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ABSTRACT 
 

In the first 20 years of life, the human brain undergoes tremendous growth in size, weight, 

and synaptic connectedness. Over the same time period, a person achieves remarkable 

transformations in perception, thought, and behavior. One important area of development 

is face processing ability, or the ability to quickly and accurately extract extensive 

information about a person’s identity, emotional state, attractiveness, intention, and 

numerous other types of information that are crucial to everyday social interaction and 

communication. Associating particular brain changes with specific behavioral and 

intellectual developments has historically been a serious challenge for researchers. 

Fortunately, modern neuroimaging is dramatically advancing our ability to make 

associations between morphological and behavioral developments. In this article, we 

demonstrate how neuroimaging has revolutionized our understanding of the development 

of face processing ability to show that this essential perceptual and cognitive skill matures 

consistently yet slowly over the first two decades of life. In this manner, face processing 

is a model system of many areas of complex cognitive development. 
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INTRODUCTION 

The first two decades of life is a dynamic period for human brain development. A full-

term baby (39 to 40 gestational weeks) is born with its full complement of approximately 

85 to 100 billion neurons1, yet its brain is only one-quarter of the size that it will be as an 

adult. By 6 years of age, brain volume has reached 95% of adult size with peak volume 

reached between 10.5 years for girls and 14.5 years for boys2, 3. Peak brain weight is 

achieved in middle to late adolescence 4. This period of brain growth is characterized by 

exuberance in the connections of the brain that include the evolution of axonal and 

dendritic branches, the formation of synapses and dendritic spines throughout cortical 

and subcortical areas, and the myelination of axons (see Jernigan and Stiles, 

Construction of the human forebrain, WIREs Dev Biol, also in the collection How We 

Develop). During this same time, the pruning process results in the elimination of 

ineffective neurons and synaptic connections5. The outcome of this structural brain 

growth and pruning is the establishment and refinement of patterns of brain 

connectivity6.  

Coincident with these changes in brain structure is the equally remarkable evolution 

in functional abilities. Prominent examples include the rapid development of motor and 

sensory abilities in the first year of life, followed soon thereafter by remarkable gains in 

language and communication functions, perceptual discrimination expertise, logical 

reasoning, executive control, and social behavior. One of the greatest challenges for 

developmental scientists is documenting the neural basis for these rapidly developing 

functional abilities during typical child and adolescent development: This is the realm of 
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functional brain development. Meeting this challenge in humans increasingly relies on 

measures of brain activity captured with advanced functional neuroimaging technologies.  

The body of work on functional brain development is very large, encompassing many 

behavioral domains and functional abilities. Thus, a summary of the full literature is far 

too large for this review. Instead, this essay will focus on a single domain, face processing, 

to illustrate the kinds of changes that we observe in brain-behavior relationships as 

children gradually acquire processing proficiency and conceptual expertise. Face 

processing is a critically important perceptual ability; it is the cornerstone of human social 

interaction. Expertise in processing faces is acquired over a protracted period. 

Development of this skill begins early in infancy but extends well into adolescence. 

Indeed, Cohen Kadosh 7 considers face processing an exquisite target for developmental 

neuroimaging studies that can document experience-dependent changes in regional 

activation related to increasing expertise as well as a illustrate important changes in brain 

network connectivity related to expanding capabilities in complex cognitive; in this case, 

including complex social functioning. A selection of these observations is considered 

below..  

Measuring functional brain activity in human children and adolescents requires 

methods that are non-invasive and pose minimal risk for altering tissue development. 

Researchers today have a number of techniques at their disposal that meet these 

requirements. These techniques differ in their sensitivity to different aspects of brain 

function. Figure 1 provides a summary of the most commonly used techniques in 

developmental functional neuroimaging in terms of their spatial and temporal resolutions. 

Electroencephalography methods (EEG) and evoked-related potentials (ERP) measure 
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electrical signaling in the brain, magnetoencephalography (MEG) records magnetic 

signals, and functional magnetic resonance imaging (FMRI) assesses blood flow and 

oxygen level dynamics. The different techniques vary in their sensitivity to temporal and 

spatial properties of brain activity. Electrophysiological (EEG and ERP) provide excellent 

temporal resolution, allowing for the detection of brain events at the millisecond time-

scale, but the spatial localization of these signals is not as precise as other methods. By 

contrast, the temporal resolution of FMRI is measured in seconds, but the spatial 

localization of FMRI signals is measured in millimeters. 

