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Humans experience significant physical and mental changes from birth to adulthood, and a variety of perceptual, cognitive and motor functions mature over the course of approximately 20 years following birth. To deeply understand such developmental processes, merely studying behavioral changes is not sufficient; simultaneous investigation of the development of the brain may lead us to a more comprehensive understanding. Recent advances in noninvasive neuroimaging technologies largely contribute to this understanding. Here, it is very important to consider the development of the brain from the perspectives of “structure” and “function” because both structure and function of the human brain mature slowly. In this review, we first discuss the process of structural brain development, i.e., how the structure of the brain, which is crucial when discussing functional brain development, changes with age. Second, we introduce some representative studies and the latest studies related to the functional development of the brain, particularly for visual, facial recognition, and social cognition functions, all of which are important for humans. Finally, we summarize how brain science can contribute to developmental study and discuss the challenges that neuroimaging should address in the future.
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INTRODUCTION: THE FIELD OF DEVELOPMENTAL COGNITIVE NEUROSCIENCE

Humans undergo significant physical and mental changes from birth to adulthood. Neonates have the lowest ability to survive, but various abilities related to perceptual, cognitive and motor functions mature over the course of approximately 20 years after birth. We believe that merely studying behavioral changes is not sufficient to fully elucidate the developmental processes of these different functions. Deeper and more comprehensive understanding of the developmental processes of humans will be obtained from understanding the development of the brain. A new approach to understanding the development of the brain has recently emerged; a scientific field termed developmental cognitive neuroscience came into being in the late 1990s (Johnson, 1997). Since then, this scientific field has been steadily growing (Munakata et al., 2004; Blakemore, 2012). Around the time of this field’s emergence, there was dramatic progress in noninvasive neuroimaging technology, which enabled the measurement and imaging of brain activity without injuring the brain while an individual was engaged in mental and/or physical activities.

Neuroimaging techniques are largely classified into the following two categories: one is the technique to measure the electric activity of cell groups in the brain, such as electroencephalography (EEG) and magnetoencephalography (MEG), and the other is the technique to measure the change in blood flow associated with brain activity, such as functional magnetic resonance imaging (fMRI), near-infrared spectroscopy (NIRS), and positron emission tomography (PET). Because the characteristics of these techniques differ from each other, the appropriate technique should be chosen depending on the object or content to be measured.

EEG is a technique used to measure electric activity in the brain using electrodes attached to the scalp. The response of the brain to an object or a stimulus is obtained by averaging the transiently produced brain potentials associated with a specific event; these are called event-related potentials (ERPs). Because EEG can measure brain activity with high temporal precision (high temporal resolution), it is suitable for capturing temporal changes in brain activity. On the other hand, its drawback is that it cannot identify the site of activity with high precision (low spatial resolution). This technique also has other problems, such as difficulty measuring deep brain activity with high precision.

MEG, another technique used to measure electric activity, can more accurately measure the change of magnetic field produced by electric activity. In contrast to the electric field, the magnetic field is less likely to be affected by resistance due to the skull or the scalp; therefore, MEG can attain higher spatial resolution than EEG. On the other hand, compared to EEG, MEG has drawbacks in that the instrument is larger and is more likely to be affected by noise caused by the body movement of a participant.

The most notable characteristic of MRI is that it can visualize the structural images of the brain (structural MRI, diffusion MRI), which are not possible with EEG or MEG. Structural MRI provides information to describe the shape, size, and integrity of gray and white matter structures in the brain. On the other hand, diffusion tensor imaging (DTI) can generate images of the fiber structure (fiber orientation and size) of the white matter, and the maturity of the white matter, including the degree of myelination, can be quantified. In addition to the structural images of the brain, the functional images of the brain can be also visualized by using the MRI. This technology, termed fMRI, can measure the blood oxygenation level-dependent (BOLD) signal, which is well correlated with the local field potential (synaptic activity; Logothetis et al., 2001). This technique is inferior to EEG or MEG in terms of temporal resolution, but it is superior in terms of spatial resolution, with precision on the order of a millimeter, and one can very precisely measure the activities in deeper cortical and subcortical brain structures. However, it has some restrictions for measurement, such as that a participant must lie down in an enclosed space and is restricted in body movement. These restrictions make it difficult to conduct fMRI study in children. To circumvent this difficulty, fMRI scans in infants and preschool children have been conducted during natural sleep (Anderson et al., 2001; Dehaene-Lambertz et al., 2002; Wilke et al., 2003; Redcay et al., 2007) or under anesthesia (Yamada et al., 1997; Born et al., 1998; Martin et al., 1999). The fMRI technique can be used not only to identify brain regions active when participants perform a task that requires a particular neuronal process, but also to examine functional connectivity across multiple brain regions while participants are not performing a particular task (usually not in sleep). The latter approach, called resting-state fMRI, may elucidate basic functional networks across multiple brain regions, where neuronal activities synchronize based on spontaneous low frequency fluctuations (<0.1 Hz) in the BOLD signal (Biswal et al., 1995; Fox and Raichle, 2007; Biswal, 2012). Recent resting-state fMRI studies have revealed the existence of basic functional networks in the infant brain (Fransson et al., 2007, 2009) and the maturation of the local-to-distributed organization of functional networks (Fair et al., 2009), both of which are difficult to unveil with behavioral studies. Recently, researchers have started to investigate the resting-state functional connectivity not only by fMRI but also by EEG and NIRS. This approach is particularly effective and useful in infants and younger children because we could learn how the basic functional networks develop in the human brain without requiring them to perform a complex task (Fransson et al., 2007; Homae et al., 2010; Gao et al., 2016).

NIRS is a technique used to measure changes in oxygenated and deoxygenated hemoglobin in specific brain areas in response to various stimuli. The temporal resolution of NIRS is not as high as that of EEG or MEG, and its spatial resolution is lower than that of MRI. However, NIRS has the advantages of being portable, easy to use, quiet, and relatively less sensitive to motion artifacts (Gervain et al., 2011). Therefore, NIRS is suitable for the measurement of brain activity in infants and children. In addition, the layers of the scalp and the skull of an infant are thin, providing a better condition for measuring cerebral blood flow change in the infant brain. Because of these advantages, NIRS has contributed to the understanding of developmental processes during infancy from visual and auditory perception to the acquisition of language (Taga et al., 2003; Minagawa-Kawai et al., 2008; Grossmann et al., 2010; Gervain et al., 2011; Otsuka, 2014).

The above-described techniques have been gradually used to measure brain activity in children since around 2000. However, the number of neuroimaging studies in children has been far less than that in adults. The reason for this is that brain activity measurement entails more restrictions than behavioral observation. For example, movement of the head or body of a participant during brain activity measurement causes noise in the measurement data. Therefore, we usually ask participants not to move their heads or bodies as much as possible. This is relatively easy for adults, but it is very difficult for children who naturally want to move. Therefore, brain activity measurement in children requires more detailed considerations concerning experimental designs such as scanning time, the content of tasks, and the experimental environment compared with that in adults (Slifer, 1996; Slifer et al., 2002; de Bie et al., 2010; Raschle et al., 2012). Thus, experiments in children require much more time and effort than those in adults.

Since the advent of developmental cognitive neuroscience, neuroimaging studies in infants and preschool children have attracted the interest of many researchers. This may be because there are observable, dramatic behavioral changes during the infancy and preschool period, and we may therefore assume drastic changes occur in the brain as well. On the other hand, it can be said that studies in school-age and older children have attracted less interest. One reason is that the amount of daily activities enormously increases in school-age and older children when compared with infants and preschool children. The dramatic advance of cognitive abilities also becomes less prominent, and some of the cognitive functions are becoming settled (e.g., Theory of Mind [ToM]; Wellman et al., 2001) and comparable with adults (e.g., Wisconsin Card Sorting Test; Chelune and Baer, 1986; Welsh et al., 1991) in school-age and older children. However, even in these children, there are several pieces of evidence showing that the brains of school-age, pubescent and adolescent children who seemingly behave like adults are still developing. This is because the structure of the whole brain grows slowly over 20 years or longer (Giedd et al., 1999; Gogtay et al., 2004), and the functions of the brain are also thought to mature slowly (Blakemore and Choudhury, 2006; Casey et al., 2008). As will be introduced in Section “Functional Development of the Brain”, previous studies have suggested that there is a significant difference between how children use the brain and how adults use the brain even though no large differences are found at the behavioral level (e.g., Wang et al., 2006; Blakemore et al., 2007; Scherf et al., 2007).

In favor of this view, we have recently shown that primary school children at the age of 8–11 years old can precisely recognize their own faces, as these are distinct from others’ faces just like adults. However, when we examined the brain activity with fMRI, we discovered that the activation patterns were substantially different from those observed in adults (Morita et al., 2016). This suggests that the subjective experience when children recognize their own faces is different from that of adults. This fMRI finding may predict distinguishing qualia of bodily self-awareness in children at these ages, which could be carefully evaluated by behavioral investigations.

Another of our fMRI studies showed that 8–11-year-old children can perform hand movements at 1 Hz just like adults, but the functional connectivity between the motor cortex and the cerebellum during the movements is significantly weaker in children when compared with adults (Naito et al., 2016). If we consider the general notion of the importance of the cerebellum in timing motor control and learning, which is established fundamentally by studies in adults (Ivry, 1996), our neuroimaging result leads us to hypothesize that there must be a qualitative behavioral difference in timing motor control and learning between children and adults and motivates us to investigate in our future studies.

Hence, neuroimaging investigation of how the human brain develops can not only provide valuable knowledge about human development, which is difficult to obtain from behavioral studies, but also provide new hypotheses and models, which should be tested in behavioral studies. In addition, parallel investigation into the development of a certain brain function and its underlying neuronal mechanisms may promote our understanding about key brain structures and networks that implement the function in the mature adult brain and about how these structures and networks acquire this function.

