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Abstract

With the introduction of functional near-infrared spectroscopy (fNIRS) into the experimental 

setting, developmental scientists have, for the first time, the capacity to investigate the functional 

activation of the infant brain in awake, engaged participants. The advantages of fNIRS clearly 

outweigh the limitations, and a description of how this technology is implemented in infant 

populations is provided. Most fNIRS research falls into one of three content domains: object 

processing, processing of biologically and socially relevant information, and language 

development. Within these domains, there are ongoing debates about the origins and development 

of human knowledge, making early neuroimaging particularly advantageous. The use of fNIRS 

has allowed investigators to begin to identify the localization of early object, social, and linguistic 

knowledge in the immature brain and the ways in which this changes with time and experience. In 

addition, there is a small but growing body of research that provides insight into the neural 

mechanisms that support and facilitate learning during the first year of life. At the same time, as 

with any emerging field, there are limitations to the conclusions that can be drawn on the basis of 

current findings. We offer suggestions as to how to optimize the use of this technology to answer 

questions of theoretical and practical importance to developmental scientists.

INTRODUCTION

Over the last 45 years, we have made tremendous progress in our understanding of the 

developing human brain. Advancements in behavioral testing techniques have allowed us to 

draw strong inferences about what infants are perceiving, thinking, and feeling and how this 

changes with time and experience. At the same time, the neural underpinnings of these 

developing capacities have remained elusive, in large part because of the limited methods 

available to study brain-behavior relations in human infants. Introduction of the functional 

near-infrared spectroscopy (fNIRS) as a viable tool for measuring brain activation,1 and then 

application of this technique to infants,2 has radically changed the landscape, offering 

developmental scientists the opportunity to investigate the functional organization of the 

cortical systems that underlie the emerging capacities identified in behavioral studies.

There has been some discussion about the extent to which neuroimaging data can contribute 

to psychological theory3–5 and, more specifically, to our understanding of the origins and 

development of human knowledge.6,7 We argue, along with others, that the potential 
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contributions are significant. One advantage of neuroimaging techniques, such as fNIRS, is 

that they allow us to identify the localization (the extent to which a response is limited to a 

cortical area) and the specialization (the extent to which a cortical area responds selectively) 

of neural responses. With a good experimental design, including appropriate control 

conditions, we can identify the cortical structures, or group of cortical structures, that 

mediate select processes. This information can inform developmental theory in a number of 

ways. For example, from these data, we can gain insight into the functional organization of 

the immature brain (prior to extensive experience) and begin to draw inferences about the 

conditions under which domain-specific and/or domain-general mechanisms guide learning. 

This is just a starting point, however. The goal of developmental research is to understand 

how knowledge and representational capacities change over time, and how these changes 

come about. In order to answer these questions, we must study different age groups, using 

both cross-sectional and longitudinal designs. Although there are a number of possible 

approaches for identifying the mechanisms of change, two that have proven fruitful include 

assessing the effect of differences in early experience8,9 and of specific training 

procedures10,11 on brain and behavior.

Another way in which neuroimaging data can make important contributions to the 

developmental sciences is by providing insight into infants’ perception of and thinking about 

their world that may not be otherwise evident. Because infants have a limited behavioral 

repertoire, sometimes it is difficult to ascertain, from behavioral data alone, the engagement 

of distinct perceptual, cognition, or social processes. Assessing cortical responses to 

different stimuli can allow us to draw conclusions about whether two stimuli are processed 

in different, or similar, ways. To illustrate, looking at time measures may show similar visual 

responses to faces that display happy and neutral expressions. However, neuroimaging data 

may reveal different cortical responses to those stimuli, suggesting that they were perceived 

or processed in a different way. Alternatively, patterns of neural activation may suggest that 

two different stimuli engage common or shared processes. Of course, care must be taken in 

data interpretation. Since fNIRS measures information from only the cortical areas, we do 

not have information about activation in the subcortical areas that might be part of a 

processing circuit. In addition, the extent to which reverse inferences (e.g., inferring from 

activation patterns that specific processes were engaged) should be used in the interpretation 

of neuroimaging data is a point of debate.3–5

We have not only outlined, above, the strength of neuroimaging techniques, but also 

acknowledged that there are valid concerns about the extent to which fNIRS has been used 

in a way that allows researchers to draw strong conclusions.6,7 Some concerns have to do 

with the experimental approach. For example, there are a limited number of studies that are 

motivated by developmental hypotheses, assess learning mechanisms, and/or are designed in 

a way to inform theory (we return to this in the conclusion). Perhaps one of the most 

frequently observed pitfalls is overinterpretation of the data. For example, finding activation 

in inferior frontal cortex to a select stimulus does not reveal anything about localization of 

the response unless other cortical areas are not assessed. Likewise, finding activation in the 

inferior frontal cortex to a select stimulus does not reveal anything about cortical 

specialization unless hemodynamic response to other experimental stimuli, and control 

stimuli, is measured. Other concerns have to do with methodological or technical issues. For 
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example, failure to standardize probe placement makes it (even more) difficult to draw 

conclusions about the cortical structures from which one is measuring; lack of standardized 

approaches to data processing and data analysis limits comparison of findings across labs 

(we will also return to this in the conclusion); and contamination of the optical signal due to 

changes in blood flow in the skin has yet to be fully addressed.

Despite these concerns, fNIRS research has made important and unique contributions to the 

developmental sciences. This review is organized to first provide a basic overview of fNIRS 

and how it is implemented with infants. We then review some of the main findings that have 

emerged through the use of this technology and that have made unique contributions to the 

field. Finally, we discuss the current directions and offer suggestions as to how we can 

optimize the use of this technology.

FUNCTIONAL NEAR-INFRARED SPECTROSCOPY (fNIRS)

In fNIRS, near-infrared light is projected through the scalp and the skull into the brain and 

the intensity of the light that is diffusely refracted is recorded. Neural activation in response 

to a stimulus results in increased blood flow to the area activated. Change in blood flow 

leads to an increase in blood volume and can be assessed by measuring the local 

concentrations of oxyhemoglobin (HbO), deoxyhemoglobin (HbR), or the summed total 

(HbT). Typically, during cortical activation, local concentrations of HbO increase and those 

of HbR decrease.12–15 To capitalize on the changes in local concentrations of HbO and HbR, 

the low tissue absorption of near-infrared light between 650 and 950 nm is utilized.16–18 

Light intensity modulation during stimulus presentation is compared with that during a 

baseline event in which no stimulus or a control stimulus is presented. Change relative to the 

baseline provides information about the hemodynamic response to brain activation. 

