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Highlights: 

x fNIRS is well tolerated by infants and well suited to measuring localized brain activity in response to 

pre-recorded, multi-modal social stimuli. 

x fNIRS is a promising methodology for measuring infant brain activity during naturalistic social 

interactions. 

x Recommendations for the use of fNIRS to study infants in naturalistic social situations and the 

potential of this approach in the study of autism are discussed. 
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Abstract 

 Typically developing infants rapidly acquire a sophisticated array of social skills within the first 

year of life. These social skills are largely learned within the context of day-to-day interactions with 

caregivers. While social neuroscience has made great gains in our knowledge of the underlying neural 

circuitry of social cognition and behavior, much of this work has focused on experiments that sacrifice 

ecological validity for experimental control. Functional near-infrared spectroscopy (fNIRS) is a promising 

methodology for measuring brain activity in the context of naturalistic social interactions. Here, we 

review what we have learned from fNIRS studies that have used traditional experimental stimuli to study 

social development during infancy. We then discuss recent infant fNIRS studies that have utilized more 

naturalistic social stimuli, followed by a discussion of applications of this methodology to the study of 

atypical social development, with a focus on infants at risk for autism spectrum disorder. We end with 

recommendations for applying fNIRS to studies of typically developing and at-risk infants in naturalistic 

social situations. 

Keywords: fNIRS; infancy; social development; social interaction 
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The infant brain in the social world: moving toward interactive social neuroscience with functional 

near-infrared spectroscopy 

1. Introduction 

1.1. General outline 

 Humans are inherently social creatures. Within the first year of life, typically developing infants 

develop an amazingly sophisticated repertoire of social behaviors, which provide an avenue for learning 

across a wide array of developmental domains. Social neuroscience has made great gains in our 

knowledge of the underlying neural circuitry of social cognition and behavior; however, much of this 

work, often due to methodological challenges, has focused on older children and adults, with experiments 

that are far removed from the complex social situations that occur in the natural world. A relatively new 

neuroimaging technique, functional near-infrared spectroscopy (fNIRS), has been touted as a method that 

is both well suited to measurement of infant brain responses (Lloyd-Fox et al., 2010), and a promising 

methodology for measuring brain functioning within more naturalistic contexts (Liu & Pelowski, 2014; 

Nishiyori, 2016).  

In this review, we focus first on what we have learned from fNIRS studies that have used 

traditional experimental stimuli to study social development during infancy. We then discuss recent infant 

fNIRS studies that have utilized more naturalistic social stimuli, followed by a discussion of applications 

of this methodology to the study of atypical social development, with a focus on autism spectrum disorder 

(ASD). We end with recommendations for applying fNIRS to studies of infants in naturalistic social 

situations and the potential of this technology in the study of infants at risk for atypical social 

development. 

1.2. fNIRS Overview 

Previous reviews have provided comprehensive information on fNIRS methodology and its use 

with infants (Aslin et al., 2015; Lloyd-Fox et al., 2010; Vanderwert & Nelson, 2014). As such, we 
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provide a relatively brief overview of the technology, particularly as it relates to advantages for the use of 

fNIRS with behaving infants, and refer interested readers to these previous review articles for more in 

depth explanations of how fNIRS works and its unique strengths and limitations.  

 fNIRS is a non-invasive technology that uses near-infrared light to indirectly assess neural 

activity by measuring local changes in blood oxygenation levels. Emitters and detectors of near-infrared 

light are secured to a participant’s scalp, forming channels that index activity occurring in the cortex 

below the channel. Similar to functional magnetic resonance imaging (fMRI), fNIRS measures the 

hemodynamic response, which is a change in blood oxygenation levels driven by blood flow changes in 

response to neural metabolic demand (Lloyd-Fox et al., 2010). Uniquely, fNIRS obtains relative measures 

of concentrations of oxy-hemoglobin (oxy-Hb), deoxy-hemoglobin (deoxy-Hb), and total hemoglobin 

(total-Hb). Typically, increases in neural activity are accompanied by increases in oxy-Hb and total-Hb 

concentration, and slight decreases in deoxy-Hb concentration.  

While fNIRS has been used across a wide range of ages, it has several advantages that are most 

relevant for research with infants. Most significantly for the current review, it allows for the measurement 

of localized brain responses while infants are awake and behaving. In comparison to other brain imaging 

technologies that require infants to be still (in particular, fMRI), fNIRS has a relatively robust tolerance 

for infant motion due to the head-mounted emitters and detectors (Lloyd-Fox et al., 2010). Additionally, 

depending on the specific headgear and number of channels, the comfort level and ease of setup are 

relatively infant friendly (Lloyd-Fox et al., 2010). In a typical fNIRS study, infants are seated comfortably 

on their parent’s lap and the fNIRS headgear is secured quickly to the infant’s head with minimal distress 

(see Figure 1 for a depiction of infant fNIRS headgear placement). fNIRS is silent, allowing for the use of 

both audio and visual stimuli. Infants are also an ideal population for fNIRS, as the relative thinness of 

their skulls (Beauchamp et al., 2011) allows for good propagation of light into the brain, and frequent lack 

of hair avoids poor signals due to impaired optical coupling between probe and scalp. One additional 

strength of fNIRS as applied to social neuroscience is the timescale of the measured hemodynamic 
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response, on the order of seconds, is particularly well suited to social interactions and allows for 

experimental designs with audio, video, and/or moving stimuli. 

Along with these strengths come some weaknesses as compared to other functional neuroimaging 

technologies. While fNIRS has better spatial resolution than electroencephalography (EEG), it lacks the 

exquisite temporal precision of EEG. Likewise, it does not as readily map onto specific brain structures as 

fMRI. Rather, localization of activity is typically presumed based on external fiducial markers and the 

position of the channels on the scalp. fNIRS is also only sensitive to cortical activity that is relatively 

close to the surface of brain, so the investigation of deeper cortical areas (e.g., fusiform gyrus) or 

subcortical structures is not currently possible with fNIRS. To date, fNIRS studies have typically focused 

on a subset of cortical regions, most often temporal and/or frontal areas, related to a particular 

experimental hypothesis, rather than full head coverage, although technical developments are making 

fuller coverage possible (Homae et al., 2010). Despite these limitations, fNIRS studies have contributed 

important complementary knowledge to our understanding of social brain development during infancy, 

adding important spatial information to electrophysiological studies and allowing for a more flexible and 

diverse array of social stimuli than infant fMRI studies (for a review of infant social brain development 

across methods see Grossmann, 2015).  

2. Foundational fNIRS studies of infant brain responses to pre-recorded social stimuli 

 One of the fundamental questions that has been asked by the infant fNIRS literature is what 

regions of the developing brain preferentially respond to social vs. non-social (or less social) stimuli. 

During real-life social interactions, infants have to simultaneously process information across visual, 

auditory, and tactile domains, including such varied elements as biological motion, eye gaze, facial 

expressions, vocalizations, speech prosody, and social touch. Studies that have taken a traditional, tightly 

controlled experimental approach to the study of the infant social brain provide a foundation of 

knowledge that can be used to inform studies that sacrifice some level of experimental control for the 

increased ecological validity of more naturalistic and interactive designs.  
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 In this section, we discuss the methodology and major findings of fNIRS experiments that 

examined typically developing infant neural responses to pre-recorded social stimuli. We have included 

both seminal and more recent studies that use a traditional block design to examine neural responses to 

social stimuli that are particularly relevant for social interaction (e.g., joint attention, infant-directed 

speech). In this way, we highlight methods, findings, and regions of interest that can inform the design 

and interpretation of studies using more naturalistic stimuli. We focus on studies in the visual and 

auditory domains given the dearth of research in other modalities (although see Kida & Shinohara, 2013). 