With this background information, we will first outline the process of structural development of the brain, which can be a basis for functional development of the brain. Second, we will introduce some representative studies and the latest studies related to the functional development of the brain, particularly for visual, facial recognition, and social cognition functions. We deal with these functions because they are important for humans, who lead social lives. Finally, we will summarize how brain science can contribute to developmental study in general and discuss the challenges that neuroimaging should address for the future.

DEVELOPMENTAL CHANGES OBSERVED IN BRAIN STRUCTURE

Two Different Dynamics in the Development of Brain Structure

As described previously, it is essential to study both structure and function to clarify the developmental process of the brain. Here, we first discuss the structural development of the brain. In the literature, it seems that structural changes in the brain are largely classified into two categories. One is an inverted U-shaped change, and the other is a linear change (Figure 1).


[image: image]

FIGURE 1. A schema of two different dynamics of structural development: inverted U-shaped change and linear change. The former is represented by the change in gray matter containing cell bodies that process information. The latter is represented by the change in white matter containing nerve fibers that transmit information.



Inverted U-Shaped Change

A representative inverted U-shaped developmental change is observed in the synaptic connection. An important finding regarding synaptic connections was made before neuroimaging technology became available. An inverted U-shaped developmental pattern that includes a phase of rapid increase in synapse density followed by a phase of synapse-elimination has been found in non-human brains, such as kitten and monkey (Cragg, 1975; Lund et al., 1977; Rakic et al., 1986; Bourgeois and Rakic, 1993). In human research, a pioneering study was done by Huttenlocher who carefully examined the synapses in postmortem human brains and investigated synaptic density changes according to the stages of brain development. This study demonstrated the pattern of a series of changes: synaptic density begins to increase after birth, followed by a rapid increase during a certain time period until it peaks; then, it begins to decrease and reaches the density level of adults (Huttenlocher, 1979; Huttenlocher et al., 1982). In other words, synapses are excessively formed for a brief time, but the excessive, unnecessary synapses are pruned afterwards. Interestingly, the temporal change of synaptic density differs depending on the region of the brain (Huttenlocher and Dabholkar, 1997). For example, in the visual cortex, synaptic density is reported to rapidly increase at the age of 2–3 months, peak at 4–12 months, and then decrease to the level of adults at the age of 2–4 years. In contrast, in the prefrontal cortex, all of the above timings are delayed, and it is reported that the adult density level is achieved at the age of approximately 15–20 years. Recently, similar inverted U-shaped patterns have been reported when researchers measured the synaptic marker proteins (Glantz et al., 2007) and the synaptic spine density (Petanjek et al., 2011) in the prefrontal cortices of postmortem human brains. All of this evidence suggests that the developmental curve of synapse density shows an inverted U-shape in humans.

In favor of this view, neuroimaging studies have also demonstrated that the volume and the thickness of the gray matter show an inverted U-shaped curve in the development of human cerebral cortices (Jernigan et al., 1991; Giedd et al., 1999; Gogtay et al., 2004). During 1–2 years after birth, when synaptic density rapidly increases (Huttenlocher, 1979; Huttenlocher et al., 1982), cortical gray matter volume also rapidly increases (Knickmeyer et al., 2008; Gilmore et al., 2012). In addition, the peak timing of an inverted U-shape in the development of gray matter volume varies across cortical regions (Giedd et al., 1999; Gogtay et al., 2004), just like that in the development of synaptic density (see above and Huttenlocher and Dabholkar, 1997). This collection of evidence suggests that the morphological change (i.e., inverted U-shape) in the gray matter reflects, at least in part, the excessive formation of synapses and the subsequent pruning.

Linear Change

In contrast to the inverted U-shaped change discussed above, it is generally believed that myelin shows a linear developmental change (Yakovlev and LeCours, 1967; Benes, 1989). Myelin is an insulator that is formed around the axon of a nerve fiber, and the presence of myelin makes efficient signal transmission possible. In other words, the brain with advanced myelination is considered to be a mature brain that can process information efficiently and at a high speed. It is reported that there is little myelination in the brain of a neonate soon after birth. Therefore, efficient and high-speed information processing is hardly possible in the brain of a neonate.

Previous studies using DTI (see “Introduction: The Field of Developmental Cognitive Neuroscience” Section) showed that the white matter matures linearly and that the maturation process continues until the age of 20–30 years (Klingberg et al., 1999; Barnea-Goraly et al., 2005). These results are in good agreement with the findings of the developmental change of myelination observed in the examination of postmortem brains before the development of the DTI technique (Yakovlev and LeCours, 1967; Benes, 1989). As described above, the developmental curve of myelination gradually ascends with time. Just as the volume of the gray matter fits an inverted U-shaped curve corresponding with synaptic density, the volume of the white matter (which contains abundant myelin) fits a linear curve corresponding with myelination. The volume of the white matter increases nearly linearly with age, independent of brain region, and this increase is known to continue until the age of approximately 20 years old (Giedd et al., 1999; Paus et al., 2001; Sowell et al., 2002; Lebel et al., 2008).

In sum, the developmental change of the human brain seems to show at least two different dynamics: an inverted U-shaped curve and a linear curve. The former can be represented by the change in brain cell bodies that process information, and the latter may be represented by the change in nerve fibers that transmit information by connecting different areas of the brain. However, as recently shown by Shaw et al. (2008), some cortical regions likely show linear changes in the development of cortical thickness. Thus, further neuroimaging studies are definitely needed to fully understand the structural development of the human brain.

Relationship Between Brain Structure and Cognitive Function

In the previous section, we gave a general view of the structural changes in terms of brain development. In this section, we first introduce evidence in the adult brain showing how the brain changes its structures in association with the development of particular cognitive functions, and we will then discuss the relationship between brain structures and cognitive functions from the developmental viewpoint.

Adult Brain

In the adult brain, it has been shown that particular regions of the brain are enlarged or diminished depending on the degree of the trait or the ability of the individual (Kanai and Rees, 2011). For example, in the case of a technician who has mastered a certain skill over a long period of time, the volume of the part of the brain associated with that particular skill is increased in that adult’s brain (taxi driver: Maguire et al., 2000; pianist: Gaser and Schlaug, 2003). These are examples of what happens during the process of mastering certain skills over a long period of time.

The structural changes of the brain can also be observed in ordinary people. DeYoung et al. (2010) used a personality test developed by Goldberg (1990) called the Big Five Test in order to investigate the relationship between the five elements that form personality (extroversion, agreeableness, conscientiousness, neuroticism and openness to experience) and the size of different brain regions. They found the following changes: persons with higher extroversion have a larger medial orbitofrontal cortex, which is important for reward processing, and persons with higher neuroticism have a larger amygdala and cingulate cortex, which are involved in the processing of negative emotion (DeYoung et al., 2010).

Developmental Viewpoint

The two types of developmental changes in brain structure (both inverted U-shaped change and linear change) seem to be deeply associated with development of cognitive functions.

Inverted U-shaped change

Shaw et al. (2006) showed a relationship between an inverted U-shaped change in the gray matter and cognitive function in children and adolescents. In this study, the thickness of the cerebral cortex of the brains of approximately 300 healthy children and adults was calculated using structural MRI. At the same time, an IQ test, which measures general intelligence level, was conducted. Participants were grouped into three categories based on their scores, i.e., the “superior group,” the “high group,” and the “average group.” The result clearly showed that the patterns of developmental changes observed in the thickness of the cortex of the frontal region were quite different among the groups. In the superior group, the cortex was relatively thin at first, increasing rapidly to reach a peak at the age of approximately 11 years, and then rapidly thinning again. Thus, this group showed rapid and large inverted U-shaped change in the gray matter thickness of the frontal cortex. Compared to the superior group, the change of the cortical thickness was relatively slow and small in the average group, and the thickness reached a peak earlier at the age of 7–8 years (Shaw et al., 2006). Hence, how the gray matter thickness of the frontal cortex changes during childhood appears to affect intellectual level.

Some evidence shows that the marked development of a cognitive function occurs coincidently with the period of thinning in a certain cortical area (Casey et al., 2005; Tau and Peterson, 2010). For example, an increase in language vocabulary is associated with cortical thinning in the left dorsolateral frontal and lateral parietal regions at the age of 5–11 years (Sowell et al., 2004). In addition, improvement of hand motor skill is associated with cortical thinning in the left primary motor cortex (M1) during the same age period (Lu et al., 2007). Finally, improvement of cognitive control ability seems to be related to cortical thinning in the anterior cingulate cortex and the right inferior frontal gyrus at the age of 5–10 years (Kharitonova et al., 2013).

As discussed above (in Section “Developmental Changes Observed in Brain Structure”, “Inverted U-Shaped Change”), the inverted U-shaped change in the gray matter reflects, at least in part, the excessive formation of synapses and subsequent pruning, and this series of the synaptic changes likely occurs in several brain regions in addition to the frontal cortex (Huttenlocher, 1979; Huttenlocher et al., 1982). Hence, we may assume that the formation and pruning of synaptic connections during childhood is the key to build efficient neural circuits in the cortex, leading to its excellent functioning, and marked development of a cognitive function may occur coincidently with the period of synaptic pruning.

Linear change

A growing body of literature also shows the relationship between linear structural change in white matter and cognitive performance during development. For example, high anisotropy measured by DTI that reflects directionality or non-randomness of diffusion in the superior fronto-parietal cortices correlates well with memory capacity (Nagy et al., 2004). In addition, higher anisotropy in the left temporal and parietal lobules correlates well with reading ability (Nagy et al., 2004; Deutsch et al., 2005), and that in the frontal and occipitoparietal association areas is well associated with IQ (Schmithorst et al., 2005). These studies investigated the age-related developmental changes of white matter fibers, which are associated with the development of cognitive abilities. However, one should always bear in mind that these age-related changes also include the effects of individual differences. The best way to purely evaluate age-related change is to conduct a longitudinal cohort study, in which one can follow the change across time in the same individuals (e.g., Yeatman et al., 2012). Altogether, the research described above strongly indicates that developmental changes in the brain structure (both inverted U-shaped change and linear change) are deeply associated with development of cognitive functions.