Evidence that there is a linear relationship between hemodynamics and neural activity19 and 

that fNIRS produces results consistent with other imaging techniques (i.e., fMRI and PET) 

used simultaneously20–23 provides converging evidence that fNIRS offers a reliable measure 

of brain function.

Advantages

The use of fNIRS has several distinct advantages over fMRI. First, fNIRS has much better 

temporal resolution: brain signals can be routinely observed with a temporal sampling 

resolution of 0.01 second, which is faster than that typically observed with fMRI.1,24,25 

While the hemodynamic response to brain activation occurs on a 1–2 seconds time scale, the 

better temporal resolution offered by fNIRS can, for instance, enable better distinction of 

signal contamination arising from systemic physiological signals and motion artifacts, better 

resolution of the hemodynamic onset, and, potentially, allow for direct measures of fast 

neuronal signals. A second advantage is that fNIRS can be implemented with awake, 

engaged infants. Typically, fMRI studies are conducted with sleeping or sedated infants to 

avoid motion artifacts, which render data unusable. This limits the types of experiments that 

can be conducted. In addition, caution is warranted in the generalization of neural responses 

recorded in sleep states to wake states.26 Swaddling can permit data collection in awake 

infants, but this approach is challenging to implement. A third advantage of fNIRS as 
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compared with fMRI is that fNIRS is noninvasive and nonionizing. Hence, it is safe to use 

with infants repeatedly and for extended periods of time. Finally, fNIRS technology is 

relatively inexpensive, portable, and, with the appropriate training, straightforward to use. 

The main advantage of fNIRS over EEG/ERP is the localization of responses. In fNIRS, the 

effects are localized within 1–2 cm of the area activated, allowing for more accurate 

identification of the areas from which cortical responses were obtained than 

electrophysiological techniques. As fNIRS technology develops, and as we increase the 

number of emitters and detectors that are used, functional brain mapping becomes possible.

Challenges and Limitations

At the same time, there are a number of potential difficulties with using fNIRS. The first has 

to do with the neural structures that can be targeted for investigation. Near-infrared light 

diffuses rapidly while entering neural tissue, rendering fNIRS unsuitable for investigation of 

neural activation in structures deeper than about 1 cm below the surface of the brain. 

Second, fNIRS measures neural activation from the head surface without anatomical 

information about the brain area being studied. Although there are a number of ways to 

resolve this problem,27 one approach often used with infants is to position probes on the 

basis of the International 10–20 system for EEG recording. In adults, 10–20 coordinates 

have been mapped onto underlying cortical structures.28 Although we cannot assume that 

infant and adult craniocerebral correspondences are identical, this is a reliable method for 

probe placement and when infant craniocerebral correspondences do become available, 

recorded head measurements can be used to conduct more detailed analysis of activation 

patterns with previously collected data sets. Third, although spatial resolution of fNIRS is 

better than that of ERP/EEG, it is inferior to that of fMRI. This can make it difficult to 

distinguish neural responses from discrete, adjacent cortical areas.

In summary, the advantages of fNIRS lay at the intersection of the disadvantages of fMRI 

and EEG/ERP. fNIRS has better temporal resolution, is easier, and more cost effective to 

implement than fMRI (although spatial resolution is more limited). In comparison, fNIRS 

has better spatial resolution than EEG/ERP (but temporal resolution is more limited). The 

greatest benefit will be realized through the use of all three (and related) techniques to 

address questions that cannot be adequately answered through a single method.

Instrumentation

There are a number of good reviews on instrumentation and, for the purpose of this review, 

we will not go into great detail here.29–32 Briefly, there are three types of fNIRS 

instruments: continuous wave, frequency domain, and time domain. Continuous wave (CW) 

devices use sources that emit light at a constant frequency, and the amplitude and changes in 

the intensity of the light are recorded. Although the wavelengths that investigators use vary, 

there is evidence that paired wavelengths of approximately 690 nm and 830 nm are optimal 

for measuring deoxyhemoglobin and oxyhemoglobin, respectively.7–9 Typically, two 

wavelengths are used, but more are possible. Measurement of light attenuation through 

cortical tissue is used as an indicator of neural activation. CW devices are relatively 

inexpensive to build, technologically simple, and easy to use. Hence, infant researchers use 

CW devices almost exclusively. Frequency domain (FD) instruments emit light at different 
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frequencies, and measurement of the attenuation and phase delay of the light is used to 

quantify neural activation. Time domain (TD) devices emit short pulses of light, around the 

order of picoseconds, and changes in the shape of the signal as it moves through the neural 

tissue is used as a measure of hemodynamic responses. TD and FD systems are more 

expensive to build and technologically more complicated, and hence, infrequently used with 

infants in the experimental setting. However, these techniques do allow for a greater depth 

penetration through the neural tissue and for the measurement of absolute concentrations of 

oxygenated and deoxygenated hemoglobin, which cannot be accomplished with CW 

devices.

Experimental Design

Although a number of designs can be used in fNIRS research, in the developmental sciences, 

almost all studies have used a block design (for exceptions, see Refs 33–35). In a block 

design, infants are presented with a test stimulus for a set duration (typically 5–30 seconds) 

alternating with a baseline event. The test stimulus needs to be of sufficient duration to 

observe the onset of a hemodynamic response, which is about 1–2 seconds, but not so long 

that infants become inattentive and restless during the trial, which can lead to increased 

prevalence of motion artifacts. Hemodynamic responses, under ideal experimental 

conditions, should be evident in a single trial but because the signal-to-noise ratio is often 

compromised for any number of reasons (e.g., instrument noise, physiological responses, 

poor optode-scalp coupling) or motion artifacts are obtained, a greater number of trials are 

typically needed for data analysis. At the same time, trial repetition can lead to neural 

adaptation effects,36 which have been observed in infant hemodynamic responses.37 The 

number of trials one uses depends, in part, on the trial length. The longer each trial, the 

fewer trials infants will tolerate, and the reverse. We have found that with trial lengths of 20 

seconds, infants can successfully complete 6–10 trials, which is consistent with that reported 

by other researchers.38 In a more recent work, we have found that using a control stimulus, 

rather than a silent pause (see below), during the baseline interval increases the number of 

trials that the infants will tolerate.