 

DEVELOPING AN EXPERTISE FOR PROCESSING FACES 

Basic brain architecture. The fact that the human brain treats the visual processing of 

faces as a special stimulus was first identified from the study of patients exhibiting deficits 

in face recognition. These deficits were associated with brain damage in the region of the 

inferior occipital-temporal junction, particularly injuries to the right hemisphere8, 9. Since 

that time, functional neuroimaging studies have significantly refined our understanding of 

human face processing in adults10-13. Activity within two broad brain networks captures 

the complexity of visual face processing. Figure 2 shows the brain regions and networks 

associated with adult face processing.  

The “core” face system processes the invariant aspects of faces, such as facial 

features and identity 12. This system includes a region in the lateral middle fusiform gyrus 

(commonly referred to as the fusiform face area, FFA11, the occipital face area (OFA) in 

the lateral inferior occipital gyrus14, 15, and the posterior superior temporal sulcus 

(pSTS)12. One important feature of the adult FFA and OFA is that these regions are 
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activated automatically when viewing faces16-20. In contrast, activation of the pSTS is most 

closely associated with monitoring dynamic face changes such as movements in eye 

gaze and the mouth21, 22.  

Recruitment of regions in the “extended” face system tends to be relatively task-

specific12, 23. For example, the amygdala, insula, and other limbic regions are most active 

when tasks require the analysis of emotion24, 25. The retrieval of semantic knowledge for 

faces (remembering the last movie Benedict Cumberbatch starred in when you see his 

face) may engage the inferior frontal gyrus, whereas episodic memory retrieval (e.g., 

remembering a person I met at a party last summer) may recruit the precuneus, posterior 

cingulate cortex, and medial temporal lobe25. Analysis of intentions (e.g., whether 

someone is threatening or welcoming you) can activate the region of the temporal-parietal 

junction, whereas processing attitudes and mental states (e.g., is someone trustworthy) 

recruits the anterior cingulate cortex26. The anterior temporal pole may be active in tasks 

requiring individuation of faces and biographical information retrieval 27. In summary, the 

differential activation of extended face network brain regions stems from the fact that 

many face tasks require processing of a wide array of information beyond the general 

appearance of the face. 

Overall, adult expertise for processing faces depends on activity within a complex 

network of brain regions. A central challenge for developmental scientists is documenting 

how this expertise develops through experience. If face expertise develops over an 

extended period, at what age does this ability reach adult levels, and is the development 

of the core and extended systems different? Functional imaging of the developing brain 

is beginning to answer these questions.  
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Behavioral observations of face processing across development. Within hours of birth, 

newborns show a preference for faces and can discriminate faces from other objects and 

abstract stimuli28-33. This preference for faces is driven by early visual preferences for 

bounded stimuli with more features on the top than on the bottom, and the presence of 

darker features on a lighter background34-37. There is a significant debate regarding 

whether such preferences for face-like characteristics stem from an innate predisposition 

that ensures that newborns orient to potential caregivers and social partners. However, 

the following overview of the developmental literature clearly shows that expert face 

processing abilities unfold over an extended time. 

By 3-5 months of age, infants can identify faces using the specific features of faces 

(featural information) and the arrangement of those features on the face38, and by 6-10 

months of age, infants categorize faces by gender, race, and attractiveness39,40. 

Expertise in face processing continues to develop over many years41, with the use of 

featural and configural cues developing well into the late childhood and the adolescent 

years28, 42, 43. In addition, extraneous features such as clothing and hats easily distract 

children younger than 10 years of age when identifying individual faces28, 44. Thus, the 

behavioral data clearly show that the development of face processing expertise improves 

through childhood and into adolescence. Our next question concerns the relations 

between these behavioral changes and brain activity. 