FUNCTIONAL DEVELOPMENT OF THE BRAIN

In the previous section, we outlined two major structural developmental changes of the brain, inverted U-shaped change and linear change, both of which are associated with the development of cognitive functions in general. In this section, among various brain functions, we focus on studies regarding visual, facial recognition, and social cognitive functions, which are very important for humans, who lead social lives.

Development of Visual Function During Infancy

Neonates have blurred vision immediately after birth, and their decimal visual acuity is considered to be about 40 times worse than that of visually normal adults (Miranda, 1970; Mayer and Dobson, 1982; van Hof-van Duin and Mohn, 1986). Their visual acuity improves rapidly in the first 6 months after birth, and then improves more gradually, reaching the adult level at the ages of 4–6-years-old (Mayer and Dobson, 1982; Courage and Adams, 1990; Ellemberg et al., 1999). In addition to visual acuity, various visual functions, such as color perception and depth perception, develop greatly by the time of preschool. The undeveloped visual functions in infants are likely associated with the immature structure and function of the eye, which receives visual information, and of the brain, which processes visual information and has not sufficiently developed.

Visual information sent from the eye is transferred to the cortical region, called the visual cortex, located at the rear end of the cerebrum. More than 50 years ago, Wiesel and Hubel (1963) demonstrated through animal experiments that the experience of seeing things is very important for the functions of the visual cortex to develop normally. In animals, they showed that visual deprivation at a particular period after birth severely affects the development of normal vision. This experiment demonstrated the presence of a “critical period,” during which the brain is susceptible to plastic change due to environment and experience. In humans, based on the above evidence, we think that the period several years after birth when visual functions enormously develop could be a “sensitive and important period.” During this period, we assume that the function of the visual cortex changes plastically depending on visual experiences.

Here, we introduce a study that successfully captured, by imaging, a functional change occurring in the visual cortices of infants in whom plastic changes are ongoing (Yamada et al., 1997). In this study, a flashing light stimulation was presented to infants aged 1 year or younger, and the response of the visual cortex to the photic stimulation was investigated with fMRI. The results showed that fMRI (BOLD) signals increased in response to the photic stimulation in infants less than 8 weeks of age (corrected for gestational age at birth). The pattern of these signals was the same as that seen in adults. Surprisingly, however, the BOLD signals decreased (negative BOLD) in response to the photic stimulation in infants older than 8 weeks of corrected age (Yamada et al., 1997).

In the adult brain, when neurons fire, local consumption of oxygen increases, and this oxygen consumption in the local blood flow leads to a transient increase of deoxygenated hemoglobin (deoxy-Hb) in the blood. However, as the blood flow continuously supplies, the amount of oxygen supplied eventually exceeds the amount of oxygen consumed. This can wash a way the transiently increased deoxy-Hb so as to decrease its concentration, which enhances the (positive) BOLD signal. In contrast, negative BOLD observed in the infant’s (older than 8 weeks) brain indicates an increase of local deoxy-Hb in response to the photic stimulation.

Exact neuronal mechanisms remain to be unveiled. However, one possible explanation is as follows. The reversing pattern (negative BOLD) can be observed after approximately 2–3 months after birth when the synaptic density (Huttenlocher et al., 1982) and metabolic activities (Chugani and Phelps, 1986) drastically increase in the visual cortex. This suggests the possibility that the regional oxygen demand in infants is greater than that in adults (Yamada et al., 1997; Born et al., 1998; Morita et al., 2000) even when the brain receives the same amount of photic stimulation. Thus, the infant’s brain should require more oxygen than can be supplied by oxygen delivery. This may cause an imbalance between oxygen demand and supply, resulting in an increase of local deoxy-Hb, which is associated with the negative BOLD phenomenon. However, since a different view also exists (Kozberg et al., 2013), further investigations are needed to verify our hypothesis.

Although these studies (Yamada et al., 1997; Born et al., 1998; Morita et al., 2000) were conducted when the arousal state of the tested children was low (under anesthesia), the possibility that this particular condition caused the reverse (negative BOLD) phenomenon has been ruled out. Watanabe et al. (2012) presented a light stimulation to an awake 6-month-old infant and measured the activity of the visual cortex in response to the stimulation. The result showed that the amount of oxygenated hemoglobin in the visual cortex significantly decreased during light stimulation. This clearly demonstrated that the visual cortex of an infant shows opposite blood flow dynamics compared to adults even under awake conditions (Watanabe et al., 2012).

Interestingly, this type of negative BOLD phenomenon seen in the visual cortex in infancy and early childhood (Born et al., 1998; Martin et al., 1999; Redcay et al., 2007) has also been observed in other regions of the cerebral cortex (e.g., auditory cortex: Anderson et al., 2001). Namely, this phenomenon seems to be a physiological change that is inevitable for the development of brain function.

This type of negative BOLD response in the visual cortex cannot be seen in the lateral geniculate nucleus (LGN), which is a relay nucleus for the transmission of information from the retina to the visual cortex (Morita et al., 2000). Morita et al. (2000) investigated the LGN activity in response to light stimulation and examined whether the negative BOLD response could also be observed in the LGN. The results showed that while the MRI signal pattern in the visual cortex was reversed at the corrected age of 8 weeks, the MRI signal in the LGN in response to light stimulation was elevated independent of age (Morita et al., 2000; Figure 2). Therefore, negative BOLD response is not observed in the LGN but is observed only in the cerebral visual cortex. This may be related to the fact that the maturation of the LGN is almost completed at the time of birth (see below).
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FIGURE 2. Time course of adjusted blood oxygenation level-dependent (BOLD) signal changes for the visual cortex (A) and lateral geniculate nucleus (LGN; B) within each group. The mean values at each scanning time point were obtained for the younger group (open triangles, n = 8) and the older group (closed circles, n = 8).



Although rapid developmental changes occur in the human cerebral cortical region after birth, it is reported that in the phylogenetically older cortical regions (such as the LGN), rapid developmental changes occur during the fetal stage. For example, the number of optic tracts that run from the retina to the LGN peaks at the fetal age of 16–17 weeks and then decreases (Provis et al., 1985). In addition, excessive formation of synapses in the LGN is reported to occur at the fetal age of 16–17 weeks (Wadhwa et al., 1988; Khan et al., 1994). Thus, we may understand this as follows: at the time of birth, the LGN has already matured to the same level observed in adults; therefore, the level of MRI signal response to light stimulation in infants is the same as that in adults. The above results strongly suggest that the negative BOLD response observed in the cerebral cortical region is caused by a rapid developmental change in the cerebral cortex, which is specific to infancy and early childhood.

In sum, during the growth stage, the metabolism of the cerebral cortex is greatly changing probably because of the change in synaptic connections. Thus, the change in metabolic activity may be an inevitable phenomenon for brain development.

Development of Facial Recognition Function from Infancy to School Age

Faces are the most important and most common visual pattern for humans, who lead social lives. Although all faces have parts (such as the eyes, nose and mouth) similarly arranged, we can distinguish the faces of many people and recognize subtle changes in their expressions. How then does the facial recognition function develop? Here, we give an overview of the neuroimaging studies that have investigated the development of facial recognition.

In the adult’s brain, it is known that a negative ERP component (N170) appears in the occipitotemporal cortices approximately 170 ms after the presentation of a face and that this ERP component becomes significantly larger when faces are viewed rather than other objects, such as a chair or car. Thus, the component is considered specific to facial stimulation (Rossion and Jacques, 2008).

In children, de Haan et al. (2002) investigated in which stage of development this face-specific ERP component first appears. ERPs for upright faces of a human and a monkey were recorded in 3-, 6- and 12-month-old children. An ERP component that responded more strongly to a human face than to a monkey face was observed in the occipitotemporal region in children of all ages. However, this component showed a longer latency than the N170 of the adults and was observed approximately 260–290 ms after the presentation of the faces. This component can be considered the counterpart of the N170 in adults because the recorded brain region is the same, even though its latency is longer than that of the ERP in adults (de Haan et al., 2002; Halit et al., 2003).

This type of brain activity specifically evoked by visual stimulation of human face has also been reported in early infancy (Tzourio-Mazoyer et al., 2002; Csibra et al., 2004; de Heering and Rossion, 2015). For example, de Heering and Rossion (2015) reported that the occipitotemporal (face) region of the right hemisphere in 4–6-month-old infants selectively responds to face stimuli but not to object stimuli. In addition, a PET study reported that even in 2-month-old infants, the occipital region of the right hemisphere, which is activated specifically by faces in adults, was more strongly activated when the infant was exposed to a face than when exposed to mere light stimulation (Tzourio-Mazoyer et al., 2002). These findings indicate that, within at least 6 months after birth, humans likely start to process human faces differently from other objects.

However, the more elaborate facial recognition function does not completely mature within the first year of birth; it takes a much longer time to acquire adult-like processing. Indeed, the ERP component of primary school children is reported to still be different in some brain regions from that of adults. The latency of the N170 component of primary school children becomes nearly the same as that of adults. However, the wave pattern of the component appears to be different until children become approximately 11 years old. Until that time, the waveform of the N170 component is not sharp and has two small peaks. In contrast, when children become 12–13 years or older, the waveform becomes similar to that of adults, i.e., it changes to a sharp, single-peak waveform (Taylor et al., 2004; Miki et al., 2015). However, one must also bear in mind that such age-dependent N170 changes could be observed for non-face objects as well (Kuefner et al., 2010).