Because hemodynamic responses obtained to a test event are assessed relative to a baseline 

event, the nature of the baseline event is critical to data interpretation. Some researchers 

have used ‘no stimuli’ as a baseline event.39,40 The advantage of a no-stimuli baseline is that 

one can assess hemodynamic responses to experimental and control events relative to no 

event. The disadvantage is that we have little information about the processes in which 

infants engage in the absence of a visual or auditory event. An alternative approach is to 

present a control event during the baseline interval and interpret a hemodynamic change 

relative to the control event.37,41 The advantage of this approach is that patterns of activation 

relative to the control event are directly assessed. The disadvantage is that one loses 

information about patterns of activation that are common to the two events. In addition, care 

must be taken to ensure that the experimental and baseline (control) events vary only on the 

dimension(s) of interest. If not, it is difficult to interpret the basis for the hemodynamic 

response observed.
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One must also consider the duration of the baseline interval, which must be sufficient for the 

hemodynamic response to return to its original state. Although this depends on the test 

stimuli used, most infant researchers have found 10 seconds to be sufficient. If participants 

are presented with a large number of trials each followed by a baseline interval of the same 

duration, anticipatory responses can occur.42 This can be handled by using a jittered design, 

where the baseline interval is varied so that the onset of the test stimulus is difficult to 

predict.

Finally, decisions made about the experimental design influence exclusion rates. The less 

interesting the infants find the stimuli, the longer the trial, and the more trials infants are 

presented, the less likely infants are to successfully complete the requisite number of trials to 

be included in data analysis. Data exclusion can occur for a number of reasons: the infant 

was asleep, fussy, crying; the infant stopped attending to the stimuli; or the optical data 

collected were of poor quality (e.g., poor optode-scalp coupling, motion artifacts). The 

comfort of the headgear and the ease of headgear placement on the infant’s head also affect 

exclusion rates.

Data Processing and Analysis

While there are currently no standardized procedures for processing fNIRS data, most 

investigators have some method for removing the physiological noise (low frequency 

oscillations) and the motion artifacts (abrupt intense changes) from the optical signal.31,33,43 

In addition, channels and time periods in which the optical signal is of poor quality are also 

identified and removed. Many researchers also eliminate trials on the basis of behavioral 

criteria (e.g., drowsiness, crying, failure to attend), although this can be done after data 

processing. Once the optical signal has been processed, the data are converted from optical 

density units to local concentrations of HbO and HbR using the modified Beer–Lambert 

Law,44 and a time epoch immediately prior to stimulus onset is set to 0 for each trial. 

Changes in the optical signal relative to 0 are calculated on a trial-to-trial basis by 

computing the mean hemodynamic response (averaged over a predetermined time epoch) or 

the peak hemodynamic response (within a predetermined time epoch) relative to baseline 0, 

for each channel separately. Trials can be averaged to compute means, for each channel and 

condition. Figure 1 illustrates a typical hemodynamic response function. Finally, although 

exclusion rates vary, on an average, about 40% of the infants tested are excluded from data 

analysis because of the failure to meet processing criteria.38 As implementation and data 

processing techniques improve, we anticipate that these percentages will decrease.

The most common data analysis approach has been to (1) compare responses obtained at 

individual channels to 0, for each condition separately, to identify the channels at which a 

significant hemodynamic response occurred and (2) compare responses obtained at 

individual channels across conditions. However, if a large number of channels are assessed, 

correction procedures should be implemented, which in itself can be problematic. 

Alternative approaches include (1) selecting channels or groups of channels (i.e., cortical 

areas) of interest on the basis of theoretically based predictions and/or previously published 

results or (2) employing statistical techniques for identifying individual or groups of 
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channels that are commonly activated during stimulus events. A current review of statistical 

analysis techniques is available.45

REVIEW OF MAIN FINDINGS

One of the primary advantages of fNIRS is that it allows us to identify cortical responses to a 

wide range of stimuli in awake, processing infants prior to extensive social, educational, and 

environmental influences. We suggested earlier that given a good experimental design, 

fNIRS data can inform long-standing questions about the origins and development of human 

knowledge. Our review focuses on studies that have, to some extent, made such 

contributions. Most of this research can be broadly grouped into three content areas: object 

processing, socioemotional processing, and language development. Because of space 

limitations, single studies outside of these areas will not be reviewed. Unless otherwise 

noted, the terms ‘hemodynamic response’ and ‘neural activation’ refer to an observed 

increase in HbO or HbT.

Object Processing

A great deal is known about the functional organization of object processing networks in the 

adult brain, and these findings have made important contributions to our understanding of 

the complex set of perceptual and cognitive processes involved in object recognition, 

identification, and categorization.46–53 In contrast, relatively little is known about object 

processing networks in the infant brain and how the development of these networks is 

related to changes in behavior. Current research on infants’ reasoning about physical objects 

suggests that some object processing networks might change substantially over the first year, 

whereas other networks might remain more stable.54 To begin to fill this gap in knowledge, 

Wilcox and colleagues have investigated the neural basis of infants’ emerging capacity to 

track the identity of objects using featural and spatiotemporal information.

Featural Information—The purpose of these studies was to identify the cortical areas that 

mediate individuation-by-feature, a capacity that emerges gradually over the first year. In 

feature-based studies,55,56 infants aged between 3 and 12 months were shown events in 

which the objects that emerged successively from behind an occluding screen differed in 

shape, color, or were identical in appearance (Figure 2). A headgear targeting four cortical 

areas was placed on the infant’s head (Figure 3). Headgear configuration and placement was 

designed to map onto the International 10–20 system (Figure 4). During baseline, no visual 

or auditory stimuli were presented. As expected, the occipital cortex was activated in 

responses to all the events, regardless of the infants’ age or the event condition.40,57,58 Of 

greater interest are the patterns of activation observed in the anterior and posterior temporal 

cortex (ventral areas) and posterior parietal cortex (dorsal area).

Three main findings emerged. First, anterior temporal activation was obtained only in 

response to events in which infants individuate by feature. Infants aged 3–9 months, who use 

shape but not color information to individuate objects,59 showed activation in the anterior 

temporal cortex when viewing the shape difference but not the color difference event. In 

contrast, infants aged 11–12 months, who use shape and color information to individuate 

objects,59,60 showed activation in the anterior temporal cortex when viewing the shape 
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difference or the color difference event.11,55,56,61 The control event, which infants interpret 

as involving a single object,59 did not activate anterior temporal cortex in any age group. 

Finally, additional studies revealed that select experiences known to prime infants to attend 

to color information, when presented to 8- to 9-month-old infants prior to the color 

difference test event, led to individuation-by-color and activation in the anterior temporal 

cortex. 11 These results are consistent with adult fMRI data implicating areas in the anterior 

temporal cortex to be important for mediating higher level object processes, such as object 

identification and categorization, and demonstrate experience-dependent changes in the 

infant brain that are directly linked to behavior.47,48,52,62 Future work will be geared toward 

identifying the larger cortical circuit associated with this ‘individuation response’ and to 

better understand the nature of the underlying representations. For example, anterior 

temporal activation may be in response to a specific individual (e.g., that red ball) or to a 

category of individuals (e.g., red-colored balls).