Given the limitations of fNIRS with regard to scalp coverage, particularly with less recent studies, 

researchers have commonly examined regions of interest based upon the adult fMRI literature; most 

commonly bilateral frontal-temporal and prefrontal cortices. Detailed information about the included 

studies is presented in Table 1. 

2.1. Pre-recorded visual social stimuli 

The majority of fNIRS studies of infant social development have focused on the visual domain. 

The visual system comes online early in infancy and is an important aspect of infants’ daily social 

experiences and interactions. A great deal of social information is obtained through the visual system, in 

particular through faces, to which infants tend to preferentially attend from early in life (Nelson, 2001) 

and the processing of which rapidly increases in sophistication over the first year (Frank et al., 2009). The 

study of neural correlates of social information processing in the visual domain has been limited, at least 

in part, due to the difficulty of collecting fMRI data with awake infants (although see Deen et al., 2017). 

fNIRS thus provides an ideal method for localizing cortical activity in response to visual social stimuli in 

awake infants. Here, we review fNIRS studies that examine brain responses to human movement, faces, 

facial emotion, and eye gaze (see Table 1 for detailed summaries of included studies).    

 Several fNIRS studies have asked which areas of the infant brain respond preferentially to 

dynamic visual social stimuli. From the first days of life, areas of the right and left posterior temporal 

cortex selectively respond to dynamic face stimuli (i.e., videos of an adult playing peek-a-boo; Farroni et 
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al., 2013). Across this first week of life, there appears to be a rapidly developing sensitivity to social 

experience in the right posterior temporal cortex, with slightly older newborns more likely to show 

increased activation to dynamic social stimuli than younger newborns (Farroni et al., 2013). At 5 months, 

infants continue to show increased bilateral activation to videos of social movement in the posterior 

temporal cortex (Lloyd-Fox et al., 2009), with the right hemisphere appearing to respond more strongly to 

visual social stimuli at this age (Lloyd-Fox et al., 2011). Different patterns of brain activation have been 

found in response to specific socially-relevant body movements in 5-month-old infants. Namely, eye 

movement is associated with increased activation in bilateral inferior frontal regions, hand movement 

with increased activity in the bilateral posterior temporal and prefrontal cortices, and mouth movements 

with right-lateralized activation in the middle temporal region. This line of work was extended in an 

impressive semi-longitudinal study examining responses to dynamic social stimuli over the first two years 

of life in a Gambian cohort of infants (Lloyd-Fox et al., 2016). Over 4 to 24 months of age, infants 

consistently showed increased activation to dynamic visual social stimuli in the right posterior temporal 

region (only right hemisphere measured due to practical limitations). This study highlights the strength of 

fNIRS portability for use in cross-cultural studies of infant brain development, in addition to providing a 

model for future longitudinal investigations of infant social brain development.  

 Infant brain responses to dynamic visual social stimuli have also been investigated in the context 

of action perception studies using fNIRS. By 4 months of age, infants differentiate between typical human 

movements and more robotic movements in areas of the frontal and temporal cortices (Grossmann et al., 

2013). Interestingly, infants at this age may respond more strongly to less familiar, robotic movements 

than more familiar human movements in an area corresponding to the premotor cortex, while a region in 

the superior temporal cortex responded most strongly to conditions where the type of motion was 

congruent with the type of figure (e.g., human making human movements; Grossmann et al., 2013). There 

is further evidence that infant brain responses to perceived action predict individual differences in 

corresponding motor abilities. Specifically, Lloyd-Fox et al. (2015) found that stronger responses to 
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observed hand movements in the posterior superior temporal sulcus (STS)-temporoparietal junction (TPJ) 

area (particularly in the right hemisphere) correlate with infants’ observed fine motor abilities at 4-6 

months of age.  

 In addition to human movements, images of faces have been used to examine infant brain 

responses to faces and facial expressions. Examining neural responses to faces and facial expressions 

using fNIRS is somewhat limiting, both given the utility of event-related potential (ERP) paradigms in 

this domain and the depth limitations of fNIRS (e.g., cannot measure fusiform gyrus, amygdala); 

however, results from these investigations have yielded some valuable information regarding localization 

of response in infants and provide useful data from which to develop hypotheses for the social interaction 

paradigms to be discussed later in this review. Studies using fNIRS to contrast infant brain responses to 

canonical vs. scrambled or inverted faces further suggest preferential responding of the right temporal 

area in social perception by mid-way through the first year of life (Honda et al., 2010; Otsuka et al., 

2007). Infants may also begin to specialize in the type of face over the first year. Kobayashi et al. (2016) 

examined bilateral temporal area responses to adult and infant faces in 9-month-old infants, with results 

indicating that the right temporal region activated in response to adult but not to infant faces. This study 

also contrasted infants’ ability to behaviorally discriminate novel vs. familiar infant and adult faces at 3 

and 9 months of age, finding that 3-month-old infants discriminated both types of faces, while 9-month-

old infants only distinguished adult faces. Together, this study provides evidence for a putatively 

experience-dependent increased sensitivity to adult faces that is supported by right-lateralized brain 

activity by 9 months of age.  

fNIRS has also been used to contrast infant brain responses to faces with differing emotional 

expressions. In a study of 6- to 7-month-old infants, different patterns of brain responses to facial emotion 

were observed with regard to both the localization and timing of activity (Nakato et al., 2011). 

Specifically, happy faces were associated with increased activity in fNIRS channels covering the left STS 

area and a more extended hemodynamic response, while angry faces were associated with increased 
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activity in the right STS area and a more rapid hemodynamic response (Nakato et al., 2011). The 

prefrontal cortex (PFC) has also been shown to respond to happy faces at around 7 months of age (Ravicz 

et al., 2015). Higher levels of oxy-Hb in the left PFC while viewing happy faces also showed associations 

with parent-reported temperament; the left PFC of infants with low parent-reported negative emotionality 

preferentially responded to happy faces, while infants with high negative emotionality had less activation 

overall and did not show this lateralization effect. In a unique study of both mother and infant (9-13 

months) responses to happy faces that varied in familiarity, Minagawa-Kawai et al. (2009) found that 

mothers and infants evidenced increased activation in the anterior orbital frontal cortex associated with 

the own-infant and own-mother condition, respectively. For the infants, this effect was specific to the 

viewing of images of their own mother smiling. Along with increasing our knowledge of the neural 

correlates of face processing in the frontal lobe, this study provides a useful basis upon which to design 

more naturalistic fNIRS experiments within the mother-infant dyad. 

Grossmann and colleagues have conducted a series of fNIRS experiments examining infant brain 

responses to aspects of joint attention using animated videos of adult faces shifting gaze. They found that 

already by 4-5 months of age, infants distinguish between mutual vs. averted gaze conditions in areas of 

the frontal and temporal cortices. At 4 months of age, an area corresponding to the right posterior STS 

and the right frontal polar cortex showed increased activation in response to mutual gaze (Grossmann et 

al., 2008). At 5 months of age, there is evidence that the left dorsal PFC responds to both mutual gaze and 

joint attention (i.e., animated face making eye contact, then referencing an object), suggesting that this 

area is sensitive to critical dyadic and triadic interactions from early in life (Grossmann et al., 2010b; 

Grossmann and Johnson, 2010). 