Some fMRI studies also show that the neural system for facial recognition is not yet fully developed in the school-age period. Scherf et al. (2007) presented short footage showing faces, objects, buildings and navigation scenes to three groups of 5–8-year-old children, 11–14-year-old adolescents, and adults and measured brain activity by fMRI. The results showed similar selective activity in response to objects and places among all groups, but selective responses to faces were significantly different between groups. Namely, in the adult and adolescent groups, multiple brain regions, including the fusiform face area (FFA), showed selective responses to faces, which were not observed in the group of children. This finding indicates that face-selective processing is immature in the brains of children (Scherf et al., 2007). Differences in facial processing between elementary school children and adults are also reported in other fMRI studies (Passarotti et al., 2003; Golarai et al., 2007). Golarai et al. (2007) showed that the volume of the brain region that selectively responds to faces (FFA) was markedly smaller in elementary school children than in adults.

These neuroimaging studies on face recognition suggest that there is a significant difference between how school-age children process faces and how adults process them, even during passive observation without any cognitive load (e.g., memory, decision, etc.). This may provide a possible answer to the debate surrounding the behavioral development of face-specific visual processing. Some researchers proposed that face-specific visual processing is fully mature at around 5 years of age, and the developmental improvement of face processing is due to the maturation of general cognitive abilities such as memory and attention (Crookes and McKone, 2009; McKone et al., 2012). Conversely, other researchers suggested that the developmental improvement in face perception lasts into adolescence or even adulthood (Mondloch et al., 2002; Germine et al., 2011; Susilo et al., 2013; Goffaux et al., 2015). The neuroimaging evidence described here seems to support the latter view of slow developmental changes in facial recognition functions.

In this way, in approximately 1 year after birth, the human brain likely starts to process a human face differently from something that is not a human face. However, this is only the beginning of the development of face recognition. When we consider the above studies (Passarotti et al., 2003; Golarai et al., 2007; Scherf et al., 2007), it seems that more than 10 years of experience seeing faces is required for the FFA to show the selective response to faces. Thus, the brain region that is specialized for face processing emerges along with development. The emergence of such brain region seems to align with the concept of cortical specialization (Johnson, 2001; Cohen Kadosh and Johnson, 2007). One of the main challenges for future neuroimaging studies is the clarification of both structural and functional changes in the brain that are directly associated with the specialization process.

Development of Social Cognitive Function in the School-Age Period and Beyond

In leading a social life, we frequently experience situations in which we speculate about the feelings of others. The mental activity of speculating about the mental states (intention, emotion, belief, etc.) of others is called “mentalizing” (Frith and Frith, 1999). This mentalizing function is very important in leading a normal social life and interacting with many people; thus, many neuroimaging studies on mentalizing have been conducted in adults.

Although the participants in individual studies are varied, studies in adults who are speculating about another person’s mental states consistently report activity in the medial prefrontal cortex, superior temporal sulcus, temporal parietal junction, temporal pole and other regions; these brain regions are called the social brain (Brothers, 1990; Gallagher and Frith, 2003; Frith and Frith, 2006).

When and how does this mentalizing function develop? In the field of developmental psychology, the Sally-Anne task is often used as a test to examine the presence or absence of mentalizing ability (Baron-Cohen et al., 1985). In this task, children are presented with the following story by using a picture-card show or a puppet show. In this story, there are two characters: Sally and Anne. Sally first hides a toy in a certain place (in a basket), and Anne then moves the toy to a different place (in a box) while Sally is away. After this show, the experimenter asks the child, “Where will Sally go to look for the toy?” Since Sally did not see that Anne moved the toy, she should have the false belief that the toy is still in the basket. If the child correctly understood this false belief, he or she should be able to answer, “In the basket,” but otherwise the child would answer, “In the box.” It is known that most 3-year-olds cannot answer correctly in this task, but the rate of correct answers substantially increases in 5-year-olds, and most primary school children are able to answer correctly (Wellman et al., 2001). Thus, based on this behavioral evidence, the mentalizing ability is believed to be acquired at the age of approximately 4 or 5 years. What is changing in the brain at this age?

Liu et al. (2009) investigated this problem for the first time. They recorded ERPs while 4–6-year-old preschool children performed a false belief task (Liu et al., 2009). A slow negative component (with a latency of approximately 1000 ms) was detected in the left frontal lobe of the preschool children who demonstrated a high rate of correct answers to the false-belief task, also seen in adults; however, this component was not observed in the preschool children with a low rate of correct answers. This research is highly valued as the first study to show a difference in brain activity, according to the presence or absence of mentalizing ability. Unfortunately, however, it could not identify the changes in brain regions directly involved in mentalizing.

Recently, Gweon et al. (2012) reported activity in the mentalizing regions described above, such as the medial frontal cortex and the temporal parietal junction, in preschool-age and elementary school children. The researchers told stories to 5–11-year-old children and adults, depicting: (1) a situation that required understanding the psychological state of others; (2) a situation that required understanding social relations; and (3) a situation of simply physical relations, and simultaneously measured brain activity with fMRI. The results showed that in children at any age, similar to adults, the mentalizing regions were activated when the participants were trying to understand the psychological states of other persons. However, in younger children (from 5 to 8.5 years), the mentalizing regions were equally recruited for all of the above three situations, and selective activities for mentalizing were not observed. Selective brain activities for mentalizing became observable as a child’s age increased (Gweon et al., 2012). This may represent a “specialization” of the mentalizing regions that bear the social cognitive function. The series of studies described here suggests that this specialization is immature even in preschool children who could pass the Sally-Anne task, a brain function specific to mentalizing begins to form in the school-age period, and selective brain activities related to this function are observed in the latter half of the school-age period and beyond.

Although the specialization of this function progresses in the school-age period and beyond, adult-like efficient information processing has not yet been established during this period. For example, using cartoons, Wang et al. (2006) measured brain activity with fMRI when 9–14-year-old children and adults were asked to judge whether a character was being sincere or ironic, by speculating about the intention of the character. They found that the groups had no difficulty distinguishing irony from sincerity, and the activity in the medial frontal cortex increased in both the children and adults in the irony condition. However, the activity in this brain region increased more in the children compared with the adults (Wang et al., 2006). The observation that children require more brain activity than adults to perform a social cognitive task was also reported in a study of 12–18-year-old children (Blakemore et al., 2007).

In general, when the brain repeats a certain experience for a long time, it becomes unnecessary to fully recruit the activity in the particular brain regions that are used during the experience. For example, one study showed that a top-level soccer player could move his foot by recruiting a smaller amount of brain activity (BOLD signal) in the foot section of the M1 (Naito and Hirose, 2014). A similar phenomenon has been reported in musicians’ brains (e.g., Krings et al., 2000). Thus, one may associate the recruitment of less motor activity to generate a well-practiced movement with efficient neural control of that movement. Here, we also raise the possibility that the smaller increase in the BOLD signal could be related to a reduction of synaptic activity due to enhanced synaptic efficacy in M1 through extended motor practice, as shown in a non-human primate study (Picard et al., 2013). We think that social cognitive function is no exception. The mentalizing function is also believed to be efficiently conducted through the repeated experiences of speculating on the psychological states of other persons. In the brains of early teens who have little experience with mentalizing, this efficiency has not yet been attained. It is then possible to speculate that excessive brain activity in the prefrontal cortex would be measured in these children due to less experience mentalizing compared with adults (Wang et al., 2006; Blakemore et al., 2007).

This interpretation is not inconsistent with the fact that the structure of the prefrontal cortex is still in an immature state of development. As discussed in Section “Developmental Changes Observed in Brain Structure”, it takes a rather long time, or approximately 15–20 years, for the prefrontal cortex to structurally mature to the adult level. More specifically, excessive synapses are present in the early teens, and these synapses are pruned during the latter half of the teens while the minimally required synapses are preserved. It is conceivable that the brain acquires efficient information processing circuits for mentalizing (social cognitive) function in the prefrontal cortex through the synaptic pruning during this period.

DEVELOPMENT OF THE BRAIN OBSERVED IN NETWORK CHANGES

Neuroimaging techniques have been mainly used to delineate the functions of various parts of the brain. Recently, however, the dominant view posits that a brain function is mainly implemented in a network, taking into consideration interactions between different brain regions, since it is most likely that individual brain regions do not function independently; rather, the brain realizes its specific functions by exchanging information between multiple regions. This viewpoint has been considered important in understanding the development of brain functions, and thus, the analysis of brain networks has been introduced in imaging studies in children. In this section, we introduce recent studies that measure resting-state brain activity while infants and children are not performing any particular task (see “Introduction: The Field of Developmental Cognitive Neuroscience” Section).

Fransson et al. (2007, 2009) examined resting-state connectivity during sleep in neonates using fMRI and reported six resting-state networks. These include the parieto-cerebellar network, the medio-lateral prefrontal network, and the bilateral basal ganglia network, in addition to the visual, sensorimotor, and auditory networks, similar to the adult networks. However, the cortical midline network (the default-mode network [DMN]: where activity is higher when at rest than when performing a particular task; Raichle et al., 2001) was not readily apparent in the neonate brain. Indeed, when the same researchers further examined cortical hubs in the neonates, they showed that the majority of hubs are located in the visual, sensorimotor, and auditory networks, whereas many hubs are located in the DMN in adults (Fransson et al., 2011). Functional connectivity networks (at least their precursors) seem to rapidly develop during the first year of life (infancy). Indeed, Gao et al. (2016) recently demonstrated the development of nine functional connectivity networks that include the DMN during infancy.