Second, responses in the posterior temporal cortex were not condition specific. Infants aged 

3–7 months showed activation in the posterior temporal areas in response to all three test 

events, but the magnitude of the response did not vary by event condition.55,56 Although the 

role of the posterior temporal cortex in this experimental context is not entirely clear, one 

hypothesis is that it mediates processing of objects as whole entities (but not as individuals). 

Consistent with this hypothesis, other studies have found activation in this area that is (1) 

specific to objects, and not nonobject visual stimuli such as reversing checkerboard patterns 

or faces,35,37,63,64 but (2) independent of the properties of the objects involved.35,55 These 

characteristics lead us to suspect that this area in the infant serves a function similar to that 

of lateral occipital complex (LOC), a mid-level object processing area near the occipital–

temporal border, identified in the adult (Figure 5).48,51,52 However, responses in the 

posterior temporal cortex were age specific. Infants aged 11–12 months did not show 

posterior temporal activation to any of the test events.56 This outcome suggests a functional 

reorganization of the ventral object processing network during the second half of the first 

year, which might involve a change in the localization of the requisite processes and/or a 

paring down of the cortical areas involved. Age-related paring down of the object 

recognition network has been observed in the nonhuman primate.65

Third, age-related changes in parietal activation were obtained in response to the shape 

difference event.56,61 Infants aged 6 months and less, but not older infants, showed 

activation in the posterior parietal cortex during the shape difference event. Parietal 

activation was not obtained in response to the color difference or control event. Dorsal 

activation in response to shape differences is an intriguing, but not altogether unexpected, 

finding. In the adult, shape processing can activate dorsal or ventral areas depending on how 

shape is processed.66–70 On the basis of this and related work, Wilcox and colleagues62 

hypothesize that the parietal activation obtained in the younger infants reflects (1) a less 

well-developed visual system with limited visual acuity, leading to greater dependence on 

motion-carried information to extract object shape; (2) a focus on the affordances of objects 

when assessing object structure, leading to dependence on dorsal areas for the processing of 

‘how’ information; or (3) attention to shape as a spatial attribute, leading to dependence on 

dorsal areas for processing of ‘where’ information. The aim of future research must be to 

test these hypotheses.
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Spatiotemporal Information—Behavioral studies show that infants as young as 3–4 

months interpret a speed discontinuity and a path discontinuity event, but not a control event, 

such as those displayed in Figure 6, as involving two distinct objects.71–74 One study 

assessed the patterns of neural activation, using the headgear displayed in Figure 3 in infants 

aged 5–7 months.55 Two main findings emerged. First, activation was obtained in the 

anterior temporal cortex only in response to the speed and path discontinuity event 

(activation was obtained in the posterior temporal cortex to all three events), providing 

converging evidence for the conclusion that anterior temporal cortex is critical to the 

individuation process. Second, activation was obtained in the posterior parietal cortex to the 

speed discontinuity and path discontinuity but not the control event, most likely in response 

to the spatiotemporal discontinuities embedded in the occlusion event. A more recent study 

provides converging evidence for these findings, and also reveals age-related changes in 

hemodynamic responses to some spatiotemporal discontinuities.61

In summary, the studies reviewed in this section show the unique contribution of select 

ventral and dorsal areas to object identification during the first year. Particularly novel are 

the studies that demonstrate the importance of experience-dependent processes to infants’ 

learning about objects, which was reflected in both brain and behavioral responses. Further 

work is needed to provide a more comprehensive picture, using a greater number of channels 

distributed bilaterally, about the functional organization of early emerging object processing 

pathways and how this changes with time and experience.

Processing of Biologically and Socially Relevant Information

There is a large body of behavioral work on infants’ perception of and reasoning about 

biological and social objects. This work has revealed early sensitivity to faces, biological 

motion, communicative signals, and other types of information that facilitates effective 

social interaction.75–77 These findings have led developmental scientists to (1) question 

whether the human brain is functionally organized, from the early days of life, to make sense 

of biologically and socially relevant information and (2) form hypotheses about the types of 

experience that might facilitate the development of more sophisticated social understanding. 

In response, there is a growing body of fNIRS research on the neural underpinnings of 

infants’ early emerging understanding of biological and social objects. These studies can be 

grouped into three main areas: face processing, processing of human motion, and processing 

of communicative intent.

Face Processing—From the early months of life, infants prefer upright faces to inverted, 

scrambled, and other nonface stimuli and are adept at recognizing and discriminating 

between familiar and unfamiliar faces.78–80 In the adult, there is a distributed network of 

areas important for the recognition and identification of face stimuli, including the fusiform 

face area (FFA), the posterior part of the superior temporal sulcus (STS), and the occipital 

face area (OFA).78,49 Face processing is typically right hemisphere dominant. To assess the 

extent to which cortical areas are specialized for face processing in the infant, Otsuka and 

colleagues81 presented 5- to 8-month-old infants with photos of faces that were either 

upright or inverted (baseline stimuli were photos of vegetables) and measured from an array 

of optodes centered bilaterally at T3 and T4 (Figure 7), which lies over the anterior temporal 
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areas of the cortex (see Figure 4). Activation was obtained in the right temporal cortex when 

viewing upright but not inverted faces (relative to baseline stimuli). Right hemisphere 

dominance has also been obtained for unscrambled as compared to scrambled faces and for 

face-like point light displays63,82 At the same time, there are developmental changes in the 

cortical responses to faces. For example, right temporal activation is obtained to frontal 

views of faces at 5 months, but it is not until 8 months that the infants show right temporal 

activation to profile views.83 These results are consistent with behavioral data reporting that 

infants become more adept at recognizing faces from different angles between 6 and 7 

months.84–86

There are situations in which activation patterns are not right dominant. For example, 7- to 

8-month-old infants show bilateral temporal activation in responses to their mother’s face 