2.2. Pre-recorded auditory social stimuli 

There have been a growing number of fNIRS studies focused on examining infant brain responses 

to pre-recorded auditory social stimuli. Infants are responsive to auditory information in the social 

environment, in particular human voices, even earlier in development than visual stimuli. Fetuses have 
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been shown to change their behavior in response to their mother’s voice by the third trimester of 

pregnancy (Marx & Nagy, 2015), and newborns show a preference for their mother’s voice at birth 

(DeCasper & Fifer, 1980). Infants also show a behavioral preference for a particular type of speech, 

termed infant-directed speech, which is slower and of higher and more varying pitch than adult-directed 

speech, within the first several months of life (Pegg et al., 1992). While fMRI studies have contributed 

important information regarding the neural underpinnings of auditory social perception using infant sleep 

fMRI procedures (e.g., Shultz et al., 2014), fNIRS has several advantages that complement the use of 

fMRI in localizing neural responses to auditory social stimuli. These advantages include the relative 

silence and increased accessibility of fNIRS systems, and, as noted above, the ability to assess brain 

responses while infants are awake. Here, we review fNIRS studies that investigate brain responses to 

human vocalizations, differences in speech prosody (including infant-directed speech), and socially-

relevant speech (i.e., response to name; see Table 1 for detailed summaries of included studies). We do 

not include studies that were focused specifically on language development, which, while of interest, are 

outside of the scope of the current review (see Vanderwert & Nelson, 2014).   

 Numerous studies have contrasted infant brain responses to human vocalizations (e.g., laughing, 

coughing) vs. non-social sounds (e.g., rattle, running water), consistently finding that infants begin 

responding preferentially to social vs. non-social sounds in the second half of the first year of life. Both 

Grossmann et al. (2010a) and Lloyd-Fox et al. (2012) found that younger infants (~4 months) responded 

more strongly to non-vocal vs. vocal sounds, while older infants (~7 months) showed increased activation 

to social stimuli in the left and right temporal cortex. In the Gambian cohort cited above, findings were 

largely consistent with these studies; younger infants preferentially responded with more posterior 

temporal activation in response to the non-social stimuli, while infants at older ages (9-24 months) 

typically responded more strongly to human vocalizations in more anterior portions of the temporal cortex 

(Lloyd-Fox et al., 2016). 
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 Differential responses to variations in prosody have also been examined in infants using fNIRS. 

In the first days following birth, infants show non-selective responses to emotional vocalizations in the 

left temporal cortex (Cristia et al., 2014), with preliminary evidence that the right temporal cortex is 

sensitive to vocalizations with emotional (vs. neutral) prosody in the first week of life (Zhang et al., 

2017). At 7 months of age, infants further differentiate emotional tone, with responses to angry 

vocalizations occurring in the right posterior temporal cortex and happy vocalizations in the right inferior 

frontal region (Grossmann et al., 2010a).  

Infant-directed speech (IDS) is another aspect of prosody that has been examined in infants with 

fNIRS. Naoi et al. (2012) contrasted IDS with adult-directed speech (ADS) spoken by the infants’ own 

vs. an unfamiliar mother at 4-13 months of age. Infants responded more strongly to IDS vs. ADS in left 

and right temporal areas, while the left superior frontal cortex responded specifically to own-mother IDS 

condition. There was also an age effect, with 7- to 9-month-old infants showing particular sensitivity to 

their own mother’s voice in the IDS condition, which corresponds with a time period that is critical for 

the development of the mother-infant attachment relationship. Further work suggests that the right 

posterior temporal cortex shows increased activation to speech with normally varying prosody vs. 

flattened speech at 3 months (Homae et al., 2006), although stronger responses to the more novel 

flattened speech is observed by 10 months of age (Homae et al., 2007).    

 In addition to studying basic vocalizations and prosody, fNIRS has also been used to study the 

neural underpinnings of infants hearing their name being called. Response to name is considered an 

important developmental milestone in social development, particularly as it relates to the developing 

conception of the self. At 5 months, an age at which clear behavioral indicators of response to name are 

often not evident, infants have shown increased activation in response to their own (vs. another) name in 

an fNIRS channel in the left dorsal PFC (Grossmann et al., 2010b). Notably, this channel was different, 

but adjacent to the area that was sensitive to shared gaze in the visual experiment of this study, and PFC 

responses to the more socially relevant conditions (mutual gaze and own name) were positively 
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correlated. Imafuku et al. (2014) found that two adjacent channels in the dorsal-medial PFC (dmPFC), an 

area adjacent to the region found in Grossmann et al. (2010b), selectively activated when 6-month-old 

infants heard their name spoken by their mother. Infants who showed greater responses in the dmPFC to 

the own mother condition were also more likely to show a behavioral preference for their own mother’s 

voice as measured by a head-turn preference paradigm (Imafuku et al., 2014).  

2.3. Conclusions: pre-recorded visual and auditory social stimuli 

 In summary, there have been a number of well-conducted fNIRS studies that have used tightly 

controlled experimental approaches to study infant social brain development. Areas that are involved in 

social information processing during adulthood appear to rapidly become sensitive to social stimuli within 

the first year of life, including the STS-TPJ region and areas of the PFC. Some shortcomings of the infant 

fNIRS studies to date are that these studies frequently have small sample sizes, disallowing for statistical 

correction of multiple comparisons, lack longitudinal follow-up, and often do not relate findings to 

concurrent or longitudinal behavioral indicators of social development. While there are notable 

exceptions (e.g., Imafuku et al., 2014; Lloyd-Fox et al., 2015; Lloyd-Fox et al., 2016; Ravicz et al., 2015; 

also see Xu et al., 2017), these factors currently limit the impact of the findings. At the same time, the 

sophistication of the methodology of fNIRS experiments has grown at an astonishing pace, and the 

knowledge gained from the studies describe above inform research efforts that seek to overcome these 

challenges and the initial limitations of infant fNIRS work. 

3. fNIRS studies of infant brain responses to live social stimuli 

 While we have learned a great deal about early social brain development with the more traditional 

experiments described above, increasing numbers of studies have been taking advantage of the relative 

flexibility of fNIRS to examine neural responses to more ecologically valid, naturalistic social stimuli. 

These studies range from the use of live actors within the context of a block design to more dynamic 

interactive social experiences within the adult fNIRS literature. Although studies using more naturalistic 
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stimuli present additional technical challenges (e.g., less standardization, more motion artifact, challenges 

with data analysis), results from these studies suggest that fNIRS recording during live social interaction 

is doable and provides unique and rich data on neural responses to actual social experiences. Furthermore, 

studies contrasting infant brain responses to live vs. pre-recorded stimuli using both fNIRS (Shimada & 

Hiraki, 2006) and EEG (Jones et al., 2015) suggest that the use of live social stimuli may prove to be a 

more powerful elicitor of social brain responses, despite the potential loss of experimental control. Here, 

we focus on studies from the fNIRS literature that examined infant brain responses to live social stimuli 

(see Table 1 for detailed summaries of included studies).   