In children, de Bie et al. (2012) measured resting-state functional connectivity with fMRI in 5–8-year-old awake children and identified 14 components. They reported that among these networks, those for basic motor function and sensory-related processing seemed to have a functional organization similar to mature adult patterns. In contrast, the DMN and other networks involving higher-order cognitive functions exhibited immature characteristics. Furthermore, Fair et al. (2009) measured resting-state functional connectivity with fMRI in 7–9-year-old children, 10–15-year-old children and adults and showed the possibility that functional maturation is driven both by the segregation of nearby functional areas and by the integration of distant regions into a functional network. Interestingly, they found that adult-like functional integration in the DMN is still immature in the 10–15-year-old children. If we consider the fact that the adult DMN is usually formed by the medial prefrontal cortices, the medial parietal cortices, the temporal parietal junction, and the temporal cortices, corresponding to the social brain network (Mars et al., 2012; Takahashi et al., 2014), the slower DMN maturation might be associated with the slower development of social cognitive function described above.

We should also point out the possibility that the process of forming a functional network continues for a relatively long time even in the basic brain system for motor function. For example, a functional network in the M1 continues to change even during the school-age period. Nebel et al. (2014) measured the resting-state brain activity in 8–12-year-old children and adults with fMRI. They examined the somatotopic organization of the M1 and found that body representations for the upper and lower limbs were differentiated in the 11- and 12-year-old children as in adults; however, in the 8- and 9-year-old children, this differentiation was not observed (Nebel et al., 2014). Thus, it is conceivable that, in children younger than 10 years of age, somatotopic organization in M1 is still in the process of maturation.

The technical advances in network analysis have reached a level that enables the estimation of brain age by analyzing the connectivity of the brain network (Dosenbach et al., 2010). Dosenbach et al. (2010) measured resting-state brain activity for several minutes by fMRI in participants ranging in age from 7 to 30 years old and performed a pattern classification analysis using the data obtained from as many as 160 brain regions. They found that the strength of functional connectivity among remote brain regions tended to increase with increasing age and that the strength of functional connectivity among close brain regions tended to decrease with increasing age. By using this type of pattern analysis, the brain age can be estimated. From the viewpoint of functional connectivity of the brain, the authors suggested that the maturation of the brain appears to continue until approximately the age of 22. However, it is still unknown whether developmental change in functional connectivity is related to structural changes, such as myelination and synaptic pruning. This is an interesting and important issue to be solved in terms of plasticity in the brain.

Finally, advances in brain network research are not only clarifying the route to typical development, but also approaching an understanding of brains with atypical development. There has been an increasing number of studies (see below) on the network analyses of the brains of individuals with autism spectrum disorders (ASD), which are characterized by persistent deficits in social communication and social interaction, in conjunction with restricted, repetitive patterns of behavior, interests, or activities (Diagnostic and Statistical Manual of Mental Disorders, DSM-5, American Psychiatric Association, 2013). The network analysis was introduced because the pathology of ASD was not fully explained by a disorder in a specific part of the brain, and evidence is accumulating to show that abnormalities in network connectivity better explain the pathology of ASD.

Indeed, the recent view is that functional connectivity between remote brain regions is weak in individuals with ASD (Schipul et al., 2011; Vissers et al., 2012). In particular, the functional connectivity between the medial prefrontal cortex and the posterior cingulate gyrus that constitutes the DMN is weaker in individuals with ASD than in neurotypical individuals, and this connectivity has been reported to be correlated with the degree of social disorders (Weng et al., 2010; Jung et al., 2014). At the same time, the functional connectivity among nearby brain regions seems to increase in individuals with ASD, although the body of evidence is still limited (Courchesne and Pierce, 2005; Maximo et al., 2013). The characteristic functional connectivity in individuals with ASD is also found in the basic motor system. Namely, the less differentiated somatotopical representations in M1 are still observable in the 11- and 12-year-old children with ASD (see above and Nebel et al., 2014).

As discussed above, the pathology of ASD, which could not be clarified by functional mapping studies alone, is becoming clear by understanding functional networks. In the future, we hope that these findings will advance studies in the early diagnosis of ASD and will support individuals with ASD.

CONCLUSION

In this article, we have described the changes that the brain undergoes both structurally and functionally over approximately the 20 years after birth. In neuroimaging studies in children, brain activities are often measured based on behavioral findings already obtained in the field of developmental psychology. However, developmental changes in the brain do not necessarily correspond to changes at the behavioral level. Even when similar behaviors are observed, the ways of processing that generate the behaviors can be varied. Indeed, the review of previous studies indicates that there seems to be a significant difference between how children use the brain and how adults use the brain, even though no significant differences are observed at the behavioral level. Normal perceptual, cognitive, and motor functions are acquired in and around the school-age period, but the specialization and the efficient information processing of these functions have yet to mature in the brain. In other words, the true meaning of brain development can only be understood by examining the brains of children structurally, functionally and at the network level.

Furthermore, there is more to developmental cognitive neuroscience than understanding human development. The most notable characteristic of the brain is its plasticity; in modern brain science, it has become commonly accepted that even the injured brain of an adult is expected to recover its functions by plasticity. Understanding how neural circuits are formed in the developmental stages of the brain and how pruning and functional inhibition are accomplished to realize a certain function should shed light on the strategy that the brain uses in order to restore damaged functions after injury. Finally, to understand the brain correctly is to understand humans correctly. Developmental cognitive neuroscience using neuroimaging technology contributes to the correct understanding of human beings.

AUTHOR CONTRIBUTIONS

All authors (TM, MA, and EN) discussed the material presented in this review, wrote the manuscript, and approved the final version of the manuscript for submission.

ACKNOWLEDGMENTS

This work was supported by Japan Society for the Promotion of Science: Grant-in-Aid for Specially Promoted Research (No. 24000012), by Scientific Research on Innovative Areas “Embodied-brain” (No. 26120003) to EN, and by Grant-in-Aid for young scientist to TM (No. 15K21138).

REFERENCES


American Psychiatric Association. (2013). Diagnostic and Statistical Manual of Mental Disorders. 5th Edn. Washington D.C.: American Psychiatric Association.


Anderson, A. W., Marois, R., Colson, E. R., Peterson, B. S., Duncan, C. C., Ehrenkranz, R. A., et al. (2001). Neonatal auditory activation detected by functional magnetic resonance imaging. Magn. Reson. Imaging 19, 1–5. doi: 10.1016/s0730-725x(00)00231-9

Barnea-Goraly, N., Menon, V., Eckert, M., Tamm, L., Bammer, R., Karchemskiy, A., et al. (2005). White matter development during childhood and adolescence: a cross-sectional diffusion tensor imaging study. Cereb. Cortex 15, 1848–1854. doi: 10.1093/cercor/bhi062

Baron-Cohen, S., Leslie, A. M., and Frith, U. (1985). Does the autistic child have a ‘theory of mind’? Cognition 21, 37–46. doi: 10.1016/0010-0277(85)90022-8

Benes, F. M. (1989). Myelination of cortical-hippocampal relays during late adolescence. Schizophr. Bull. 15, 585–593. doi: 10.1093/schbul/15.4.585

Biswal, B. (2012). Resting state fMRI: a personal history. Neuroimage 62, 938–944. doi: 10.1016/j.neuroimage.2012.01.090

Biswal, B., Yetkin, F. Z., Haughton, V. M., and Hyde, J. S. (1995). Functional connectivity in the motor cortex of resting human brain using echo-planar MRI. Magn. Reson. Med. 34, 537–541. doi: 10.1002/mrm.1910340409

Blakemore, S. J. (2012). Imaging brain development: the adolescent brain. Neuroimage 61, 397–406. doi: 10.1016/j.neuroimage.2011.11.080

Blakemore, S. J., and Choudhury, S. (2006). Development of the adolescent brain: implications for executive function and social cognition. J. Child Psychol. Psychiatry 47, 296–312. doi: 10.1111/j.1469-7610.2006.01611.x

Blakemore, S. J., den Ouden, H., Choudhury, S., and Frith, C. (2007). Adolescent development of the neural circuitry for thinking about intentions. Soc. Cogn. Affect. Neurosci. 2, 130–139. doi: 10.1093/scan/nsm009

Born, P., Leth, H., Miranda, M. J., Rostrup, E., Stensgaard, A., Peitersen, B., et al. (1998). Visual activation in infants and young children studied by functional magnetic resonance imaging. Pediatr. Res. 44, 578–583. doi: 10.1203/00006450-199810000-00018


Bourgeois, J. P., and Rakic, P. (1993). Changes of synaptic density in the primary visual cortex of the macaque monkey from fetal to adult stage. J. Neurosci. 13, 2801–2820.



Brothers, L. (1990). The social brain: a project for integrating primate behavior and neurophysiology in a new domain. Concepts Neurosci. 1, 27–51.