(while still showing right temporal activation to a stranger’s face).87,88 In addition, 

lateralized responses appear to depend on the emotion displayed. Left dominant temporal 

activation has been observed in response to happy facial expressions, whereas right 

dominant temporal activation has been obtained to angry expressions. Although it is 

currently difficult to draw firm conclusions about when and why bilateral responses will be 

obtained, these findings do suggest that characteristics of face stimuli (e.g., familiarity or 

emotional content) elicit different processes. Given that the electrophysiological studies have 

reported differential responses to some of these same face dimensions, the combined use of 

fNIRS and EEG/ERP might be particularly beneficial for identifying the underlying neural 

mechanisms here.89–91,80

Most of the studies reviewed above used a block design, but there are some studies that have 

used an adaptation paradigm, often seen in fMRI studies, to study face processing. In an 

adaptation paradigm, stimuli that are similar in ways that are important to the researcher are 

presented in succession. After presentation of a sufficient number of trials to elicit neural 

adaptation, a stimulus that deviates from the dimension of interest is presented (e.g., a male 

face is presented following the presentation of many different females faces). If the test 

stimulus is perceived as different from the adapted stimuli, increased hemodynamic 

responses should be observed. Studies using this technique have produced results that are 

largely consistent with those obtained with block designs. For example, 5- to 6-month old 

infants show adaptation in the temporal cortex to frontal but not profile views of faces, 

whereas 7- to 8-month-old infants show adaptation to frontal and profile views (i.e., perceive 

the face as the same, regardless of the viewpoint).92 A similar developmental trajectory has 

been reported for infants’ recognition of faces that undergo non-rigid transformations (e.g., 

puffing cheeks or pursing lips).93 These results provide converging evidence for the 

conclusion that with experience, face processing becomes less disrupted by changes in 

perspective. (Apparently, however, face processing is not disrupted by change in size, even 

in young infants94). Finally, it is important to note that adaptation studies have not reported 

lateralized responses to face stimuli, leading us to wonder whether this technique invokes 

different and/or additional processes than those invoked in block designs.

Processing of Human Motion—From the early days of life, infants differentiate 

between and prefer displays containing biological motion (e.g., point light displays of 

human walkers) as compared with other types of motion (e.g., scrambled or inverted 
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displays of human walkers) and have different expectations for the way that human and 

mechanical entities should move and interact.95–97 This has led some researchers to the 

hypothesis that from the early days of life, we possess specialized networks for the 

processing of human and mechanical entities. Adult fMRI research consistently reports 

activation in the medial and anterior part of the STS and motor-related areas in frontal cortex 

in response to human motion, and these activation patterns differ from those in responses to 

tools, vehicles, and other nonhuman entities.98–100 To assess the extent to which the infant 

brain responds to these distinctions, Lloyd-Fox and colleagues37 presented 5-month-old 

infants with a video of a woman engaged in actions (moved her eyes, opened her mouth, and 

moved her hands to play peek-a-boo), and a video of inanimate objects undergoing 

mechanical movements, on alternating test trials (Figure 8(a)). Stimuli presented during the 

baseline interval were static images of transport vehicles (e.g., cars and helicopters). 

Hemodynamic responses were measured from an array of optodes anchored at T3 and T4 

(Figure 8(b)). Bilateral temporal activation was obtained in response to the dynamic social 

but not dynamic nonsocial stimuli. Recent research suggests that even newborns show some 

selective cortical responses to these events.101 A subsequent study102 revealed that actions 

involving the eyes, mouth, or hands, only, produced distinct localized patterns of cortical 

activation in temporal-frontal areas, suggesting early functional specificity for human action.

Taking a slightly different approach, Grossman and colleagues103 assessed hemodynamic 

responses to human and robotic motion in 4-month-old infants. The infants saw events in 

which the form of an object (human or robot) was crossed with the motion that the object 

displayed (human or robot). Similar to the study by Lloyd-Fox and colleagues, optodes were 

anchored at T3 and T4. Two main findings emerged: (1) areas in the right premotor cortex 

responded selectively to robot as compared with human motion (regardless of whether the 

motion was seen in a human or robot form) and (2) left temporal cortex responded 

selectively to congruent (human–human/robot–robot) as compared with incongruent 

(human–robot/robot–human) form-motion pairings. Also, by using a crossed design, Biondi 

and Wilcox104 assessed hemodynamic responses in infants aged 7–9 months as they viewed 

events in which one of two types of hands (human or mechanical) engaged in one of two 

types of events with a tool (performed a function or underwent articulated motion). One 

array of optodes was anchored between T3 and T5 and another between T4 and T6 (see 

Figure 4), so that the cortical areas from which hemodynamic responses were assessed were 

more posterior than those of the study by Grossman et al. Biondi and Wilcox found 

widespread bilateral activation in response to the human but not mechanical hand. In 

addition, a subset of channels in inferior temporal areas showed significantly greater 

activation to functional than articulated motion. In other words, greater sensitivity to human 

than mechanical hands was found across the temporal cortex, bilaterally, with select areas 

specialized for functionally relevant use of tools.

While these studies are the first step toward identifying the cortical networks that mediate 

processing of human and mechanical motion in the infant brain, there is a lot of work yet to 

do. For example, there are a number of ways in which the human and mechanical events 

used in these studies differed (animate versus inanimate motion, self-propelled versus inert, 

goal-directed versus not goal directed), and we do not know which of these factors are 

critical to the behavioral and neural responses observed. We suspect that some of these event 
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characteristics will elicit overlapping patterns of cortical activation, whereas others may not 

(See Southgate et al. for recent work on goal representation in the infant brain105).

Processing of Communicative Intent—In the adults, researchers have identified a 

complex network of areas in the temporal and frontal cortex that are important for the 

processing of social cues that signal communicative intent (e.g., mutual gaze, gaze direction, 

raised eyebrows, smile).106 Behavioral and electrophysiological studies have demonstrated 

sensitivity to these cues from the early months of life.107–109 To identify the extent to which 

the immature brain is functionally specialized to processes such as cues, Grossman and 

colleagues41 showed 4-month-old infants animated faces displaying communicative intent 

(i.e., mutual gaze accompanied by raised eyebrows and a smile) or control faces (i.e., faces 

with gestures that did not communicate intent) and measured the hemodynamic responses in 

the temporal and prefrontal cortex (Figure 9); baseline stimuli were moving cars or 

geometric shapes. Significant activation was obtained in the right superior temporal cortex 

and the right frontopolar cortex in response to the communicative intent but not to the 

control displays.110 In subsequent studies, Grossman and colleagues focused their 

investigations on frontal cortex only. In one study, 5-month-old infants were presented with 

faces that displayed communicative intent or control faces and activation was obtained in the 

left dorsal prefrontal cortex to the communicative intent but not to the control displays.111 In 

another study with 5-month-old infants, hemodynamic responses were measured to (1) 

someone calling the infant’s name as compared with a control name and (2) faces making 

eye contact as compared with averting gaze.112 These two stimuli, which included auditory 

or visual cues to signal communicative intent, respectively, elicited activation in the adjacent 

but nonoverlapping areas in the left dorsal prefrontal cortex.