 In an initial study of 7- to 12-month-old infants, Naoi et al. (2009) examined behavioral and brain 

responses to trials during which a live actor shifted their gaze toward an object (response to joint attention 

[RJA] condition) or gazed at the infant while an object was presented. In the latter condition, if the infant 

looked from the actor toward the object (initiation of joint attention [IJA]), the actor would follow their 

gaze. They found that adjacent and overlapping areas of the frontal cortex showed significant changes 

following both the RJA and IJA trials. Additionally, increased activity in a channel in the left frontal 

cortex, which responded only to the IJA condition, was correlated with a greater proportion of trials 

during which the infant initiated joint attention bids.  

 Urakawa et al. (2015) examined PFC responses to “peek-a-boo” interactions with a live social 

partner in a small group of 7-month-old infants using fNIRS. They contrasted a baseline condition with 

no interaction and two conditions in which the interactive partner had her eyes directed toward or averted 

away from the infant. The right lateral PFC showed increased activation relative to the baseline condition 

similarly across gaze conditions, suggesting that this area was generally sensitive to social interaction, 

while the mPFC responded more strongly to the direct gaze condition. Interestingly, this study 

simultaneously collected eye tracking data, which revealed that infants looked more toward the eyes 

during the direct gaze condition and more toward lower portions of the face during the averted eyes 

condition. This finding further suggests that the mPFC is preferentially activated when infants are looking 
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at a social partner’s eyes, and exemplifies the utility of combining behavioral methods in studies of infant 

brain functioning.    

 Lloyd-Fox et al. (2015) conducted a study of 6-month-old infants that included live actors. In the 

first experiment, infants were exposed to an adult singing nursery rhymes in a foreign language that was 

either directed at the infant or another infant in the room vs. baseline periods with no interaction. In a 

second experiment, infants were exposed to adults engaging in adult-directed and infant-directed speech. 

The results from both experiments suggest that brain activation in inferior frontal, anterior temporal, and 

temporo-parietal regions is associated with multimodal (speech and gaze) infant-directed social stimuli, in 

comparison to baseline and unimodal conditions. While this study identified challenges that may be more 

prevalent in naturalistic social scenarios (e.g., increased data loss possibly due to reduced standardization 

of stimuli), it provides a unique and well-conceived example of using fNIRS to study infant brain 

responses in social contexts that more closely reflect those experienced in everyday life.  

3.1. Conclusions: live social stimuli 

Initial fNIRS studies investigating infant brain responses to live social stimuli suggest the 

feasibility and potential of this methodology. In our final section, we present ideas and recommendations 

for furthering this line of research into a more truly interactive social context. First, however, we review 

the literature on the use of fNIRS in infants at risk for social deficits—an area in which interactive 

neuroscience paradigms may be particularly fruitful.  

4. Clinical applications: infants at risk for autism  

 Given the practical and scientific advantages of fNIRS, this methodology has increasingly been 

used in studies of clinical populations, including autism spectrum disorder (ASD). ASD is a complex 

neurodevelopmental disorder that is behaviorally defined based upon deficits in social-communication 

and the presence of restricted and repetitive behaviors and interests (American Psychiatric Association, 

2013). While the ASD phenotype is well characterized, the underlying biological deficits are less well 
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understood. In particular, the differences in brain function that underlie ASD as it first emerges in the 

infant brain have been a challenge to study, largely due to methodological constraints related to 

identifying infants with emerging ASD prior to full behavioral expression, as well as the previously noted 

challenges with measuring brain function during infancy. Researchers have addressed the first challenge 

by studying infants with known risk factors, such as an older sibling with the disorder (high-risk siblings) 

and those with ASD-associated genetic syndromes (e.g., tuberous sclerosis complex). The latter challenge 

has been addressed by using infant-friendly measures of brain activity, including EEG and fNIRS, both of 

which offer unique contributions to the study of high-risk infants. Here, we focus on the contributions of 

fNIRS to this burgeoning literature (see Table 1 for detailed summaries of included studies).  

 A few studies have used fNIRS to examine differences in brain development associated with 

ASD risk status in high-risk siblings using pre-recorded visual and auditory social stimuli. In the first of 

these investigations, Fox et al. (2013) measured bilateral frontal and temporal responses to smiling and 

neutral faces that varied in familiarity (mother vs. stranger) in high-risk and low-risk infants at 7 months 

of age. Overall, infants showed increased responses to smiling faces in areas of the frontal cortex, and 

low-risk infants demonstrated stronger responses to faces in comparison to high-risk siblings in both the 

frontal and right temporal cortices. Closer inspection of the data identified differences in the qualities of 

the hemodynamic response in frontal regions between the groups, which they posited may reflect early 

frontal cortex enlargement.  

Lloyd-Fox et al. (2013) extended this research by contrasting brain responses to visual and 

auditory social stimuli in bilateral frontal-temporal regions in high-risk and low-risk infants at 4 to 6 

months of age. As in previous studies (Lloyd-Fox et al., 2016), the visual stimuli contrasted videos of 

adults engaging in social play with non-social images and the auditory stimuli contrasted recordings of 

human vocalizations with non-vocal sounds. Both groups showed activation in the posterior STS region 

in response to the visual social stimuli, although the low-risk infants showed more extensive and bilateral 

activation in comparison to the high-risk sibling group, which showed increased activation in only one 

ACCEPTED M
ANUSCRIPT



 16 

channel in the right STS area. There were also risk group-related differences in the auditory condition. 

The low-risk group evidenced increased activation to the vocal vs. non-vocal condition in an anterior 

portion of the right STS region, along with areas of the left STS to the non-vocal vs. vocal condition. The 

high-risk group, in contrast, only showed activation in response to the non-vocal vs. vocal condition in 

bilateral mid-posterior STS regions. In sum, the high-risk infants, at a group level, showed reduced 

responses to both visual and auditory social stimuli at 4 to 6 months of age. 

Keehn et al. (2013) took a slightly different approach, using fNIRS to examine differences in 

functional connectivity in high-risk and low-risk infants at 3, 6, 9, and 12 months of age during a 

language processing task. Intrinsic connectivity measured correlations between time courses of regions of 

interest after regressing out task-related fluctuations in the signal, while co-activation connectivity 

similarly examined correlations without regressing out task-related signal. At 3 months, high-risk siblings 

had higher levels of primarily intra-hemispheric connectivity than low-risk infants during a language 

processing task. Intrinsic connectivity was largely similar between groups at this age. At 6 and 9 months, 

there were no differences in connectivity. However, at 12 months, high-risk siblings had decreased intra-

hemispheric functional connectivity compared to low-risk infants. Generally, a shift from increased to 

reduced connectivity was observed between 3 to 12 months of age in the high-risk vs. the low-risk 

infants. In addition to suggesting the promise of fNIRS as a measure of functional connectivity, these 

results indicate differential brain development in these high-risk infants that may reflect an 

endophenotype of ASD. 

4.1. Conclusions: infants at risk for social deficits 

While further research is necessary, including with diagnostic follow-up, these initial studies 

indicate that fNIRS can be used successfully in research on infants with elevated risk for ASD, providing 

important and unique contributions to the literature. Future studies of high-risk infants would benefit from 

the use of more naturalistic social stimuli (Rolison et al., 2015), which may capture more subtle deficits 

associated with emerging ASD that may only be evident in complex, interactive social situations.  