 

Electrophysiological measures of face processing. Electroencephalography records the 

summated synchronous electrical activity of neurons in the brain. While recording EEG 
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activity, researchers can present stimuli to a subject over many trials and average the 

EEG response in a manner that is time-locked to the delivery of the stimuli; the resulting 

average is the event-related potential (ERP). Using this method, researchers discovered 

a specific electrical signature or marker of brain activity related to face processing. 

Specifically, researchers found a negative voltage deflection recorded at posterior scalp 

electrodes occurring approximately 170 ms after presentation of a face45. Figure 3B 

shows this “N170” waveform produced over posterior scalp sites in children and adults. 

Children show evidence of the N170 waveform, but it differs significantly from adults. 

Specifically, the N170 in children is delayed and smaller in amplitude, shifting in time and 

increasing in amplitude across development and reaching the adult form some time 

during the middle to late teen years46. Thus, age-related changes in this 

electrophysiological marker for face stimuli parallel the behavioral improvements in face 

processing expertise discussed above. 

It has also been speculated that a developmental precursor to the more mature 

N170 is evident as two distinct components, rather than a single component, in infants57. 

That is, during the first year of life, a negative and a positive voltage deflection at posterior 

scalp electrodes approximately 290 ms and 400 ms, respectively, become increasingly 

responsive to the typical viewpoint of a face in an upright orientation56. By 12 months of 

age, the N290 is larger in amplitude and the P400 is longer in latency for inverted than 

for upright faces, reflective of older infants’ accumulated experience with faces typically 

viewed in upright orientations 45. 

ERP studies in face perception have also found more widespread visually evoked 

responses over larger regions of the cortical surface in younger infants and children than 
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in older infants and children, respectively45, 46. While such findings hint at broad spatial 

changes in brain function with development, EEG is not sufficiently sensitive to functional 

changes in closely spaced brain regions. Establishing functional brain changes with finer 

spatial resolution requires other functional imaging techniques such as FMRI. 

 

FMRI measures of face processing.  FMRI measures the blood oxygen-level dependent 

(BOLD) signal 47. The BOLD signal is the result of a complex physiological interaction 

affecting the local ratio of red blood cells (hemoglobin) that contain oxygen versus those 

that have given up oxygen 48. More simply, as a brain region responds to a stimulus, it 

signals the brain’s vascular system to increase local blood flow, which peaks 

approximately 4-8 seconds after the stimulus, and thereby increases the locally available 

oxygen. The increased hemoglobin that contains oxygen, relative to hemoglobin that 

lacks oxygen, alters the local magnetic properties of the region and produces the 

increased BOLD signal, which is detected by the MRI scanner49. The complexity of the 

BOLD signal, and specifically its potential sensitivity changes across development, is a 

growing issue in developmental neuroscience. We briefly discuss this below. Although 

most developmental studies using FMRI focus on describing activity in different brain 

regions, there is growing interest in characterizing brain activation within networks, a style 

of analysis commonly called functional connectivity analysis. 

The majority of developmental FMRI studies of face processing have focused 

primarily on activity within the core face network in the FFA. The preponderance of 

evidence indicates that whereas activity in the FFA can be observed in 5- to 7-year-old 

children50-52, the FFA shows an extended developmental trajectory that does not peak 
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until mid-adolescence as measured by volume of the fusiform gyrus53, 54, the intensity of 

BOLD activation55, 56, and the spatial location of the FFA within the fusiform gyrus 54. 

Examples of FFA developmental changes are shown in Figure 4. A similarly prolonged 

developmental trajectory has been described for the other core face network areas of the 

OFA50, 55 and superior temporal gyrus/sulcus57. 

Functional connectivity analysis is a class of analytical techniques that seeks to 

establish how distributed regions of brain activity are organized into networks. Analysis 

of the core face network as a whole through the examination of functional connectivity, 

or the interaction between face preferential brain regions, also indicates that the 

developmental path to adult-like expertise in face processing extends into adolescence. 

Cohen Kadosh and colleagues58 evaluated directional functional connectivity within the 

core face network. They scanned younger (7-8 years) and older (10-12 years) children 

and adults during tasks involving face identification, emotion detection, and gaze 

detection and found that the inferior occipital gyrus (i.e., occipital face area) influenced 

activation in the FFA and STS in all three groups, suggesting that the OFA provides 

crucial information to support the perceptual processing in the other core regions. 