Together, the research in this section suggests that the infant brain responds selectively to 

biologically and socially relevant information in ways that appear similar to that observed in 

the adult brain. This research also lays the foundation for identifying early emerging cortical 

networks that support the processing of faces, bodies, and social cues. Care must be taken, 

however, in data interpretation: most of the studies reviewed above used baseline events that 

differed from the test events in many dimensions. The extent to which other baseline events 

produce similar outcomes would be informative.

Language Development

A large proportion of fNIRS work in the developmental sciences has focused on the cortical 

underpinnings of language development, and some of the first fNIRS studies published were 

language related (for detailed reviews see Refs 29, 113–115). Here, we focus on studies that 

have helped advance our understanding of the developmental issues. Most of the studies 

reported here used a no-stimulus baseline and had an array of channels placed bilaterally 

near T3 and T4.

Phonemic Contrasts—The ability to segment the continuous speech stream into 

meaningful units is a prerequisite for language acquisition. Behavioral studies have 

consistently reported that at birth, infants have the capacity to discriminate between speech 

sounds of almost all languages but by 6–10 months, they maintain sensitivity only to 
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phonemic contrasts that are relevant to their language community (for reviews, see Refs 

116–118). fNIRS has been used to investigate the perceptual and neural mechanisms that 

support the tuning of this fundamental capacity. Minagawa-Kawai and colleagues119 

investigated the development of cortical responses to phonemic contrasts (speech sounds that 

crossed a phonemic boundary, as defined by durational information) and nonphonemic 

contrasts (speech sounds that did not cross a phonemic boundary) from the infants’ native 

Japanese language. Infants aged 3–4 months and 10–11 months showed bilateral temporal 

activation to phonemic and non-phonemic contrasts. In comparison, infants aged 13–14 

months and 25–28 months showed greater hemodynamic responses to phonemic than non-

phonemic contrasts, and responses to the phonemic contrasts were left temporal dominant. 

Although 6–7-month-old infants showed greater hemodynamic responses to phonemic than 

nonphonemic contrasts, these responses were not left lateralized, leading Minagawa-Kawai 

and colleagues to hypothesize that a nonlinguistic mechanism was responsible for the 

differential responses to phonemic and nonphonemic contrasts at this age. Other researchers 

have reported bilateral temporal responses to phonemic contrasts as defined by vowel or 

pitch-accent information in newborn, 3-month-old, 4-month-old, and 7-month-old 

infants,120–123 and left-lateralized responses have been obtained in 10–12-month-old infants 

on the basis of these cues.122,123 These data suggest that the age at which lateralized 

phonemic processing emerges depends on the segmentation cue used.

One interpretation that has been offered for the age-related shift from bilateral to lateralized 

responses to phonemic contrasts is that early in the first year, phoneme discrimination is 

based primarily on the acoustic properties of the stimuli (e.g., spectrally simple, rapid 

changes), which elicit bilateral activation. Once these acoustic signals take on linguistic 

meaning, phoneme discrimination becomes lateralized to the left temporal cortex.113,115,124 

This is supported, in part, by the evidence that bilateral temporal activation is obtained to 

nonspeech sounds (e.g., tones) that can be discriminated on the basis of rapid durational 

changes in newborns and young infants, as well as in adults.113,115,124–126 In comparison, 

acoustic signals that are slow, modulated, and spectrally diverse (e.g., prosodic in nature) 

evoke lateralized responses from birth. For example, newborn infants discriminate between 

phonemes on the basis of a rise in pitch and these contrasts elicit greater hemodynamic 

responses in the right than the left temporal areas.120 In addition, newborn and 3–6-month-

old infants show right lateralized responses to slow, modulated, and spectrally diverse 

tones.125,126 In short, while neural responses to phonemic discriminations gradually become 

(left) lateralized over the first year, neural responses to prosodic discriminations appear to be 

(right) lateralized from birth. The specific processes by which these responses become 

lateralized are open to debate.

Language Processing—From the early days of life, infants prefer language to 

nonlanguage stimuli, prosodic over monotone language stimuli, and native language over 

novel language stimuli.116,117 These and other data have been taken as evidence that humans 

are predisposed to attend to and learn language, and that the brain may be specialized for 

this capacity from birth. fNIRS has been used to assess this hypothesis using a number of 

different types of language and nonlanguage stimuli.
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In the first fNIRS study to investigate regional specificity (lateralization) of early language 

processing, sleeping newborns were presented with forward (FW) and backward (BW) 

speech in their native (Italian) language and hemodynamic responses were measured from 

optodes placed over the right and left temporal lobes.39 Greater activation was obtained to 

FW than BW speech in the left hemisphere, in perisylvian regions (below the Sylvian 

fissure) and little activation was obtained to either stimulus in the right hemisphere. A left-

lateralized response to the mother tongue has been obtained in other fNIRS studies in infants 

newborn through to 12 months8,127–132 and in several fMRI studies.133–135 This response 

appears to be specific to the infants’ native language; left-lateralized responses are not 

obtained to an unfamiliar language.8,132 Taken together, these studies suggest early and 

robust left-lateralized responses to sounds from one’s language community (although 

bilateral responses were reported in one study).34

At the same time, there is evidence that the nature of the cortical responses to language 

stimuli changes during the first year. For example, 5-month-old, but not 3-month-old, infants 

show left-lateralized responses in the anterior perisylvian cortex to differences in accent, 

suggesting that between 3 and 5 months, this temporal area becomes more sensitive to subtle 

linguistic differences. Likewise, even though infants from birth to 12 months show left-

lateralized responses in perisylvian regions to their native language (but not to a nonnative 

language or nonlinguistic stimuli), it is not until the end of the first year that more anterior, 

and higher level, language areas show left-lateralized responses.8 Together, these data 

suggest an early emerging distributed cortical network for the processing of complex 

linguistic stimuli, with some cortical structures becoming functionally lateralized before 

others. fMRI studies confirm the intricate nature of early emerging circuits133,135 and 

highlight the importance of investigating age-related changes in temporal, frontal, and 

parietal language processing areas.8,136

Interestingly, a different pattern of results is obtained when the speech sounds are altered. 

