

A child’s brain has the highest plasticity, whereas
the maturation curve has an inverted U-shape (Figure 2)
(Wass et al., 2012; Cao et al., 2014a,b; Guerra-Carrillo
et al., 2014). This suggests that the plasticity and matu-
ration may not necessarily share the same processes. For
instance, the fronto-parietal network is associated with
working memory maturation, whereas the caudate and
thalamus parts of the striatum are related to its plastic-
ity (Klingberg, 2014). Similarly, plasticity in children’s
and adults’ brains may occur via different mechanisms
(Maguire et al., 2006).

Training restores functional
networks

The brain is a complex system consisting of hierarchi-
cal networks. Bressler and Menon (2010) suggested that
cognitive functions are supported by the interactions
of distributed areas in brain networks. Hence, the brain
network perspective provides valuable insights into
human development and training. For example, physical
or cognitive training, although focusing on a single brain
region, can affect other brain regions via functional con-
nectivity; the training effects differ between the network
nodes, depending on their status in the network (e.g. hubs
vs. non-hubs); training can change the cost of information
transfer across the regions in a network (Taya et al., 2015).

For basic skill training, motor skill learning is a
widely studied domain. The effectiveness of motor learn-
ing in children depends on the way and time of learning
(Chan et al., 2015a,b; Ren et al., 2015). Compared to adults,
children take longer time for the automatization of motor
skill, and the extent of automatization is lower in children
(Ruitenberg et al., 2013). It was observed that similar to
adults, children’s implicit motor learning was associated
with subcortical activity but to a less extent (Thomas et al.,
2004). This demonstrated that the implicit motor learning
system is still undergoing development during childhood.
Neuroimaging results of motor learning in children are
still lacking and require further exploration in the future.
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Figure 2: Plasticity provides rooms for capacity augmentation in
addition to maturation-related gains.

In adults, even a short session (11 min) of visuomo-
tor practice can modulate the connectivity of the fronto-
parietal and the cerebellar networks (Albert et al., 2009).
Local efficiency is also increased after motor learning,
thereby indicating an increase in local information
transfer (Sami and Miall, 2013). Motor skill learning can
be divided into a fast stage and a slow stage (Dayan and
Cohen, 2011). In the fast stage, remarkable gains occur in a
single training session. In the slow stage, further improve-
ments are slowly achieved across several sessions of
training. Significant activation enhancement can be seen
in a relative posterior network in the fast stage, such as
the posterior cerebellum, the dorsomedial striatum, the
supplementary motor area (SMA), the PM, and the PCC.
In contrast, reduced activation can be found in a relative
anterior network, such as the preSMA, the primary motor
cortex (M1), and the DLPFC. In the slow stage, activa-
tion increases in the cortico-striatum network including
the primary somatosensory cortex (S1), the M1, the SMA,
and the dorsolateral striatum, whereas reduced activa-
tion can be seen in the lateral cerebellum (Dayan and
Cohen, 2011). In learning a finger sequence over a 4-week
period, it was found that during the first 2 weeks of train-
ing, the connectivity between the right postcentral gyrus
and the right supramarginal gyri increased, along with
behavioral performance improvement. In the second 2
weeks, the connectivity between these regions decreased,
while behavioral performance maintained unchanged
(Ma et al., 2011). Moreover, offline consolidation of motor
sequence learning is related to greater interactions within
the cortico-striatal system (Debas et al., 2014).

Juggling training for 6 weeks improved performance in
both the high-intensity (30 min per day) and the low-inten-
sity (15 min per day) groups similarly. However, the low-
intensity group demonstrated an increase in connectivity
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in the motor network, whereas the high-intensity group
had a decrease in connectivity (Sampaio-Baptista et al.,
2015). This shows that training intensity can modulate
training-related changes in functional connectivity. Nature
of practice is also an important modulator. Different tem-
poral patterns of connectivity change were observed after
learning a procedural skill in groups practicing explicitly
and implicitly. In the explicit group, connectivity between
the frontal, the cerebellar, and the visual areas increased
immediately after skill acquisition. Connectivity between
the cerebellum, the thalamus, and the basal ganglia was
strengthened 30 min later. After 6 h, enhanced sensorimo-
tor network connectivity can be observed. Implicit learn-
ers, however, showed increased connectivity between the
precentral and the sensorimotor areas immediately after
practice. After 30 min, a strengthened cerebello-thalamo-
basal ganglionic network was detected, similar to that
observed in the explicit group. After 6 h, connectivity
increased in the MTL and decreased in the precentral and
the sensorimotor areas (Sami et al., 2014). In addition to
physical practice, motor imagery training can also influ-
ence resting-state functional networks. Two weeks of
motor imagery practice can strengthen the connectivity
between the sensorimotor and the visual networks and
reduce connectivity in the DMN (Zhang et al., 2014).