ACCEPTED M
ANUSCRIPT



 17 

5. Conclusions and recommendations for future research 

  In the current review, we discussed findings from fNIRS studies of infant social brain 

development, including experiments that utilized pre-recorded and live social stimuli, as well as studies of 

social brain activity in the context of typical development and increased risk for social deficits. Results of 

this focused review suggest several initial conclusions from this growing body of work: 1) fNIRS is well 

tolerated by infants and well suited to measuring localized brain activity in response to pre-recorded, 

multi-modal social stimuli in standardized laboratory contexts; 2) fNIRS is a promising methodology for 

measuring infant brain responses in more naturalistic social contexts; 3) typically developing infants 

begin to show preferential responses to multi-modal social stimuli in areas of the temporal and frontal 

cortices within the first 6 months of life; 4) infants at elevated risk for social deficits demonstrate 

differential responses to pre-recorded social stimuli during the first year of life, prior to observable 

behavioral differences (Jones et al., 2014). Along with these significant contributions of the infant fNIRS 

literature to date, there are many remaining opportunities and challenges for future research. Here, we 

discuss several approaches for increasing the ecological validity of the literature on infant social brain 

development using fNIRS.   

5.1. Integration of behavioral and fNIRS data 

 Despite the growing number of studies, fNIRS findings are rarely grounded in measures of infant 

social behavior. It is unclear to what degree this is due to methodological limitations of collecting 

multiple measures with infants, a divergence in expertise between traditional neuroscience researchers 

and behavioral researchers, unpublished null findings, or some other factor. While establishing 

foundational information on normative brain responses to social stimuli is essential, given the work that 

has now been conducted it is important for future studies to relate brain imaging findings to relevant 

measures of infant social behavior.  
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Research that integrates behavioral and neuroimaging methods can take many forms. One method 

is to relate patterns of brain activation to concurrent behavior within the same task (e.g., Urakawa et al., 

2015). This approach can increase understanding of experiential factors that may have led to differences 

in brain activation (e.g., eye tracking data revealing increased attention to the eyes during conditions 

associated with mPFC activation).  

A second method is to relate the magnitude (or timing) of brain responses to same-age measures 

of related behavior within a different task (e.g., Imafuku et al., 2014; Ravicz et al., 2015), which can help 

to determine whether the identified brain responses explain meaningful differences in social development 

(e.g., infants with stronger oxy-Hb responses when hearing their name called are also more likely to 

behaviorally respond to their name being called). This approach provides support for the practical 

relevance of a study’s brain imaging findings.  

A third method is to longitudinally predict individual differences in infant social behavior from 

earlier brain responses to social stimuli (e.g., infants with increased oxy-Hb responses to mutual eye gaze 

at 6 months showing more joint attention behaviors at 12 months). This approach has two advantages. 

First, it is possible that differences in brain development may precede observable differences in a 

behavior of interest, leading to null findings when examining concurrent social behaviors. Second, 

longitudinal prediction increases the potential clinical relevance of a study. If an earlier difference in the 

magnitude or timing of a brain response to social stimuli predicts a later individual difference in an 

important aspect of social behavior, this brain response may hold promise as a biomarker of risk and 

optimal development in studies of clinically relevant populations. It is important to note, however, that 

special attention must be paid in studies of this kind to ensure sufficient power to detect longitudinal 

correlations between brain and behavior.  

5.2. Interactive social paradigms 

ACCEPTED M
ANUSCRIPT



 19 

In addition to integrating measures of social behavior when examining infant social brain 

development, future studies in this area would benefit from the use of a more naturalistic social context 

while collecting infant brain imaging data. Brain responses to more naturalistic social stimuli may be 

more reflective of functioning during daily life, and may, therefore, be more closely related to behavior. 

While fNIRS is well suited to use in such situations, very few studies are currently published in the infant 

fNIRS literature that have used live social stimuli and none have yet been published with more interactive 

paradigms (although see Jones et al., 2015; Reid et al., 2011). We propose several study designs that 

could be used independently or in conjunction to measure infant brain responses in more socially 

interactive contexts (see Figure 2 for a depiction of a sample infant social interaction paradigm using 

fNIRS). 

5.2.1. Traditional block design with a live social partner 

Studies to date of infants in a live social context have largely replicated traditional block design 

stimulus presentation, but replaced a pre-recorded stimulus with a live actor (e.g., Lloyd-Fox et al., 2015). 

This approach is an important step towards interactive social neuroscience in that it allows for brain 

measurements while the infant is engaged with another person, adding ecological validity to the 

experimental conditions that is not present with pre-recorded stimuli. The live stimulus presentation in a 

block design retains a degree of experimental control, allowing for data analysis that is similar to studies 

with pre-recorded stimulus presentation. However, this approach does not allow for truly naturalistic 

interactions, and the data are implicitly being analyzed according to the intent of the interaction rather 

than according to the infant’s actual behavior during the experimental conditions. In addition, using a 

scripted live presentation of stimuli may require that trained experimenters perform the task conditions in 

order to standardize across participants, limiting the types of social interactions that can be studied to 

those that are between the infant and a stranger. However, with special attention to training other 

presenters, such as parents, along with post-hoc review for standardization of presentation, this limitation 

could be overcome.  
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5.2.2. Spontaneous behaviors as event markers 

A contrasting approach to assessing the brain response to a particular social interaction would be 

to allow for a more naturalistic, less scripted interaction, but analyze brain responses to particular events. 

This approach would require neuroimaging and simultaneous measures of behavior such as eye-tracking 

(as in Urakawa et al., 2015) and/or video recordings of interactions. Behaviors of interest such as eye 

contact or smiles could be marked as events, and a standard event-related approach to analyzing the 

fNIRS brain responses could be employed. This experimental design would allow for a direct analysis of 

behaviors of interest in a naturalistic context and would be a particularly intriguing approach to 

examining whether neural underpinnings of external behaviors differ during atypical neurodevelopment.  

While the scientific questions about brain-behavior relationships that could be addressed using 

this approach are compelling, there remain many challenges to implementing this method.  Technical 

challenges would include synchronizing neural and behavioral measures, as well as determining and 

marking events, although recent advances in automated video content analysis could perhaps enable this 

type of analysis. Other experimental challenges would be less standardization in the number of events or 

trials between participants, which could impact interpretation of results. Pilot work regarding the ideal 

length of such an interaction, considering both the tolerance of the infant and the necessary time for 

ensuring sufficient events for a variety of children, is needed. 

5.2.3. Examine global features of brain network activation  

Other experimental designs that do not rely on specific event timing for assessing the impact of 

social interaction could also be considered, drawing both from studies of infants and children using 

fNIRS in a non-social context and the adult social neuroscience literature. Instead of linking the brain 

responses to specific events, measures of overall brain connectivity in social and non-social conditions 

could be explored. These approaches would require longer periods of social interaction for connectivity 

measures, such as correlations between channels in low-frequency fluctuations or small world network 
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properties, to be calculated. The connectivity or network properties of the brain could then be compared 

in social and non-social conditions. While this approach has not been attempted in infants yet, to the best 

of our knowledge, some fNIRS studies have measured infant functional connectivity during a language 

task (Keehn et al., 2013), and have contrasted infant connectivity during a language task vs. silence 

(Homae et al., 2011), or a working memory task vs. rest in children (Perlman et al., 2016). While this 

approach would not allow for strong statements to be made about any particular behavior in relation to 

social brain network activity, it would allow for more general contrasts between social and non-social 

conditions while sidestepping many of the technical difficulties involved in defining events in naturalistic 

interactions. This approach would also avoid the need for extensive training of an experimenter to provide 

a scripted live interaction. 