May and colleagues137 assessed newborns’ cortical responses to FW and BW speech of the 

infant’s native language (English) and an unfamiliar language (Tagalog), both of which had 

been low-pass filtered. They obtained bilateral activation to the FW familiar speech and little 

activation to the FW unfamiliar speech. The interpretation these researchers offered is that 

low-pass filtering the language stimuli removed much of the durational segmentation 

information, while retaining prosodic information. Infants could discriminate between the 

FW familiar and the FW unfamiliar speech on the basis of prosodic cues (as evidenced by 

different patterns of cortical activation), but without information about rapid consonant 

changes, processing of the familiar language elicited bilateral activation. However, bilateral 

activation was also obtained to the BW familiar and unfamiliar speech, which is more 

difficult to explain. Studies investigating infant’s hemodynamic responses to normal as 

compared with flattened speech have also produced puzzling results.138,139 For example, 3-

month-old infants show greater activation to normal than flattened speech in the right 

hemisphere, whereas 10-month-old infants show greater activation to flattened than normal 

speech in the left hemisphere. In summary, when the temporal and spectral properties of 

natural language stimuli are altered, different patterns of cortical activation emerge and, as 

yet, these patterns are not fully understood. It is possible that flattened speech sounds, which 

are arguably unnatural and biologically invalid, are not easily categorized by infants as 
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language or nonlanguage auditory stimuli, so do not consistently elicit language (or 

nonlanguage) processing mechanisms.

Finally, there are a number of studies that have investigated cortical responses to speech and 

nonspeech sounds (e.g., nonspeech vocalizations with and without prosody, monkey 

vocalizations, phase-scrambled sounds, nonspeech environmental sounds) in infants 3–7 

months of age.112,140–142 Different patterns of neural activation are typically obtained to 

speech than nonspeech sounds, which is an important piece of converging evidence for early 

specificity in language processing. However, the nature of these differences is not consistent 

across studies and because of differences in procedures and stimuli, it is difficult to draw 

firm conclusions about the patterns of functional activation observed, as a whole.

Language Learning—Some researchers have focused on early emerging learning 

mechanisms. Gervain and colleagues143,10 investigated newborns’ ability to discriminate 

between three-syllable sequences that conformed to an ABB/AAB or an ABC pattern 

(Figure 10). They reported greater activation to ABB/AAB patterns than ABC patterns in 

temporal and frontal areas, and this effect was stronger in the left hemisphere. There was 

also some evidence that hemodynamic responses to ABB/AAB patterns increased during 

learning. These results suggest an early existing neural mechanism for extracting repetitive 

structure from linguistic stimuli. A less clear pattern of results was obtained with 7- and 9-

month-old infants,144 raising questions about the developmental time course of this 

mechanism. Future research will need to address whether this response pattern is language 

specific or can be explained by domain-general learning mechanisms.

Nakano and colleagues121 investigated cortical responses during the learning of a phoneme. 

Infants aged 3–4 months were first habituated to a phoneme (/ba/) and then tested with the 

same phoneme or a novel phoneme (/pa/). Two findings emerged: (1) bilateral temporal 

activation was obtained during habituation and test trials in both the groups, although fewer 

channels were activated in later than earlier trials and (2) bilateral frontal–parietal activation 

was obtained in the first few habituation trials for all infants but in test trials for only the 

infants who heard the novel phoneme. That is, temporal activation was obtained to familiar 

and novel phonemes, but frontal–parietal activation was only obtained when the phoneme 

was perceived as novel. Other researchers have reported similar results with newborns, 

although temporal responses were lateralized to the left whereas frontal–parietal responses 

were lateralized to the right, as is typically observed in adults.128,129 In addition, there is 

evidence that cortical responses are greater to syllables that follow universal constraints than 

those that have a composition that is infrequent across languages.129 One interpretation of 

this pattern of results is that the human brain possesses experience-independent linguistic 

biases that facilitate phoneme discrimination and shape language learning. What remains an 

open question is the extent to which frontal–parietal responses to novelty are specific to 

linguistic stimuli or are elicited by other novel stimuli as well. In other words, to what extent 

is the part of this linguistic circuit that facilitates novelty detection shared with circuits 

devoted to processing other types of (nonlinguistic) stimuli?
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CONCLUSION

The use of fNIRS in the developmental sciences has advanced rapidly over the last 16 years, 

from studies using a few channels to investigate basic perceptual processes to multichannel 

studies investigating more complex cognitive, linguistic, and social behavior. The studies 

reviewed here demonstrate that from the early months of life, the human brain is specialized 

to process select types of information. For example, an area in the temporal cortex responds 

selectively when the individuation process is engaged and frontal–temporal areas respond 

selectively to the movement of faces, bodies, and hands, respectively. Research has also 

identified changes in patterns of neural activation with time and experience. For example, 

shape processing activates parietal areas early but not later in the first year. Processing of 

phonemic contrasts elicits bilateral temporal activation in the first few months of life, and 

left dominant temporal activation in later months. These and related findings lay the 

groundwork for the identification of early cortical networks dedicated to the processing of 

physical objects, social objects, and linguistic stimuli that are shaped by experience.

At the same time, as with any emerging field, there are limitations to the conclusions that 

can be drawn on the basis of the current findings. As the field moves forward, we offer some 

suggestions as to how researchers can optimize the use of fNIRS in the developmental 

sciences. We keep in mind that one goal of fNIRS research is to inform developmental 

theory in ways not possible with behavioral data alone.

Studies That Answer Developmental Questions

In order to fully understand the developing brain, we must learn more about the neural 

mechanisms that underlie age-related changes in behavior. To date, few fNIRS studies have 

been truly developmental in nature. A limited number of studies have investigated 

hemodynamic responses to a given task in different age groups.56,61,119,121 There are no 

studies, of which we are aware, that have assessed changes in brain and behavior in 

individuals over time.

Studies That Answer Questions About Learning Mechanisms

One of the goals of developmental research is to identify factors that mediate, predict, or 

support changes in behavior. Only a few studies have investigated hemodynamic responses 

as a result of experiential manipulation or training.11,121,141,143,144 Such studies have the 

potential to identify mechanisms that facilitate learning and underlie changes in the way 

infants perceive and interpret their world.

Studies That Address Individual Differences in Brain and Behavior

Many of the developmental research studies on cognitive and social behaviors are complex 

in nature and large individual differences are sometimes observed, obscuring group results. 

An individual difference approach, currently rare in fNIRS research (but see Refs 119), can 

help identify factors, or groups of factors, that can explain variability in patterns of cortical 

activation and performance. There are approaches (e.g., cross-cultural studies) that would 

allow us to identify the extent to which brain and behavioral responses are common within 

and across groups of individuals.143

Wilcox and Biondi Page 16

Wiley Interdiscip Rev Cogn Sci. Author manuscript; available in PMC 2016 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Standardization of Probe Placement, Data Processing, and Data Analysis

One of the greatest challenges the field currently faces is difficulty in comparing results 

across studies. Research labs use very different approaches to probe placement, data 

processing, and data analysis. Standardization of these techniques, along with the 

development of infant craniocerebral maps to help guide localization of responses, would 

significantly enhance our capacity to interpret and compare results across studies.