Furthermore, this findings suggested that an integrated core face network is functional 

in children as early as 7 years of age. However, the magnitude of effects differed among 

the children and adults. Specifically, children at both ages exhibited weaker connectivity 

between inferior occipital gyrus (IOG) and fusiform gyrus (FG), and no significant 

connectivity between IOG and STS (see Figure 5A). Findings in even younger children 

between 3 to 6 years of age have also alluded to the presence of additional connectivity 

between the OFA and the contralateral FFA – connections that are likely eliminated 
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alongside a reorganization of brain function during development59.  

In addition to age differences in connectivity, the effects of task demand have been 

found to differentiate between children and adults58. Different tasks selectively modulated 

network patterns in adults: A face identity task has been found to increase the IOG’s 

influence on the FFA, whereas an expression task increases the IOG’s influence on the 

STS. In contrast, children have not shown such selective task effects. Thus, although the 

rudimentary structure of face processing networks is observable in young school-age 

children, the neural systems involved are not yet fully developed.  

Our understanding of the developmental trajectories in the extended face network 

regions is still limited. Recently, Haist and colleagues54 reported findings from a 

developmental FMRI study using regression analysis across a continuous sample of 

subjects spanning 7-year-olds to adults. They found wide-ranging hyperactivation of 

multiple regions of the extended face network in children that included the anterior 

temporal pole, amygdala, insula, inferior frontal gyrus, and lateral parietal cortex (see 

Figure 5B). These regions showed that younger participants produce greater activation 

than adults. These findings were interpreted as suggesting that the development of 

expertise in processing faces is characterized by improved ability to inhibit non-relevant 

information and thereby selectively recruit and engage only those areas of the extended 

network necessary for completing the specified task. Recall above that we described the 

various aspects of the extended face network in adults as activated in a task-specific 

fashion. For example, the amygdala is typically recruited in tasks requiring processing of 

emotion of faces and the anterior temporal pole recruited when identifying specific 

individuals. The findings from children suggest that this selective task-specific recruitment 
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of extended face processing regions is acquired over an extended developmental period. 

Studies focusing specifically on face processing in adolescence confirm the protracted 

nature of maturation in this domain. For example, Golarai and colleagues60 found that the 

volume of the FFA in adolescents between 12 and 16 years had not reached the size of 

adults and that the changes in size positively correlated with age and with face recognition 

abilities. Scherf and colleagues61 have proposed that an important mechanism driving 

face processing changes in adolescents is the presence of pubertal hormones critical for 

altering social and affective demands related to face processing. Such changes may drive 

alterations in functional network activity critical for in developing social information 

processing systems.  

There is no question that functional neuroimaging, and particularly FMRI using the 

BOLD signal, has revolutionized our appreciation of the dynamic nature of face 

processing expertise development from childhood until maturation in adulthood. Much is 

still to be learned. For example, work using a form of neuroimaging sensitive to 

biochemical and neurotransmitter concentrations called magnetic resonance 

spectroscopy (MRS, specifically 1H-MRS) has shown that the balance of concentrations 

of excitatory and inhibitory neurotransmitters in lateral frontal cortex are related to face 

processing abilities, specifically face discrimination and recognition. Namely, a greater 

concentration of glutamate, an excitatory neurotransmitter, relative to GABA, an inhibitory 

neurotransmitter, was positively correlated to face processing proficiency independent of 

gray matter density, suggesting that excitatory activity was linked to a greater capability 

for neuroplastic changes. Thus, our understanding of the complexity of brain-related 

changes related to face processing development will require multiple avenues of 
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neuroimaging sensitive to the full range of changes supporting such development.  

In addition, it is becoming increasingly clear that our current foundational 

neuroimaging measure, BOLD FMRI, may require refinement to address arising issues 

regarding potential changes in the sensitivity of the BOLD signal across development. 