5.2.4. Measure neural synchrony during “hyperscanning” 

An alternate approach, called “hyperscanning,” simultaneously measures the brain responses of 

two interacting individuals (for a recent review of the use of hyperscanning to study the social brain see 

Babiloni & Astolfi, 2014). In this study design, the degree of synchronization between participants’ brain 

activity is the measure of interest, which eliminates the necessity of other behavioral measures (although 

if those measures do exist they can provide important context for interpreting results). Several studies 

within the adult fNIRS literature have used this approach, but, to our knowledge, there have not yet been 

any published studies with infants.  

One common method used in fNIRS hyperscanning studies is to contrast the degree of neural 

synchrony in a given region of interest of two adults during different types of interactions, such as 

cooperation and competition, or no interaction (Cui et al., 2012; Liu et al., 2016). Another method has 

been to contrast neural synchrony between social partners during conversation (Jiang et al., 2015; Jiang et 

al., 2012) or when making eye contact with a live social partner vs. an image of a face (Hirsch et al., 

2017). In a particularly interesting approach, Jiang et al. (2015) measured neural synchrony within the 

context of conversations between groups of three adults. Based on videotapes of the interactions a 
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conversational leader and followers were defined, and the neural synchrony of leader-follower and 

follower-follower pairs were analyzed. They found that leader-follower pairs were more synchronous in 

the left TPJ region, and, when dynamically analyzing the fNIRS data, that the leaders and followers 

appeared to influence each other.    

 A hyperscanning approach would in many ways be particularly well suited to research on infant 

social development. Infants learn to socialize primarily through one-on-one interactions with caregivers. 

An aspect of these interactions, often termed synchrony, indexes the degree to which an infant and 

parent’s behavior is synchronized in time (Feldman, 2007b). Parent-infant synchrony during the first year 

of life longitudinally predicts important aspects of social development, such as empathy (Feldman, 

2007a), self-control (Feldman et al., 1999), and attachment security (Jaffe et al., 2001). Using fNIRS to 

measure neural synchrony between parents and infants would provide unique information regarding the 

degree to which brain and behavior are synchronized, and whether more synchronous brain activity 

during infancy predicts more optimal social outcomes. fNIRS is also particularly well suited to 

hyperscanning studies due to the ease of recording data for multiple participants by simply splitting the 

sources and detectors into two sets and applying one set to each participant.  

While some technical difficulties of interactive social neuroscience paradigms such as the need to 

mark events of interest or have highly scripted interactions can be avoided with the hyperscanning 

approach, there are still numerous technical difficulties that would have to be addressed in order to 

successfully apply the technique with infants. For instance, particular care would need to be taken to 

measure from the same brain regions in adults and infants, requiring thoughtful placement of optodes and 

consideration of source-detector spacing. However, there appear to be some similarities in brain responses 

to social stimuli between adults and infants (e.g., mPFC and STS-TPJ) that would allow for carefully 

constructed hypotheses that could inform optode placement, reducing the impact of this issue. 

5.2.5. “Brain first”: use hemodynamic responses themselves to define events of interest 
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Last, an intriguing new approach to naturalistic fNIRS data analysis developed for adults suggests 

that instead of the standard approach of starting from behavior and using that to infer neural 

underpinnings, it may be fruitful to automatically detect brain responses and then determine the behaviors 

with which they are correlated (see Pinti et al., 2017 for details of this method). This approach has the 

potential to provide new insights into the infant social brain as it does not require experimenters to a 

priori define behaviors of interest in the limited behavioral repertoire of infants.  

5.3. Interactive social neuroscience with clinical populations 

In addition to providing information about social brain development, increased integration of 

behavioral data and an interactive social neuroscience approach could provide unique information to 

studies of infant risk populations and early intervention. Initial evidence from fNIRS studies of high-risk 

siblings using pre-recorded social stimuli indicates that infants with elevated risk for ASD and subclinical 

social-communication deficits differ from low-risk infants in aspects of early social brain functioning, 

although longitudinal ASD outcome data are still needed to assess the degree to which early social brain 

abnormalities are specific to an ASD diagnosis vs. familial risk. Studies of infants with elevated risk for 

ASD would benefit from examining whether differences in brain responses to social stimuli predict 

individual differences in related aspects of social functioning. Such analyses would provide initial 

evidence that early abnormalities in these brain responses may be a meaningful way to differentiate which 

infants are at highest risk for ASD. It is also possible that differential brain responses may be more likely 

to predict differences in more proximal aspects of social functioning (e.g., brain response to gaze shifting 

and behavioral response to joint attention bids) rather than the complex set of behaviors that comprise 

ASD. 

While ASD is associated with broad deficits in social-communicative functioning, these deficits 

are most apparent during unstructured social interactions that require the integration of multi-modal 

stimuli and the complex coordination of reciprocal social initiations and responses. In fact, observation of 

an individual’s social and communication behaviors in the context of a relatively unstructured social 
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interaction (e.g., with the Autism Diagnostic Observation Schedule [ADOS]; Lord et al., 2000) is an 

essential part of a comprehensive autism assessment. It follows then that studies that focus on brain 

responses to disembodied, unimodal social stimuli (e.g., faces) may sometimes fail to find expected 

differences in brain function (e.g., Hadjikhani et al., 2004; Webb et al., 2010). Rather, as Rolison et al. 

(2015) argue, an interactive social neuroscience approach in which brain responses of individuals with 

ASD are assessed in the context of actual social interaction has the potential to further our understanding 

of underlying neural mechanisms and potential treatment targets for individuals with ASD.  

5.4. Final conclusions 

 The current review focused on the contribution of fNIRS to the study of infant social brain 

development, highlighting the potential of this methodology for studies using more ecologically valid 

social stimuli. We conclude that while initial studies using traditional pre-recorded social stimuli have 

provided a strong basis for understanding infant brain responses to isolated or highly controlled forms of 

social information, future studies should strive to take advantage of the flexibility of fNIRS by examining 

infant brain responses in the context of live social interaction. These studies can focus on individual brain 

responses or inter-brain coherence through the measurement of both social partners. We further argue that 

an interactive social neuroscience approach may be particularly well suited to the study of autism, given 

the difficulties with which individuals with ASD have in dynamic social situations requiring social and 

emotional reciprocity. While the use of live social stimuli necessarily limits experimental control, studies 

examining infant social brain function within naturalistic social contexts using fNIRS offer an important 

addition to this growing literature.    
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Table 1.  Summary of fNIRS studies on social development 

Author 
(year) 

Age N Number 
of 
channels 

Channel 
location 

Chromophore Analysis 
level 

Multiple 
comparison 
correction? 

Main findings 

Pre-recorded visual social stimuli 
Farroni et 
al. (2013) 

1-5 days 15 20 Bilateral 
temporal 

HbO, HbR Channel Bonferroni-
corrected 
(uncorrected 
also 
interpreted) 

↑ HbO to dynamic social stimuli 
(vs. non-social images) in R & L 
posterior temporal chs. R posterior 
temporal activation ↑ with age. No 
HbR changes. No activation to non-
social.  

Grossmann 
et al. 
(2008) 

4 mos 12 26 Frontal & 
Bilateral 
temporal 

HbO, HbR Channel FDR 
correction 

↑ HbO to dynamic mutual gaze 
(vs. non-social & averted gaze) in 
one R posterior temporal and one 
R PFC ch. No HbR changes. 

Grossmann 
& Johnson 
(2010) 

5 mos 15 24 Frontal HbO Region Uncorrected  
(p < .05; 
one-tailed, 
planned 
comparisons) 

↑ HbO to joint attention (vs. no 
referent & no eye contact) in L 
dorsal PFC region.  