Strong Predictions and Using fNIRS to Inform Theory

Now that we have some information about the functional organization of the infant brain, we 

are in a better position to make stronger a priori predictions about the patterns of responses 

we expect to obtain. Even more exciting, however, is that fNIRS data, like fMRI data,3 can 

be used to inform developmental theory. For example, patterns of neural activation can 

provide novel information about the engagement of processes that is not evident in 

behavioral tasks.

Clinical Applications

There is a need for noninvasive procedures to identify infants at risk for developmental 

disorders. Findings from fNIRS studies that investigate patterns of neural activation in 

atypically developing infants can inform the development of early assessment protocols 

aimed at identifying infants at risk. These findings might also inform the development of 

intervention strategies.

Functional Connectivity

Adult fMRI studies, conducted during a resting state, have identified spatially synchronized 

spontaneous fluctuations in cerebral blood oxygenation. These patterns are thought to 

represent functional connectivity within and between cortical areas. Recent studies with 

infants145–147 have also identified patterns of connectivity, which have the potential to reveal 

information about developing cortical networks. That is, changes in resting state 

connectivity, a self-organizing process, can be used to help explain changes in how the 

developing brain consolidates and stores information.

Hyperscanning

A newly emerging paradigm in the neurosciences in hyperscanning, a term for measuring 

brain activity from two or more participants simultaneously.148 In fNIRS, this involves the 

analysis of the interaction of hemodynamic responses of the multiple participants. This 

would provide invaluable information about the social processes that facilitate learning in 

the infant.

Freely Moving Participants

Using currently available devices, infant participants have some liberty in movement but are 

tethered, via optical fibers, to a stationary imaging device. Although the challenges 

associated with developing devices and headgear that can support quality data collection 

with freely moving infants are immense, this capability may not be as distant as once 

thought.149
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FIGURE 1. 
Mean change in HbO, HbR, and HbT in the primary visual cortex in response to a visual 

event. (Reprinted with permission from Wilcox et al.40). The visual event was an occlusion 

sequence involving a green dotted ball and a red studded box. On the y-axis are relative 

optical density units and on the x-axis is time: −5 to 0 is the pre-stimulus baseline, 1–30 

seconds is the visual event, and 31–40 seconds is the post-stimulus baseline. Relative 

changes in HbO, HbR, and HbT, averaged over 10–30 seconds of the test trial, were 

compared to 0. All responses (HbO, HbR, and HbT) differed significantly from 0 (P < .01)
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FIGURE 2. 
The shape difference, color difference, and control test events of Wilcox et al.56 Each cycle 

of the test event was 10 seconds and infants saw two complete cycles during each test trial. 

These events were presented live in a puppet stage apparatus. During the baseline interval, a 

curtain was lowered over the opening of the apparatus and infants received no auditory or 

visual stimulation.
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FIGURE 3. 
The headgear used by Wilcox et al.56 (a) Configuration of the emitters (red circles) and 

detectors (black squares), and the nine measurement channels, in the headgear. Emitters 

were placed relative to 10–20 coordinates of the International 10–20 system (Figure 4). All 

the emitter-detector distances were 2 cm. Each detector read from a single emitter except for 

the detector between T3 and T5, which read from both emitters. The light was frequency 

modulated to prevent ‘cross-talk’. O1 lay over occipital cortex, T5 over posterior temporal 

cortex, T3 over anterior temporal cortex, and P3 over posterior parietal cortex. (b) Infants sat 

in a supportive seat to restrain excess movement. An elasticized headband was slid onto the 

infant’s head and secured by a chinstrap.
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FIGURE 4. 
The International 10–20 system for electrode placement projected onto a schematic of an 

infant’s head.
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FIGURE 5. 
Lateral view of the adult human brain (Greys Anatomy 726) with cortical areas labeled. 

Approximate locations of the lateral occipital complex (LOC) and occipital face area (OFA) 

are displayed. The fusiform face area (FFA) is located underneath the surface of the cortex, 

hence cannot be viewed here or investigated using fNIRS. The superior temporal sulcus is 

highlighted in red and the Sylvian fissure (or lateral sulcus) is highlighted in yellow.
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FIGURE 6. 
The speed-discontinuity, path-discontinuity, and control test events of Wilcox et al.55 Each 

cycle of the test event was 12 seconds and infants saw two complete cycles during each test 

trial. These events were presented live in a puppet stage apparatus. During the baseline 

interval, a curtain was lowered over the opening of the apparatus and infants received no 

auditory or visual stimulation.
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FIGURE 7. 
Figure 1 (a and b) Examples of the face and object stimuli used by Otsuka et al.81 (c) 

Location of the optical fibers placed in each hemisphere. The distance between the fibers 

was 2 cm. T3 and T4 were located at the center between channels 11 and 12 and 23 and 24, 

respectively. (d) An infant wearing the headgear during the experimental session. (Reprinted 

with permission from Ref 81. Copyright 2006 Elsevier)
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FIGURE 8. 
(a) An example of the dynamic biological and mechanical test stimuli, and the static baseline 

stimuli, of Lloyd-Fox et al.37 (b) A schematic view of the headgear configuration with the 

approximate location of the channels shown in relation to the International 10–20 system. 

(Reprinted with permission from Ref 37. Copyright 2009 John Wiley & Sons)
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FIGURE 9. 
Still frames from the dynamic face stimuli used by Grossman et al.41 Gender, age, and 

orientation of the face were randomly varied and counterbalanced. In the mutual gaze 

condition (upper half), the person’s eyes moved toward the infant, and in the averted gaze 

condition (lower half), the person’s eyes moved away from the infant. The eyebrow-raised 

and closed-mouth smiles were identical in the two conditions. (Reprinted with permission 

from Ref 41. Copyright 2008 Royal Society)
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FIGURE 10. 
Details of the procedure used by Gervain et al.10 (a) The experiments’ design. The upper 

boxcar shows how the consecutive stimulation blocks unfold. The lower boxcar indicates the 

sequence of sentence types within a block. (b) The placement of the probes overlaid on a 

schematic neonate brain. Although individual variation cannot be excluded, this placement 

ensured recording from perisylvian and anterior brain regions. The dashed white lines 

separate anterior and posterior ROIs. The red ellipses indicate the channels included in the 

frontal area of interest (LH: channels 2 and 5; RH: channels 13 and 15). The blue ellipses 

indicate channels included in the temporal area of interest (LH: channels 3 and 6; RH: 

channels 17 and 19). (Reprinted with permission from Ref 10. Copyright 2008 National 

Academy of Sciences).
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