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Infant and young child electrophysiology studies have provided information

regarding the maturation of face-encoding neural processes. A limitation

of previous research is that very few studies have examined face-encoding

processes in children 12–48 months of age, a developmental period

characterized by rapid changes in the ability to encode facial information. The

present study sought to fill this gap in the literature via a longitudinal study

examining the maturation of a primary node in the face-encoding network—

the left and right fusiform gyrus (FFG). Whole-brain magnetoencephalography

(MEG) data were obtained from 25 infants with typical development at 4–

12 months, and with follow-up MEG exams every ∼12 months until 3–4 years

old. Children were presented with color images of Face stimuli and visual

noise images (matched on spatial frequency, color distribution, and outer

contour) that served as Non-Face stimuli. Using distributed source modeling,

left and right face-sensitive FFG evoked waveforms were obtained from

each child at each visit, with face-sensitive activity identified via examining

the difference between the Non-Face and Face FFG timecourses. Before

24 months of age (Visits 1 and 2) the face-sensitive FFG M290 response was

the dominant response, observed in the left and right FFG ∼250–450 ms

post-stimulus. By 3–4 years old (Visit 4), the left and right face-sensitive

FFG response occurred at a latency consistent with a face-sensitive M170

response ∼100–250 ms post-stimulus. Face-sensitive left and right FFG peak

latencies decreased as a function of age (with age explaining greater than

70% of the variance in face-sensitive FFG latency), and with an adult-like FFG

latency observed at 3–4 years old. Study findings thus showed face-sensitive

FFG maturational changes across the first 4 years of life. Whereas a face-

sensitive M290 response was observed under 2 years of age, by 3–4 years old,

an adult-like face-sensitive M170 response was observed bilaterally. Future
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studies evaluating the maturation of face-sensitive FFG activity in infants at

risk for neurodevelopmental disorders are of interest, with the present findings

suggesting age-specific face-sensitive neural markers of a priori interest.

KEYWORDS

MEG (magnetoencephalography), infants, preschoolers, maturation, fusiform gyrus,
face, social

Introduction

Humans have domain-specific strategies for encoding facial
information, an ability that has evolved across millennium
(Kanwisher, 2000; McKone et al., 2007; Baek et al., 2021).
There is a sensitive period for encoding facial information,
with the ability to recognize faces as salient visual stimuli
developing during infancy (de Heering and Rossion, 2015; Di
Lorenzo et al., 2020) and with this ability continually refined
throughout early childhood (Taylor et al., 2004). Accurately
identifying facial social cues is considered essential to acquiring
social communication skills throughout early childhood and
adolescence (Dawson et al., 2004; Sperdin et al., 2018).

Behavioral studies have demonstrated that face-encoding
processes undergo marked maturational change throughout
infancy and toddlerhood. For example, although newborns
do not show a spontaneous visual preference for human vs.
primate faces, newborns do discriminate human and primate
faces from inverted faces or non-face stimuli (Farroni et al.,
2005; Johnson et al., 2005; Di Giorgio et al., 2012; Grossman
and Johnson, 2013). Between 6 and 9 months of age infants
develop a preference for human faces (Pascalis et al., 2002, 2011;
Johnson et al., 2015), and by 10 months of age infants holistically
process facial information, evidenced by their ability to identify
an incorrect placement of the eyes and mouth (Schwarzer
et al., 2007). Studies have suggested that across time children
apply different strategies for interpreting featural or configural
facial information (Carey, 1992), with children processing more
information from facial features as well as processing facial
information more efficiently as they age (Flin, 1985; Baenninger,
1994; Chung and Thomson, 1995).

Although pediatric behavioral studies provide insight
regarding the development of face-processing abilities, studying
face processing from birth to preschool is challenging due
to the limited and variable ability of infants, toddlers and
preschoolers to perform behavioral face recognition tasks.
Electroencephalography (EEG) and magnetoencephalography
(MEG) are promising non-invasive methods for studying how
the brain encodes facial information in real time. As reviewed
below, the maturation of key neural correlates involved in face
encoding from infancy through preschool is just beginning to
be understood. The present longitudinal MEG study sought to
address gaps in our understanding by measuring the neural

activity in left and right fusiform gyrus (FFG; brain regions
key to processing faces—see following paragraphs) associated
with face encoding.

Pediatric electrophysiology
face-processing studies

In adults, an evoked response sensitive to face stimuli occurs
∼170 ms following stimulus onset, with this response referred
to as the N170 in EEG (Bentin et al., 1996; Rebai et al., 2001; de
Haan et al., 2002; Pizzagalli et al., 2002; Nakashima et al., 2008;
Caharel and Rossion, 2021) and the M170 in MEG (Halgren
et al., 2000; Liu et al., 2000; Watanabe et al., 2005; Xu et al., 2005;
Gao et al., 2013; Monroe et al., 2013). The adult N170/M170 is
termed “face-sensitive” as it is of larger amplitude and shorter
latency in response to faces compared to objects, inverted faces,
or scrambled faces (Bentin et al., 1996; Eimer, 2000a,b,c; Rossion
et al., 2000; de Haan et al., 2002; Itier and Taylor, 2004). EEG
studies find that the N170 is largest over occipital and temporal
scalp sensors. MEG studies report that M170 activity localizes to
the left and right FFG (Halgren et al., 2000; Deffke et al., 2007;
Henson et al., 2009; Monroe et al., 2013).