Grossmann 
et al. 
(2010b) 

5 mos 20 24 Frontal HbO Channel Uncorrected  
(p < .05) 

↑ HbO to static mutual gaze (vs. 
averted gaze) in one L frontal ch. 

Grossmann 
et al. 
(2013) 

4 mos 15 24 Bilateral 
temporal 

HbO, HbR Region Uncorrected 
(p < .05) 

↑ HbO to robot-like motion (vs. 
human-like motion) in bilateral 
anterior ROI (premotor cortex). ↑ 
HbO to conditions when form and 
motion matched (human-human 
movement, robot-robot movement) 
in L inferior ROI (superior 
temporal area). No HbR changes. 

Honda et 
al. (2010) 
 

7-8 mos 13 24 Bilateral 
temporal-
occipital 

HbO, HbT Hemisphere 
(ch data in 
figure) 

Uncorrected  
(p < .05) 

↑ HbT to canonical faces in RH. ↑ 
HbR to scrambled faces in LH. No 
changes in HbO. 
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Author 
(year) 

Age N Number 
of 
channels 

Channel 
location 

Chromophore Analysis 
level 

Multiple 
comparison 
correction? 

Main findings 

Kobayashi 
et al. 
(2016) 

9 mos 12 24 Bilateral 
temporal-
occipital 

HbO, HbR, 
HbT 

Hemisphere Uncorrected  
(p < .05) 

↑ HbO to adult faces vs. vegetable 
baseline in R temporal, p HbR to 
adult faces vs. vegetable baseline 
in L temporal. No change in 
response to infant faces. 

Lloyd-Fox 
et al. 
(2009) 

5 mos Exp 1: 24 
Exp 2: 12 

20 Bilateral 
temporal 

HbO, HbR Channel Uncorrected  
(p < .05) 

↑ HbO to dynamic social stimuli 
(vs. non-social images) in 2 R & L 
posterior temporal chs. No HbR 
changes. No activation to non-
social. 

Lloyd-Fox 
et al. 
(2011) 

5 mos 13 45 Frontal & 
Bilateral 
temporal  

HbO, HbR Channel Activation 
reported if 
2+ near chs 
significant at 
p < .05 
(uncorrected) 

↑ HbO to biological motion (vs. 
mechanical motion) overall in R (7 
chs) & L (4 chs) hemisphere. 
Preferential response to eye 
movement in R & L frontal-
temporal, hand in R & L posterior 
temporal and prefrontal, and mouth 
in R middle-temporal. No HbR 
changes.   

Lloyd-Fox 
et al. 
(2015) 

4-6 mos 24 26 Bilateral 
frontal-
temporal 

HbO, HbR Region FDR 
correction 

↑ HbO to hand movement in R 
posterior STS-TPJ ROI correlated 
with fine motor abilities. No HbR 
changes survived correction. 

Lloyd-Fox 
et al. 
(2016) 

Cohort 1:  
0-2 mos 
Cohort 2:  
4-8, 9-13, 
12-16 
mos 
Cohort 3: 
18-24 mos 

C1: 18 
C2: 19-24 
C3: 16 

12 Right 
temporal 

HbO, HbR  Channel FDR 
correction 
(uncorrected 
also 
reported) 

↑ HbO to dynamic social stimuli in 
R posterior temporal chs across 
ages. No HbR changes.  
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Author 
(year) 

Age N Number 
of 
channels 

Channel 
location 

Chromophore Analysis 
level 

Multiple 
comparison 
correction? 

Main findings 

Minagawa-
Kawai et 
al. (2009) 

9-13 mos 15 4 Frontal HbO, HbR, 
HbT 

Channel Bonferroni 
correction 

↑ HbO to own mother and 
unfamiliar mother smiling 
(marginal) in one ch corresponding 
to OFC.  No HbR changes.  

Nakato et 
al. (2011) 

6-7 mos 12 24 Bilateral 
temporal-
occipital 

HbO, HbR, 
HbT 

Hemisphere 
& Channel 

Uncorrected  
(p < .05) 

↑ HbO & HbT to happy faces in 
LH and to angry faces in RH. More 
rapid responses to angry faces and 
more gradual to happy faces. 

Otsuka et 
al. (2007) 

5-8 mos 10 24 Bilateral 
temporal-
occipital 

HbO, HbR, 
HbT 

Hemisphere 
& Channel 

Uncorrected  
(p < .05) 

Widespread ↑ HbO & HbT to 
upright, but not inverted, faces in R 
temporal area. LH response similar 
for inverted & upright faces. 

Ravicz et 
al. (2015) 

7 mos 24 22 Frontal  HbO, HbR Channel Uncorrected  
(p < .05) 

p HbO to happy faces in two 
frontal chs. ↑ HbR to happy faces 
in one frontal ch. Several chs 
correlated with temperament 
ratings. Low negative temperament 
group ↑ HbO to happy faces than 
high negative group in LH. 

Xu et al. 
(2017) 

5-6 mos 19 22  Frontal HbO Channel FDR 
correction 
(uncorrected 
reported) 

p HbO to peek-a-boo by animated 
character (vs. baseline) in 1 mPFC 
ch (after correction). No correlation 
between fNIRS data & looking 
behavior.  

Pre-recorded auditory social stimuli 
Cristia et 
al. (2014) 

0-6 days 40 28 Bilateral 
frontal-
temporal 

HbO Channel Uncorrected 
(p < .05) & 
Bootstrap 
resampling 

↑ HbO to emotional vocalizations 
(vs. silence) in 3 L temporal chs 
(uncorrected). Similar responses 
to different types of sounds.  

ACCEPTED M
ANUSCRIPT



 39 

Author 
(year) 

Age N Number 
of 
channels 

Channel 
location 

Chromophore Analysis 
level 

Multiple 
comparison 
correction? 

Main findings 

Grossmann 
et al. 
(2010a) 

Exp 1: 4 
& 7 mos 
Exp 2: 7 
mos 

E1: 16 
(4m) & 16 
(7m) 
E2: 18 

24 Bilateral 
temporal 

HbO, HbR Channel Uncorrected  
(p < .05) 

E1: At 7 mos, ↑ HbO to vocal (vs. 
non-vocal) sounds in 2 R & 1 L 
posterior temporal ch. At 4 mos, ↑ 
HbO to non-vocal (vs. vocal) 
sounds in 1 R posterior temporal 
ch. No HbR changes. E2: ↑ HbO 
to happy (vs. neutral & angry) 
vocalizations in 1 R inferior 
frontal ch. ↑ HbO to angry (vs. 
neutral & happy) vocalizations in 
1 R posterior temporal ch. No 
HbR changes.  

Grossmann 
et al. 
(2010b) 

5 mos 20 24 Frontal HbO Channel Uncorrected  
(p < .05) 

↑ HbO to own name being called 
(vs. other name) in one L frontal 
ch (adjacent to channel that 
activated to mutual gaze).  

Homae et 
al. (2006) 

3 mos 21 48 Bilateral 
frontal-
temporal 

HbO Channel Uncorrected 
(p < .001) 

↑ HbO to normal prosody speech 
(vs. flattened speech) in 1 R 
posterior temporal ch in sleeping 
infants.   