Casey, B. J., Getz, S., and Galvan, A. (2008). The adolescent brain. Dev. Rev. 28, 62–77. doi: 10.1016/j.dr.2007.08.003

Casey, B. J., Tottenham, N., Liston, C., and Durston, S. (2005). Imaging the developing brain: what have we learned about cognitive development? Trends Cogn. Sci. 9, 104–110. doi: 10.1016/j.tics.2005.01.011

Chelune, G. J., and Baer, R. A. (1986). Developmental norms for the Wisconsin Card Sorting test. J. Clin. Exp. Neuropsychol. 8, 219–228. doi: 10.1080/01688638608401314

Chugani, H. T., and Phelps, M. E. (1986). Maturational changes in cerebral function in infants determined by 18FDG positron emission tomography. Science 231, 840–843. doi: 10.1126/science.3945811

Cohen Kadosh, K., and Johnson, M. H. (2007). Developing a cortex specialized for face perception. Trends Cogn. Sci. 11, 367–369. doi: 10.1016/j.tics.2007.06.007

Courage, M. L., and Adams, R. J. (1990). Visual acuity assessment from birth to three years using the acuity card procedure: cross-sectional and longitudinal samples. Optom. Vis. Sci. 67, 713–718. doi: 10.1097/00006324-199009000-00011

Courchesne, E., and Pierce, K. (2005). Why the frontal cortex in autism might be talking only to itself: local over-connectivity but long-distance disconnection. Curr. Opin. Neurobiol. 15, 225–230. doi: 10.1016/j.conb.2005.03.001

Cragg, B. G. (1975). The density of synapses and neurons in normal, mentally defective and ageing human brains. Brain 98, 81–90. doi: 10.1093/brain/98.1.81

Crookes, K., and McKone, E. (2009). Early maturity of face recognition: no childhood development of holistic processing, novel face encoding, or face-space. Cognition 111, 219–247. doi: 10.1016/j.cognition.2009.02.004

Csibra, G., Henty, J., Volein, Á., Elwell, C., Tucker, L., Meek, J., et al. (2004). Near infrared spectroscopy reveals neural activation during face perception in infants and adult. J. Pediatr. Neurol. 2, 85–89. doi: 10.1055/s-0035-1557198

de Bie, H. M., Boersma, M., Adriaanse, S., Veltman, D. J., Wink, A. M., Roosendaal, S. D., et al. (2012). Resting-state networks in awake five- to eight-year old children. Hum. Brain Mapp. 33, 1189–1201. doi: 10.1002/hbm.21280

de Bie, H. M., Boersma, M., Wattjes, M. P., Adriaanse, S., Vermeulen, R. J., Oostrom, K. J., et al. (2010). Preparing children with a mock scanner training protocol results in high quality structural and functional MRI scans. Eur. J. Pediatr. 169, 1079–1085. doi: 10.1007/s00431-010-1181-z

de Haan, M., Pascalis, O., and Johnson, M. H. (2002). Specialization of neural mechanisms underlying face recognition in human infants. J. Cogn. Neurosci. 14, 199–209. doi: 10.1162/089892902317236849

de Heering, A., and Rossion, B. (2015). Rapid categorization of natural face images in the infant right hemisphere. Elife 4:e06564. doi: 10.7554/elife.06564

Dehaene-Lambertz, G., Dehaene, S., and Hertz-Pannier, L. (2002). Functional neuroimaging of speech perception in infants. Science 298, 2013–2015. doi: 10.1126/science.1077066

Deutsch, G. K., Dougherty, R. F., Bammer, R., Siok, W. T., Gabrieli, J. D., and Wandell, B. (2005). Children’s reading performance is correlated with white matter structure measured by diffusion tensor imaging. Cortex 41, 354–363. doi: 10.1016/S0010-9452(08)70272-7

DeYoung, C. G., Hirsh, J. B., Shane, M. S., Papademetris, X., Rajeevan, N., and Gray, J. R. (2010). Testing predictions from personality neuroscience: brain structure and the big five. Psychol. Sci. 21, 820–828. doi: 10.1177/0956797610370159

Dosenbach, N. U., Nardos, B., Cohen, A. L., Fair, D. A., Power, J. D., Church, J. A., et al. (2010). Prediction of individual brain maturity using fMRI. Science 329, 1358–1361. doi: 10.1126/science.1194144

Ellemberg, D., Lewis, T. L., Liu, C. H., and Maurer, D. (1999). The development of spatial and temporal vision during childhood. Vision Res. 39, 2325–2333. doi: 10.1016/s0042-6989(98)00280-6

Fair, D. A., Cohen, A. L., Power, J. D., Dosenbach, N. U., Church, J. A., Miezin, F. M., et al. (2009). Functional brain networks develop from a “local to distributed” organization. PLoS Comput. Biol. 5:e1000381. doi: 10.1371/journal.pcbi.1000381

Fox, M. D., and Raichle, M. E. (2007). Spontaneous fluctuations in brain activity observed with functional magnetic resonance imaging. Nat. Rev. Neurosci. 8, 700–711. doi: 10.1038/nrn2201

Fransson, P., Aden, U., Blennow, M., and Lagercrantz, H. (2011). The functional architecture of the infant brain as revealed by resting-state fMRI. Cereb. Cortex 21, 145–154. doi: 10.1093/cercor/bhq071

Fransson, P., Skiöld, B., Engström, M., Hallberg, B., Mosskin, M., Aden, U., et al. (2009). Spontaneous brain activity in the newborn brain during natural sleep—an fMRI study in infants born at full term. Pediatr. Res. 66, 301–305. doi: 10.1203/pdr.0b013e3181b1bd84

Fransson, P., Skiöld, B., Horsch, S., Nordell, A., Blennow, M., Lagercrantz, H., et al. (2007). Resting-state networks in the infant brain. Proc. Natl. Acad. Sci. U S A 104, 15531–15536. doi: 10.1073/pnas.0704380104

Frith, C. D., and Frith, U. (1999). Interacting minds—a biological basis. Science 286, 1692–1695. doi: 10.1126/science.286.5445.1692

Frith, C. D., and Frith, U. (2006). The neural basis of mentalizing. Neuron 50, 531–534. doi: 10.1016/j.neuron.2006.05.001

Gallagher, H. L., and Frith, C. D. (2003). Functional imaging of ‘theory of mind’. Trends Cogn. Sci. 7, 77–83. doi: 10.1016/s1364-6613(02)00025-6

Gao, W., Lin, W., Grewen, K., and Gilmore, J. H. (2016). Functional connectivity of the infant human brain: plastic and modifiable. Neuroscientist doi: 10.1177/1073858416635986 [Epub ahead of print].


Gaser, C., and Schlaug, G. (2003). Brain structures differ between musicians and non-musicians. J. Neurosci. 23, 9240–9245.


Germine, L. T., Duchaine, B., and Nakayama, K. (2011). Where cognitive development and aging meet: face learning ability peaks after age 30. Cognition 118, 201–210. doi: 10.1016/j.cognition.2010.11.002

Gervain, J., Mehler, J., Werker, J. F., Nelson, C. A., Csibra, G., Lloyd-Fox, S., et al. (2011). Near-infrared spectroscopy: a report from the McDonnell infant methodology consortium. Dev. Cogn. Neurosci. 1, 22–46. doi: 10.1016/j.dcn.2010.07.004

Giedd, J. N., Blumenthal, J., Jeffries, N. O., Castellanos, F. X., Liu, H., Zijdenbos, A., et al. (1999). Brain development during childhood and adolescence: a longitudinal MRI study. Nat. Neurosci. 2, 861–863. doi: 10.1038/13158

Gilmore, J. H., Shi, F., Woolson, S. L., Knickmeyer, R. C., Short, S. J., Lin, W., et al. (2012). Longitudinal development of cortical and subcortical gray matter from birth to 2 years. Cereb. Cortex 22, 2478–2485. doi: 10.1093/cercor/bhr327

Glantz, L. A., Gilmore, J. H., Hamer, R. M., Lieberman, J. A., and Jarskog, L. F. (2007). Synaptophysin and postsynaptic density protein 95 in the human prefrontal cortex from mid-gestation into early adulthood. Neuroscience 149, 582–591. doi: 10.1016/j.neuroscience.2007.06.036

Goffaux, V., Poncin, A., and Schiltz, C. (2015). Selectivity of face perception to horizontal information over lifespan (from 6 to 74 year old). PLoS One 10:e0138812. doi: 10.1371/journal.pone.0138812

Gogtay, N., Giedd, J. N., Lusk, L., Hayashi, K. M., Greenstein, D., Vaituzis, A. C., et al. (2004). Dynamic mapping of human cortical development during childhood through early adulthood. Proc. Natl. Acad. Sci. U S A 101, 8174–8179. doi: 10.1073/pnas.0402680101

Golarai, G., Ghahremani, D. G., Whitfield-Gabrieli, S., Reiss, A., Eberhardt, J. L., Gabrieli, J. D., et al. (2007). Differential development of high-level visual cortex correlates with category-specific recognition memory. Nat. Neurosci. 10, 512–522. doi: 10.1038/nn1865

Goldberg, L. R. (1990). An alternative “description of personality”: the big-five factor structure. J. Pers. Soc. Psychol. 59, 1216–1229. doi: 10.1037/0022-3514.59.6.1216

Grossmann, T., Oberecker, R., Koch, S. P., and Friederici, A. D. (2010). The developmental origins of voice processing in the human brain. Neuron 65, 852–858. doi: 10.1016/j.neuron.2010.03.001

Gweon, H., Dodell-Feder, D., Bedny, M., and Saxe, R. (2012). Theory of mind performance in children correlates with functional specialization of a brain region for thinking about thoughts. Child Dev. 83, 1853–1868. doi: 10.1111/j.1467-8624.2012.01829.x

Halit, H., de Haan, M., and Johnson, M. H. (2003). Cortical specialisation for face processing: face-sensitive event-related potential components in 3- and 12-month-old infants. Neuroimage 19, 1180–1193. doi: 10.1016/s1053-8119(03)00076-4

Homae, F., Watanabe, H., Otobe, T., Nakano, T., Go, T., Konishi, Y., et al. (2010). Development of global cortical networks in early infancy. J. Neurosci. 30, 4877–4882. doi: 10.1523/jneurosci.5618-09.2010

Huttenlocher, P. R. (1979). Synaptic density in human frontal cortex—developmental changes and effects of aging. Brain Res. 163, 195–205. doi: 10.1016/0006-8993(79)90349-4

Huttenlocher, P. R., and Dabholkar, A. S. (1997). Regional differences in synaptogenesis in human cerebral cortex. J. Comp. Neurol. 387, 167–178. doi: 10.10.1002/(SICI)1096-9861(19971020)387:2<167::AID-CNE1>3.0.CO;2-Z

Huttenlocher, P. R., de Courten, C., Garey, L. J., and Van der Loos, H. (1982). Synaptogenesis in human visual cortex—evidence for synapse elimination during normal development. Neurosci. Lett. 33, 247–252. doi: 10.1016/0304-3940(82)90379-2

Ivry, R. B. (1996). The representation of temporal information in perception and motor control. Curr. Opin. Neurobiol. 6, 851–857. doi: 10.1016/s0959-4388(96)80037-7

Jernigan, T. L., Trauner, D. A., Hesselink, J. R., and Tallal, P. A. (1991). Maturation of human cerebrum observed in vivo during adolescence. Brain 114, 2037–2049. doi: 10.1093/brain/114.5.2037


Johnson, M. H. (1997). Developmental Cognitive Neuroscience: An Introduction. Oxford: Blackwell.