In infant and young child EEG studies, the evoked responses
associated with processing faces are referred to as the N290 (de
Haan et al., 2003; Peykarjou and Hoehl, 2013; Peykarjou et al.,
2013; Guy et al., 2016; Conte et al., 2020; Di Lorenzo et al., 2020)
and the P400 (de Haan and Nelson, 1999; de Haan et al., 2003;
Halit et al., 2003; Peykarjou and Hoehl, 2013; Peykarjou et al.,
2013; Hoehl, 2015; Munsters et al., 2019). The N290 is a negative
peak at ∼250–350 ms, and the P400 is a positive peak at ∼300–
600 ms (Peykarjou et al., 2013). N290 amplitude differences
between faces and meaningless patterns or objects are frequently
reported (de Haan and Nelson, 1999; Halit et al., 2004; Gliga
and Dehaene-Lambertz, 2007; Kouider et al., 2013; Peykarjou
and Hoehl, 2013). The latency of the N290 (and its magnetic
counterpart the M290) decreases from 3 to 12 months of age (de
Haan et al., 2003; Halit et al., 2003). The N290 is hypothesized
to be a precursor of the N170 (de Haan et al., 2003), with
research showing that the N290 amplitude in a 12-month-old
is modulated by upright and inverted faces the same way as the
adult N170 (Halit et al., 2003). The P400 has not been studied as
frequently as the N290, possibly because the amplitude of P400
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has not been consistently observed to be sensitive to face stimuli
(see review in Conte et al., 2020), making the role of P400 in face
processing is somewhat ambiguous.

Some studies have examined both N290 and P400 responses
in younger infants. Two studies have found that whereas an
N290 amplitude difference between upright vs. inverted face
stimulus is not observed in 3–5 month old infants, P400
amplitude differences between upright vs. inverted faces are
observed in this age range (de Haan et al., 2002; Halit et al.,
2003). Comparing brain responses to faces vs. toys in 4.5–
7.5-month-old infants, Guy et al. (2016) found larger N290
responses to faces than toys, and a larger P400 amplitude to
toys than faces. In a longitudinal infant study of 5–10 month
old infants, Di Lorenzo et al. (2020) examined the development
of three face-sensitive EEG components: P1, N290, and P400.
Compared to the P400 and P1, N290 was the dominant
response, with a face-sensitive N290 response observed in
almost all infants at 5 and 10 months of age. Across the majority
of infants, the N290 amplitude was larger to face vs. house
stimuli at Visit 1 (5 months) and Visit 2 (10 months). To date,
study findings suggest that the N290 is the primary face-sensitive
response in infants. Although it is suggested that the N170
emerges from the integration of the N290 and P400 (Conte et al.,
2020), there is currently no evidence showing that the P400
(latency or amplitude) changes as infants age or demonstrating
the development of N290 and P400 into N170.

Research suggests that the N290 and the P400 have
distinct cortical generators. Using volumetric current density
reconstruction and sLORETA (Pascual-Marqui et al., 1994;
Pascual-Marqui, 2002), Guy and colleagues (Guy et al., 2016)
showed that whereas the N290 localizes to FFG and temporal
pole, the P400 generators are broadly distributed across midline
frontal, parietal, temporal and occipital regions. In a study
from our group, using a dedicated infant MEG system to
examine left and right FFG neural activity in infants 3–
24 months (cross-sectional study) (Chen et al., 2021), right
FFG peak latency (FFG M290 responses) decreased as a
function of age, with stronger FFG activity observed in
response to face than non-face stimuli ∼250–400 ms post-
stimulus.

EEG and MEG pediatric face-encoding studies have focused
on infants under 12 months or school-age children 5 years
and older, with little known about face neural processes in
children 12–48 months of age. Bhavnani et al. (2021) reviewed

EEG measures of cognitive and social development in 2–5-
year-old children and identified seven papers reporting on face
processing. In two studies most of the children were under
4 years old (Carver et al., 2003; Peykarjou et al., 2013), one
study included children 4–5 years old (Taylor et al., 2001),
and the remaining four studies included children 5 + years
old. Across studies, in children 4 years and older, the EEG
N170 and P1 were most often reported to be sensitive to face
stimuli. As an example, Taylor et al. (1999, 2001) observed
a face-sensitive N170 in children 4–15 years old, but with
a smaller amplitude and later latency than the adult N170.
Above EEG findings indicate that face-encoding abilities evolve
throughout childhood, with EEG findings showing adult-like
processing of the eyes by ∼11 years old, and with whole-
face encoding processes continuing to mature until adulthood
(Taylor et al., 2001).