In the domain of higher cognition, working memory
and attention training are two of the most intensively
studied domains. Training in these fields has shown a con-
sistent near transfer effect but a dubious far transfer effect
(Klingberg et al., 2002; Tamm et al., 2013). It is obvious
that both training strategies and training approaches will
impact training effects. Cognitive overload, mental fatigue,
training intensity, and duration are important factors that
influence the effects of training interventions (Kirk et al.,
2015; Taya et al., 2015). For example, Alloway et al. (2013)
demonstrated that high-frequency working memory train-
ing is more beneficial than low-frequency training. So far,
brain stimulation (e.g. steady-state stimulation, transcra-
nial magnetic stimulation, and transcranial direct current
stimulation; Thut et al., 2011; Wang et al., 2014a,b) and
psychopharmacology (Repantis et al., 2010; Taya et al.,
2015) are the principal approaches in physical and cog-
nitive training. The improvement of training approaches
and learning strategies is of importance for resolving the
key issues of skill learning in future studies, such as the
transfer effect and the persistence of training effects in
different populations.

Complex cognitive training in older adults can
bring about greater connectivity in the DMN and
the CEN (Chapman et al., 2015). Jolles et al. (2013)
reported increased functional connectivity within

J.S.Y. Chan et al.: Developmental neuronal circuitry =—— 9

the fronto-parietal network and reduced connectivity
between the MPFC and the right posterior MTG after
working memory training in young adults, and such
effects were not observed in 12-year-olds, thereby sug-
gesting that working memory training-related changes
in functional connectivity are age dependent. It is also
observed that working memory training increased the
within-network connectivity in the DMN and the atten-
tion network, while it decreased the connectivity between
these networks (Takeuchi et al., 2013). In the domain of
attention, experienced mediators showed weaker func-
tional connectivity between the DMN regions for self-ref-
erential processing and emotional appraisal and greater
connectivity between the dorsal MPFC and the right IPL,
compared to beginner mediators (Taylor et al., 2013).

Distinct training effects in different stages can also be
seen in training about complex cognitions. For instance,
after extended musical training, the prefrontal cortex is
more engaged while performing finger tapping along with
therhythms (Chen etal.,2008), and the interaction between
the auditory and premotor cortices is also increased when
listening to a strong beat (Grahn and Rowe, 2009) in musi-
cians than in non-musicians. The local functional connec-
tivity in the salience network is greater in musicians than
in non-musicians (Luo et al., 2014). Connectivity between
perceptual and motor networks is strengthened in musi-
cians (Luo et al., 2012). In the late training period, neural
networks would differentiate between different kinds of
musician. For example, when adjusting to pitch-shifted
feedback, the auditory and motor cortices are engaged in
singers (Zarate and Zatorre, 2008), whereas the auditory
cortex and cerebellum are engaged in pianists (Pfordresher
et al., 2014). After reading training, children with reading
difficulties showed greater functional connectivity in the
cingulo-opercular network than typical readers, which
may demonstrate that the dyslexic children have greater
gains with training (Horowitz-Kraus et al., 2015).

Implications and future research

We are still in the initial stages of understanding brain
function at the system level. Although great progress has
been made in revealing childhood development, aging
processes, and the neuro-developmental mechanism of
most mental disorders, how to avoid and rectify atypi-
cal development warrants further study. The perspective
of brain network development would provide valuable
insights into our understanding of childhood develop-
ment because the development and maturation of brain



10 —— J.S.Y.Chan et al.: Developmental neuronal circuitry

networks parallel the emergence and development of cor-
responding cognitive and motor functions (Byrge et al.,
2014; Rothbart and Posner, 2015). The knowledge of brain
network development will also facilitate skill learning
studies by expounding how physical and cognitive train-
ing change the network characteristics.

The preservation and transfer effect of the gains in
learning are key issues in future studies. Although much
is known about learning effects on brain structure and
function, the training effect is usually sustained for a rela-
tively short period of time (May, 2011). How to prolong the
effect of training is of clinical importance. Although some
training programs can produce significant near transfer,
far transfer is not consistently observed after training of
higher cognition. Understanding how we can get stable
near and far transfer in training is essential for improving
the effectiveness of training programs. The developmental
rules of brain networks may shed light on these questions.

Conclusions

An important issue in childhood development is the devel-
opment of functional brain networks. We reviewed the
typical and atypical developments of functional networks
and summarized the theoretical relevance of network
development. After that, we discussed the role of plastic-
ity in network development and showed the implication of
cognitive training in improving the function of brain net-
works. Considerable studies have provided strong evidence
that brain network development is an essential mechanism
during childhood development. Plasticity-based learning is
an important means by which to promote typical network
development and to rectify atypical network development.
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