Johnson, M. H. (2001). Functional brain development in humans. Nat. Rev. Neurosci. 2, 475–483. doi: 10.1038/35081509

Jung, M., Kosaka, H., Saito, D. N., Ishitobi, M., Morita, T., Inohara, K., et al. (2014). Default mode network in young male adults with autism spectrum disorder: relationship with autism spectrum traits. Mol. Autism 5:35. doi: 10.1186/2040-2392-5-35

Kanai, R., and Rees, G. (2011). The structural basis of inter-individual differences in human behaviour and cognition. Nat. Rev. Neurosci. 12, 231–242. doi: 10.1038/nrn3000

Khan, A. A., Wadhwa, S., and Bijlani, V. (1994). Development of human lateral geniculate nucleus: an electron microscopic study. Int. J. Dev. Neurosci. 12, 661–672. doi: 10.1016/0736-5748(94)90018-3

Kharitonova, M., Martin, R. E., Gabrieli, J. D., and Sheridan, M. A. (2013). Cortical gray-matter thinning is associated with age-related improvements on executive function tasks. Dev. Cogn. Neurosci. 6, 61–71. doi: 10.1016/j.dcn.2013.07.002

Klingberg, T., Vaidya, C. J., Gabrieli, J. D., Moseley, M. E., and Hedehus, M. (1999). Myelination and organization of the frontal white matter in children: a diffusion tensor MRI study. Neuroreport 10, 2817–2821. doi: 10.1097/00001756-199909090-00022

Knickmeyer, R. C., Gouttard, S., Kang, C., Evans, D., Wilber, K., Smith, J. K., et al. (2008). A structural MRI study of human brain development from birth to 2 years. J. Neurosci. 28, 12176–12182. doi: 10.1523/jneurosci.3479-08.2008

Kozberg, M. G., Chen, B. R., DeLeo, S. E., Bouchard, M. B., and Hillman, E. M. (2013). Resolving the transition from negative to positive blood oxygen level-dependent responses in the developing brain. Proc. Natl. Acad. Sci. U S A 110, 4380–4385. doi: 10.1073/pnas.1212785110

Krings, T., Töpper, R., Foltys, H., Erberich, S., Sparing, R., Willmes, K., et al. (2000). Cortical activation patterns during complex motor tasks in piano players and control subjects: a functional magnetic resonance imaging study. Neurosci. Lett. 278, 189–193. doi: 10.1016/s0304-3940(99)00930-1

Kuefner, D., de Heering, A., Jacques, C., Palmero-Soler, E., and Rossion, B. (2010). Early visually evoked electrophysiological responses over the human brain (P1, N170) show stable patterns of face-sensitivity from 4 years to adulthood. Front. Hum. Neurosci. 3:67. doi: 10.3389/neuro.09.067.2009

Lebel, C., Walker, L., Leemans, A., Phillips, L., and Beaulieu, C. (2008). Microstructural maturation of the human brain from childhood to adulthood. Neuroimage 40, 1044–1055. doi: 10.1016/j.neuroimage.2007.12.053

Liu, D., Sabbagh, M. A., Gehring, W. J., and Wellman, H. M. (2009). Neural correlates of children’s theory of mind development. Child Dev. 80, 318–326. doi: 10.1111/j.1467-8624.2009.01262.x

Logothetis, N. K., Pauls, J. M., Augath, M. A., Trinath, T., and Oeltermann, A. (2001). Neurophysiological investigation of the basis of the fMRI signal. Nature 412, 150–157. doi: 10.1038/35084005

Lu, L. H., Leonard, C. M., Thompson, P. M., Kan, E., Jolley, J., Welcome, S. E., et al. (2007). Normal developmental changes in inferior frontal gray matter are associated with improvement in phonological processing: a longitudinal MRI analysis. Cereb. Cortex 17, 1092–1099. doi: 10.1093/cercor/bhl019

Lund, J. S., Boothe, R. G., and Lund, R. D. (1977). Development of neurons in the visual cortex (area 17) of the monkey (Macaca nemestrina): a Golgi study from fetal day 127 to postnatal maturity. J. Comp. Neurol. 176, 149–188. doi: 10.1002/cne.901760203

Maguire, E. A., Gadian, D. G., Johnsrude, I. S., Good, C. D., Ashburner, J., Frackowiak, R. S., et al. (2000). Navigation-related structural change in the hippocampi of taxi drivers. Proc. Natl. Acad. Sci. U S A 97, 4398–4403. doi: 10.1073/pnas.070039597

Mars, R. B., Neubert, F. X., Noonan, M. P., Sallet, J., Toni, I., and Rushworth, M. F. S. (2012). On the relationship between the “default mode network” and the “social brain”. Front. Hum. Neurosci. 6:189. doi: 10.3389/fnhum.2012.00189

Martin, E., Joeri, P., Loenneker, T., Ekatodramis, D., Vitacco, D., Hennig, J., et al. (1999). Visual processing in infants and children studied using functional MRI. Pediatr. Res. 46, 135–140. doi: 10.1203/00006450-199908000-00001

Maximo, J. O., Keown, C. L., Nair, A., and Müller, R. A. (2013). Approaches to local connectivity in autism using resting state functional connectivity MRI. Front. Hum. Neurosci. 7:605. doi: 10.3389/fnhum.2013.00605

Mayer, D. L., and Dobson, V. (1982). Visual acuity development in infants and young children as assessed by operant preferential looking. Vision Res. 22, 1141–1151. doi: 10.1016/0042-6989(82)90079-7

McKone, E., Stokes, S., Liu, J., Cohen, S., Fiorentini, C., Pidcock, M., et al. (2012). A robust method of measuring other-race and other-ethnicity effects: the Cambridge face memory test format. PLoS One 7:e47956. doi: 10.1371/journal.pone.0047956

Miki, K., Honda, Y., Takeshima, Y., Watanabe, S., and Kakigi, R. (2015). Differential age-related changes in N170 responses to upright faces, inverted faces and eyes in Japanese children. Front. Hum. Neurosci. 9:263. doi: 10.3389/fnhum.2015.00263

Minagawa-Kawai, Y., Mori, K., Hebden, J. C., and Dupoux, E. (2008). Optical imaging of infants’ neurocognitive development: recent advances and perspectives. Dev. Neurobiol. 68, 712–728. doi: 10.1002/dneu.20618

Miranda, S. B. (1970). Visual abilities and pattern preferences of premature and full-term neonates. J. Exp. Child Psychol. 10, 189–205. doi: 10.1016/0022-0965(70)90071-8

Mondloch, C. J., Le Grand, R., and Maurer, D. (2002). Configural face processing develops more slowly than featural face processing. Perception 31, 553–566. doi: 10.1068/p3339

Morita, T., Kochiyama, T., Yamada, H., Konishi, Y., Yonekura, Y., Matsumura, M., et al. (2000). Difference in the metabolic response to photic stimulation of the lateral geniculate nucleus and the primary visual cortex of infants: a fMRI study. Neurosci. Res. 38, 63–70. doi: 10.1016/s0168-0102(00)00146-2


Morita, T., Saito, D. N., Ban, M., Shimada, K., Okamoto, Y., Kosaka, H., et al. (2016). “Development of right inferior fronto-parietal cortices associated with self-face recognition,” 22nd Annual Meeting of the Organization for Human Brain Mapping (Geneva).


Munakata, Y., Casey, B. J., and Diamond, A. (2004). Developmental cognitive neuroscience: progress and potential. Trends Cogn. Sci. 8, 122–128. doi: 10.1016/j.tics.2004.01.005

Nagy, Z., Westerberg, H., and Klingberg, T. (2004). Maturation of white matter is associated with the development of cognitive functions during childhood. J. Cogn. Neurosci. 16, 1227–1233. doi: 10.1162/0898929041920441

Naito, E., and Hirose, S. (2014). Efficient foot motor control by Neymar’s brain. Front. Hum. Neurosci. 8:594. doi: 10.3389/fnhum.2014.00594


Naito, E., Morita, T., and Asada, M. (2016). “Immature cerebro-cerebellar interaction for timing motor control in children,” in 22nd Annual Meeting of the Organization for Human Brain Mapping (Geneva).