Homae et 
al. (2007) 

10 mos 21 48 Bilateral 
frontal-
temporal 

HbO, HbR Channel FDR 
correction & 
Uncorrected 
(p < .01) 

↑ HbO to flattened speech (vs. 
normal prosody speech) in 4 R 
posterior temporal-parietal chs, 1 
R frontal ch, & 1 L frontal ch. 
HbR changes not fully reported.   

Imafuku et 
al. (2014) 

6 mos 17 22 Frontal HbO Channel FDR 
correction 

↑ HbO to own name by mother 
(vs. baseline), own name (vs. 
other name), & mother (vs. 
stranger) in two chs in dorsal 
medial PFC (dmPFC). Behavioral 
preference for mother’s voice 
associated with ↑ HbO in dmPFC. 
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Author 
(year) 

Age N Number 
of 
channels 

Channel 
location 

Chromophore Analysis 
level 

Multiple 
comparison 
correction? 

Main findings 

Lloyd-Fox 
et al. 
(2012) 

4-7 mos 33 38 Bilateral 
temporal 

HbO, HbR Channel Uncorrected  
(p < .05) 

↑ HbO & HbR to voice (vs. 
silence) in middle bilateral 
temporal chs. Widespread 
activation to non-voice (vs. 
silence). p HbR to voice (vs. non-
voice in L anterior STS area. ↑ 
response to voice, but not non-
voice, with age. 

Lloyd-Fox 
et al. 
(2016) 

Cohort 1:  
0-2 mos 
Cohort 2:  
4-8, 9-13, 
12-16 
mos 
Cohort 3: 
18-24 mos 

C1: 18 
C2: 19-24 
C3: 16 

12 Right 
temporal 

HbO, HbR Channel FDR 
correction 
(uncorrected 
also 
reported) 

↑ HbO to non-social (vs. social) 
at 0-2 mos & 4-8 mos in R 
posterior temporal chs. ↑ HbO to 
social (vs. non-social) at 9-13 
mos, 12-16 mos, & 18-24 mos in 
anterior temporal chs. Minimal 
changes in HbR. 

Naoi et al. 
(2012) 

4-13 mos 57 
temporal, 
48 frontal 

30 Frontal & 
Bilateral 
temporal  

HbO, HbR Channel Uncorrected  
(p < .05) 

Temporal: ↑ HbO to IDS (vs. 
ADS) in most R & L temporal 
chs. Some changes in HbR. 
Minimal differences between own 
and unfamiliar mother’s voice. 
Minimal age-related differences. 
Frontal: ↑ HbO to IDS (vs. ADS) 
in most frontal chs to own mother 
condition. Some HbR changes. ↑ 
HbO to own mother IDS (vs. 
unfamiliar IDS) in 1 L superior 
frontal ch. Infants at 7-9 mos ↑ 
HbO to own (vs. unfamiliar) in 1 
inferior frontal ch.  
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Author 
(year) 

Age N Number 
of 
channels 

Channel 
location 

Chromophore Analysis 
level 

Multiple 
comparison 
correction? 

Main findings 

Zhang et 
al. (2017) 

2-6 days 18 20 Bilaternal 
frontal-
temporal 

HbO, HbR Channel FDR 
correction 

↑ HbO to emotional (vs. neutral) 
vocalizations in R middle-
superior temporal gyrus (1 ch). ↑ 
HbO to fearful (vs. happy & 
neutral) vocalizations in R 
supramarginal gyrus (1 ch). No 
HbR changes. 

Live social stimuli 
Lloyd-Fox 
et al. 
(2015) 

6 mos Exp 1: 24 
Exp 2: 24 

E1: 17 
E2: 33 

E1: 
Frontal & 
Right 
temporal 
E2: 
Frontal & 
Bilateral 
temporal  

HbO, HbR Channel Uncorrected 
(p < .05) 

E1: ↑ HbO or p HbR to infant-
directed gaze & speech of live 
social partner in 4 adjacent R 
inferior frontal & temporal chs. 
E2: ↑ HbO to IDS (vs. ADS) of 
live social partner in 3 R inferior 
frontal-temporal chs (overlapping 
with E1) & ↑ HbO or p HbR in 3 
L temporal chs. 

Naoi et al. 
(2009) 

7-12 mos 17 22 Frontal HbO Channel Uncorrected 
(p < .05) 

p HbO to IJA and/or RJA with 
live examiner in 3 frontal chs. ↑ 
HbO to IJA with live social 
partner in 1 L frontal ch. HbO 
changes in L frontal channel 
correlated with % of trials with 
infant IJA behavior. 

Urakawa et 
al. (2015) 

7 mos 11 17 Frontal HbO, HbR Region Uncorrected 
(p < .05) 

↑ HbO to direct gaze (vs. averted 
gaze) of live social partner during 
peek-a-boo in mPFC. HbR 
changes unrelated to gaze 
condition. Infants looked more 
toward the eyes during direct than 
averted gaze condition. 
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Author 
(year) 

Age N Number 
of 
channels 

Channel 
location 

Chromophore Analysis 
level 

Multiple 
comparison 
correction? 

Main findings 

High-risk infants 
Fox et al. 
(2013) 

7 mos 10 HRA,  
10 LRC 

24 Frontal & 
Right 
temporal-
occipital 

HbO, HbR Channel Bonferroni-
corrected 

↑ HbO or p HbR to smiling (vs. 
neutral) faces in 6 frontal chs 
across all infants. ↑ HbO to 
mother (vs. stranger) in 1 middle 
frontal ch and p HbR to stranger 
(vs. mother) in 1 R frontal ch. 7 
frontal and R temporal chs 
differed by group. Several 
significant interactions between 
group and condition suggesting 
differential response to faces in 
HRA vs. LRC. 

Keehn et 
al. (2013) 

3, 6, 9, 12 
mos 

27 HRA, 
37 LRC 
(differs by 
age) 

24 Bilateral 
temporal 

HbO Region Bootstrap 
analysis to 
confirm t-
test results 

At 3 mos, ↑ L anterior-R posterior 
ROI intrinsic connectivity and ↑ 
co-activation connectivity intra-
hemispheric in HRA vs. LRC. No 
differences at 6 & 9 mos. At 12 
mos, p intra-hemispheric intrinsic 
and co-activation connectivity for 
HRA vs. LRC. 

Lloyd-Fox 
et al. 
(2013) 

4-6 mos 18 HRA, 
16 LRC 

26 Bilateral 
frontal-
temporal 

HbO, HbR Channel Uncorrected 
(p < .05) 

↑ HbO to visual social (vs. non-
social) stimuli in 2 L posterior 
temporal chs and 1 R posterior 
temporal ch in LRC. ↑ HbO to 
visual social (vs. non-social) 
stimuli in 1 R posterior temporal 
ch in HRA. ↑ HbO to vocal (vs. 
non-vocal) stimuli in 1 R middle 
temporal ch for LRC. Responses 
to non-vocal (vs. vocal) stimuli 
similar across groups. 
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Note. HbO = Oxygenated hemoglobin. HbR = Deoxygenated hemoglobin. HbT = Total hemoglobin. FDR = False discovery rate. R = Right. L = Left. Ch = 
Channel. PFC = Prefrontal cortex. ROI = Region of interest. RH = Right hemisphere. LH = Left hemisphere. STS = Superior  temporal sulcus.  IDS =  Infant-
directed speech. ADS = Adult-directed speech. HRA = High-risk for autism. LRC = Low-risk controls.
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Figure 1. Infant with fNIRS headgear 
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Figure 2. Parent-child interaction with fNIRS 
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