The fundamental concept to keep in mind is that the BOLD signal is indirectly related to 

neural activation. Harris and colleagues62 have noted myriad developmental factors that 

might affect the validity of contrasts using BOLD magnitude in developmental studies. 

They cited such factors as vascular and neuronal developmental trajectories`, 

neurotransmitter responsiveness`, and astrocyte developmental differences as potentially 

affecting baseline and stimulus modulated responsivity. Two recent studies appear to 

confirm the importance of this issue in demonstrating a negative relationship between 

cortical neural activities measured by estimates of oxygen metabolism and age, yet an 

insensitivity of the BOLD signal to this feature63, 64. That is, brain metabolism changes 

across age, indicating a negative correlation between neural activation and age, but the 

BOLD signal is relatively blind to these important changes65, 66. As a result, it is possible 

that our current knowledge of face processing differences in the brain measured by the 

BOLD signal may require reconsideration due to the possibility that the BOLD signal is 

less responsive to neural activity in children relative to adults. 

 

CONCLUSION  

Modern functional brain imaging technologies are fundamentally changing our 

understanding of brain development and its links to changes in sensory, motor, 

perceptual, and cognitive abilities. In many cases, we now realize that structural brain 
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changes that occur from birth through adulthood are accompanied by slowly developing 

brain function with an equally long trajectory. With regard to face processing, functional 

neuroimaging data clearly indicate that abilities begin early in development and have an 

extended developmental trajectory. Adult-like levels of face expertise are not obtained 

until middle-adolescence at the earliest. These effects cut across both the core and 

extended face networks. The findings inform our ideas about functional brain 

development across many domains; specifically, they suggest that experience shapes 

the connections that the brain makes between and within regions, and that connectivity 

changes are associated with increasingly refined brain activity that produces increasingly 

sophisticated perception, thought, and behavior.  

It is important to note that our current methods only scratch the surface in informing 

our understanding of the specific brain activity supporting functional development. Brain 

development not only involves changes in brain size and connectivity, but also dynamic 

changes in the balance of excitatory and inhibitory influences on neural activity, the 

density of neurons and synapses, the blood circulatory system, the effects of 

neurotransmitters, as well as the development and function of glial cells64, 67. Each of 

these factors may fundamentally affect the precision of our functional brain 

measurements such that we are not appropriately comparing brain activity in children and 

adolescents with adults—that is, we may be less able to detect some aspects of brain 

activity in children, or we may be overestimating brain activity in adults. In other words, 

comparing children to adults with our current measures may sometimes be like comparing 

apples to oranges. To address these concerns, our functional imaging measures must 

continue to advance, increasing our ability to define the specific physiological changes 
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that produce the functional brain signals that we measure. Thus, although we have 

learned a great deal about functional brain development through our use of neuroimaging 

technologies, there is much more work to be done before we achieve a deeper 

appreciation of the links between brain structure and function across early development. 
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FIGURE CAPTIONS 
 
Figure 1. Description of commonly used non-invasive imaging techniques in terms of 

their spatial (in millimeters) and temporal (in seconds) resolution. 

Electroencephalographic (EEG) and the signal-averaged EEG measure of event-related 

potentials (ERP) measures, and the closely related magnetoencephalography (MEG) 

measures have very good temporal resolution, but limited spatial resolution. That 

means they can distinguish different brain events with millisecond accuracy, but are 

relatively limited in defining the precise location of the activity in the brain. Functional 

magnetic resonance imaging (FMRI) and a technique called functional near-infrared 

spectroscopy (FNIRS), a technique that uses near-infrared light to observe underlying 

brain activity, provide exceptional spatial resolution but are less precise in defining the 

timing of brain events. Thus, to understand functional brain development with good 

spatial and temporal resolution, multiple techniques must be used in combination. 

Although not directly measuring brain function, traditional magnetic resonance imaging 

(MRI) measures of brain development such as brain volume and cortical thickness, and 

diffusion tensor imaging (DTI) that can measure white matter changes, may be 

correlated with behavioral measures (e.g., IQ, face processing accuracy) to make 

structure-functional associations. Two highly invasive techniques, the study of 

permanent brain lesions acquired in development and positron emission tomography 

(PET), a functional brain imaging technique that requires the injection of radioactive 

substances to obtain it measures are shown to illustrate the functional imaging space 

they cover. Note that fine resolution imaging using non-invasive techniques is currently 

not possible for developmental populations. Adapted from Churchland and Sejnowski68. 