Nebel, M. B., Joel, S. E., Muschelli, J., Barber, A. D., Caffo, B. S., Pekar, J. J., et al. (2014). Disruption of functional organization within the primary motor cortex in children with autism. Hum. Brain Mapp. 35, 567–580. doi: 10.1002/hbm.22188

Otsuka, Y. (2014). Face recognition in infants: a review of behavioral and near-infrared spectroscopic studies. Jpn. Psychol. Res. 56, 76–90. doi: 10.1111/jpr.12024

Passarotti, A. M., Paul, B. M., Bussiere, J. R., Buxton, R. B., Wong, E. C., and Stiles, J. (2003). The development of face and location processing: an fMRI study. Dev. Sci. 6, 100–117. doi: 10.1111/1467-7687.00259

Paus, T., Collins, D. L., Evans, A. C., Leonard, G., Pike, B., and Zijdenbos, A. (2001). Maturation of white matter in the human brain: a review of magnetic resonance studies. Brain Res. Bull. 54, 255–266. doi: 10.1016/s0361-9230(00)00434-2

Petanjek, Z., Judaš, M., Šimic, G., Rasin, M. R., Uylings, H. B., Rakic, P., et al. (2011). Extraordinary neoteny of synaptic spines in the human prefrontal cortex. Proc. Natl. Acad. Sci. U S A 108, 13281–13286. doi: 10.1073/pnas.1105108108

Picard, N., Matsuzaka, Y., and Strick, P. L. (2013). Extended practice of a motor skill is associated with reduced metabolic activity in M1. Nat. Neurosci. 16, 1340–1347. doi: 10.1038/nn.3477

Provis, J. M., van Driel, D., Billson, F. A., and Russell, P. (1985). Human fetal optic nerve: overproduction and elimination of retinal axons during development. J. Comp. Neurol. 238, 92–100. doi: 10.1002/cne.902380108

Raichle, M. E., MacLeod, A. M., Snyder, A. Z., Powers, W. J., Gusnard, D. A., and Shulman, G. L. (2001). A default mode of brain function. Proc. Natl. Acad. Sci. U S A 98, 676–682. doi: 10.1073/pnas.98.2.676

Rakic, P., Bourgeois, J. P., Eckenhoff, M. F., Zecevic, N., and Goldman-Rakic, P. S. (1986). Concurrent overproduction of synapses in diverse regions of the primate cerebral cortex. Science 232, 232–235. doi: 10.1126/science.3952506

Raschle, N., Zuk, J., Ortiz-Mantilla, S., Sliva, D. D., Franceschi, A., Grant, P. E., et al. (2012). Pediatric neuroimaging in early childhood and infancy: challenges and practical guidelines. Ann. N. Y. Acad. Sci. 1252, 43–50. doi: 10.1111/j.1749-6632.2012.06457.x

Redcay, E., Kennedy, D. P., and Courchesne, E. (2007). fMRI during natural sleep as a method to study brain function during early childhood. Neuroimage 38, 696–707. doi: 10.1016/j.neuroimage.2007.08.005

Rossion, B., and Jacques, C. (2008). Does physical interstimulus variance account for early electrophysiological face sensitive responses in the human brain? Ten lessons on the N170. Neuroimage 39, 1959–1979. doi: 10.1016/j.neuroimage.2007.10.011

Scherf, K. S., Behrmann, M., Humphreys, K., and Luna, B. (2007). Visual category-selectivity for faces, places and objects emerges along different developmental trajectories. Dev. Sci. 10, F15–F30. doi: 10.1111/j.1467-7687.2007.00595.x

Schipul, S. E., Keller, T. A., and Just, M. A. (2011). Inter-regional brain communication and its disturbance in autism. Front. Syst. Neurosci. 5:10. doi: 10.3389/fnsys.2011.00010

Schmithorst, V. J., Wilke, M., Dardzinski, B. J., and Holland, S. K. (2005). Cognitive functions correlate with white matter architecture in a normal pediatric population: a diffusion tensor MRI study. Hum. Brain Mapp. 26, 139–147. doi: 10.1002/hbm.20149

Shaw, P., Greenstein, D., Lerch, J., Clasen, L., Lenroot, R., Gogtay, N., et al. (2006). Intellectual ability and cortical development in children and adolescents. Nature 440, 676–679. doi: 10.1038/nature04513

Shaw, P., Kabani, N. J., Lerch, J. P., Eckstrand, K., Lenroot, R., Gogtay, N., et al. (2008). Neurodevelopmental trajectories of the human cerebral cortex. J. Neurosci. 28, 3586–3594. doi: 10.1523/jneurosci.5309-07.2008

Slifer, K. J. (1996). A video system to help children cooperate with motion control for radiation treatment without sedation. J. Pediatr. Oncol. Nurs. 13, 91–97. doi: 10.1016/s1043-4542(96)90061-2

Slifer, K. J., Koontz, K. L., and Cataldo, M. F. (2002). Operant-contingency-based preparation of children for functional magnetic resonance imaging. J. Appl. Behav. Anal. 35, 191–194. doi: 10.1901/jaba.2002.35-191

Sowell, E. R., Thompson, P. M., Leonard, C. M., Welcome, S. E., Kan, E., and Toga, A. W. (2004). Longitudinal mapping of cortical thickness and brain growth in normal children. J. Neurosci. 24, 8223–8231. doi: 10.1523/jneurosci.1798-04.2004

Sowell, E. R., Trauner, D. A., Gamst, A., and Jernigan, T. L. (2002). Development of cortical and subcortical brain structures in childhood and adolescence: a structural MRI study. Dev. Med. Child Neurol. 44, 4–16. doi: 10.1111/j.1469-8749.2002.tb00253.x

Susilo, T., Germine, L., and Duchaine, B. (2013). Face recognition ability matures late: evidence from individual differences in young adults. J. Exp. Psychol. Hum. Percept. Perform. 39, 1212–1217. doi: 10.1037/a0033469

Taga, G., Aasakawa, K., Maki, A., Konishi, Y., and Koizumi, H. (2003). Brain imaging in awake infants by near-infrared optical topography. Proc. Natl. Acad. Sci. U S A 100, 10722–10727. doi: 10.1073/pnas.1932552100

Takahashi, H., Terada, K., Morita, T., Suzuki, S., Haji, T., Kozima, H., et al. (2014). Different impressions of other agents obtained through social interaction uniquely modulate dorsal and ventral pathway activities in the social human brain. Cortex 58, 289–300. doi: 10.1016/j.cortex.2014.03.011

Tau, G. Z., and Peterson, B. S. (2010). Normal development of brain circuits. Neuropsychopharmacology 35, 147–168. doi: 10.1038/npp.2009.115

Taylor, M. J., Batty, M., and Itier, R. J. (2004). The faces of development: a review of early face processing over childhood. J. Cogn. Neurosci. 16, 1426–1442. doi: 10.1162/0898929042304732

Tzourio-Mazoyer, N., De Schonen, S., Crivello, F., Reutter, B., Aujard, Y., and Mazoyer, B. (2002). Neural correlates of woman face processing by 2-month-old infants. Neuroimage 15, 454–461. doi: 10.1006/nimg.2001.0979

van Hof-van Duin, J., and Mohn, G. (1986). Visual field measurements, optokinetic nystagmus and the visual threatening response: normal and abnormal development. Doc. Ophthalmol. Proc. Ser. 45, 305–316. doi: 10.1007/978-94-009-4263-9_43

Vissers, M. E., Cohen, M. X., and Geurts, H. M. (2012). Brain connectivity and high functioning autism: a promising path of research that needs refined models, methodological convergence and stronger behavioral links. Neurosci. Biobehav. Rev. 36, 604–625. doi: 10.1016/j.neubiorev.2011.09.003


Wadhwa, S., Takács, J., Bijlani, V., and Hámori, J. (1988). Numerical estimates of GABA immunoreactive neurons in the human lateral geniculate nucleus in the prenatal period. Hum. Neurobiol. 6, 261–272.


Wang, A. T., Lee, S. S., Sigman, M., and Dapretto, M. (2006). Developmental changes in the neural basis of interpreting communicative intent. Soc. Cogn. Affect. Neurosci. 1, 107–121. doi: 10.1093/scan/nsl018

Watanabe, H., Homae, F., and Taga, G. (2012). Activation and deactivation in response to visual stimulation in the occipital cortex of 6-month-old human infants. Dev. Psychobiol. 54, 1–15. doi: 10.1002/dev.20569

Wellman, H. M., Cross, D., and Watson, J. (2001). Meta-analysis of theory-of- mind development: the truth about false belief. Child Dev. 72, 655–684. doi: 10.1111/1467-8624.00304

Welsh, M. C., Pennington, B., and Groisser, D. (1991). A normative-developmental study of executive function: a window on prefrontal function in children. Dev. Neuropsychol. 7, 131–149. doi: 10.1080/87565649109540483

Weng, S. J., Wiggins, J. L., Peltier, S. J., Carrasco, M., Risi, S., Lord, C., et al. (2010). Alterations of resting state functional connectivity in the default network in adolescents with autism spectrum disorders. Brain Res. 1313, 202–214. doi: 10.1016/j.brainres.2009.11.057


Wiesel, T. N., and Hubel, D. H. (1963). Single-cell responses in striate cortex of kittens deprived of vision in one eye. J. Neurophysiol. 26, 1003–1017.



Wilke, M., Holland, S. K., and Ball, W. S. Jr. (2003). Language processing during natural sleep in a 6-year-old boy, as assessed with functional MRI imaging. Am. J. Neuroradiol. 24, 42–44.



Yakovlev, P. I., and LeCours, A. R. (1967). “The myelogenetic cycles of regional maturation of the brain,” in Regional Development of the Brain Early in Life, ed. A. Minkowski (Boston, MA: Blackwell Scientific Publications Inc.), 3–70.


Yamada, H., Sadato, N., Konishi, Y., Kimura, K., Tanaka, M., Yonekura, Y., et al. (1997). A rapid brain metabolic change in infants detected by fMRI. Neuroreport 8, 3775–3778. doi: 10.1097/00001756-199712010-00024

Yeatman, J. D., Dougherty, R. F., Ben-Shachar, M., and Wandell, B. A. (2012). Development of white matter and reading skills. Proc. Natl. Acad. Sci. U S A 109, E3045–E3053. doi: 10.1073/pnas.1206792109

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Morita, Asada and Naito. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution and reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnhum-10-00464-g002.gif
A Visual cortex B LGN
3 A <8 weeks © > 8 weeks 15 A <8 weeks ® > 8 weeks
1
8 SN
9 o
2 2 o
g g
£ £
5 5 .
E z 05
b .2
2
On On
-15 30 60 90 120

[s]





OPS/images/crossmark.jpg





OPS/images/fnhum-10-00464-g001.gif
Structural development

Inverted U-shaped change

Gray matter

Volume
Thickness
Synaptic density

age
Linear change

White matter

Volume
Myelination






OPS/images/cover.jpg
’ frontiers

1IN Human Neuroscience

Contribution of Neuroimaging
Studies to Understanding
Development of Human Cognitive
Brain Functions









OPS/images/logo.jpg
’ frontiers )
in Human Neuroscience