 

Figure 2. Description of the core and extended face networks. A) Schematic of various 

regions associated with the core (cooler colors) and extended (warmer colors) face 

networks. Core face network regions, particularly the fusiform face area (FFA) and 

occipital face area (OFA), are activated automatically in response to viewing a face. 

Extended network regions tend to be activated on a task-specific basis. For example, 

the amygdala and limbic regions may be activated during tasks that require analysis of 
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face emotion. B) Diagram of information flow between regions in the core and extended 

regions and brief descriptions of the role of the different regions in face processing. 

Adapted from Haxby et al.12.  

 

Figure 3. EEG and ERP in face processing studies of development. A) Example of 

electrode placement in the scalp for typical EEG and ERP studies (source: 

https://commons.wikimedia.org/wiki/File:EEG_cap.jpg). B) Findings from developmental 

studies of a face-specific ERP component sensitive to processing faces, the N170, a 

negative voltage wave with a peak in adults at about 170 milliseconds after the 

presentation of a face. The N170 shows that face processing expertise develops 

gradually across development not reaching mature levels until early adulthood. From 

Taylor et al.46. 

 

Figure 4. FMRI evidence of development of the fusiform face area (FFA) across 

development. A) Changes in the size of the right hemisphere FFA, the dominant brain 

hemisphere for face processing, across development measured as the volume of the 

fusiform gyrus that was more active to face than objects. From age 6 years through 

adulthood, the FFA gradually increases in size. The correlation between age and FFA 

size is shown in the regression line. Open circles indicate participants (N=71) that 

showed a detectable FFA and closed circles show the participants that did not produce 

a reliable FFA. B) Developmental changes in the location of the FFA. Regions in warm 

colors indicated the region in the fusiform gyrus that became more consistently 

associated with face processing in adults relative to children. No regions were observed 

as consistently active in children but not adults. This suggests that the FFA location in 

children is more variable than in adults. From Haist et al.54. 

 

Figure 5. Examples of FFA functional connectivity and activation of the extended face 

network across development. A) Findings from a study of functional connectivity within 

the core face network for children and adult. Here, functional connectivity is measured 

by a specialized statistical technique that examines how information flows from one 

region to another58. The abbreviations stand for: FG = fusiform gyrus in the region of the 
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fusiform face area (FFA); IOG = inferior occipital gyrus in the region of the occipital face 

area (OFA); STG = superior temporal gyrus. The researchers tested participants in each 

group with tasks that asked them to identify an individual, to judge the emotion 

expression in a face, and to judge the direction of eye gaze. They calculated the 

strength of the connection between the core network regions as an estimate of how 

much each region depends on the information from other regions feeding into it. In this 

example, the FG region is highly dependent on information from the IOG in all three 

groups (solid lines). However, as signified by the values next to the lines, which is a 

measure of the strength of the connection between IOG and FG, both child groups 

displayed weaker connectivity compared to adults. In the emotion task, the connection 

between IOG and STG in children was not reliable (ns = not significant), whereas this 

connection was significant in adults (solid line). Overall, the findings suggest that certain 

aspects of the core network are integrated in childhood, but not with the strength seen 

in adults, and other aspects of the network are not integrated in childhood. Thus, 

functional connectivity in the extended network has a protracted developmental 

trajectory that extends beyond the 10-11 year old range that was tested. B) Findings 

from face specific processing regions across the whole brain when children, 

adolescents, and adults viewed face passively. Regions in blue indicate activity that was 

greater in children than adults. Children showed greater activation than adults in many 

extended face processing regions. Adults are expected to activate regions in the 

extended network to match task demands. In this passive viewing task, there were no 

explicit demands that should invoke such processing. The fact children activate these 

regions suggests children do not modulate extended face network activity as efficiently 

as adults, consistent with the proposal that such modulation is the result of face 

processing expertise that takes an extended period to develop. From Haist et al.54. 
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