Consistent with the EEG review from Bhavnani and
colleagues, MEG studies have reported adult-like M170
responses by 4 years of age. Examining one 4-year-old child
(He et al., 2014) as well as a cross-sectional group of children
3–6 years old (N = 15) (He et al., 2015), an “M170” response
showed a difference in strength between faces and scrambled
faces. They noted, however, that the response occurred at a
latency later than the adult M170 response. This is likely due to
the fact that their cohort included children as young as 3 years
old. Their findings, as well as previous EEG face-encoding
studies, draw attention to the need for longitudinal studies to
better understand the development of FFG face-encoding neural
activity from birth to 4 years old.

Study aims and hypotheses

The present longitudinal study examined changes to the
FFG M290 and M170 response from 4 months to 4 years
old. Results from previous cross-sectional studies suggest that
the N290 and the N170 are modulated by the same stimulus
contrast (e.g., face vs. objects), and that the N290 eventually
“becomes” the N170 (Taylor et al., 1999, 2001; de Haan et al.,
2003; Halit et al., 2003; He et al., 2014, 2015). As the EEG N290
response is the most consistently observed response to faces in
infants (Di Lorenzo et al., 2020), and given that fMRI and MEG
studies demonstrate strong FFG activity when encoding faces
(Kanwisher et al., 1997; Haxby et al., 1999; Watanabe et al., 1999;

TABLE 1 Demographic information and developmental milestone scores at each visit.

Age (months)
mean (SD)

Sex
(male/female)

MSEL ELC
mean (SD)

VABS social mean
(SD)

VABS ABC
mean (SD)

Visit 1 (N = 21) 8.38 (2.10) 13 M/8 F 103.50 (25.76) 99.84 (6.67) 99.42 (3.95)

Visit 2 (N = 18) 20.71 (2.12) 12 M/6 F 99.21 (15.86) 91.56 (5.50) 92.56 (6.75)

Visit 3 (N = 14) 33.34 (2.20) 9 M/5 F 107.41 (13.17) 93.75 (8.93) 94.00 (9.90)

Visit 4 (N = 13) 46.50 (3.51) 9 M/4 F 106.44 (15.28) 98.42 (9.20) 98.08 (10.04)
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Halgren et al., 2000; Grill-Spector et al., 2004; Pourtois et al.,
2010), the present study focused on FFG neural activity. MEG
data during a face-encoding exam were obtained from infants 4–
12 months old, with follow-up data collected every∼12 months
until 3–4 years, for a total of 4 visits. It was hypothesized that
the latency of the left and right FFG face-sensitive response (i.e.,
showing a difference between face and non-face stimuli) would
decrease as a function of age, with M290 responses observed
at Visits 1 and 2, and with an “adult-like” FFG M170 response
observed at Visits 3 and 4. Study findings would thus provide
FFG face-processing growth curves.

Materials and methods

Participants

Longitudinal MEG data were acquired from 22 typically
developing infants (13 males, Visit 1: 4–12 months), with follow-
up MEG measures obtained approximately every 12 months
(Visit 2: 18–24 months, Visit 3: 30–36 months, and Visit 4:
41–53 months). Evaluable Visit 1 data were obtained from 21
children, at Visit 2 from 18 children, at Visit 3 from 14 children,
and at Visit 4 from 13 children (Table 1). As shown in Table 2,
MEG data at all 4 visits were obtained from 11 children, at
3 visits from 2 children, at 2 visits from 7 children, and at 1
visit from 2 children. Due to the COVID-19 pandemic, some
Visit 4 scans were canceled or delayed, and thus some Visit 4
data were collected after 48 months of age. Of note, Chen et al.
(2021) reported single-time-point data from a subset of children
included in the present study.

Selection criteria were: (1) no seizure disorder in the child
or an immediate family member; (2) no premature birth (later
than 37 weeks gestation); (3) no non-removable metal in
the body; (4) no known hearing or visual impairment; and
(5) no concerns regarding language or developmental delay.
Children were included or excluded based on parental report
and review of medical records. The study was approved by the
Children’s Hospital of Philadelphia IRB and all families gave
written consent.

For each child at each visit, developmental assessments
confirmed eligibility for typical development. Cognitive ability
was assessed using the Mullen Scales of Early Learning (MSEL;
Mullen, 1995). The MSEL provides a clinical assessment of
verbal and non-verbal abilities for children from birth to
68 months. The MSEL includes Visual Reception, Fine Motor,
Receptive Language, and Expressive Language domains. In
addition, the Vineland Adaptive Behavior Scales-Third Edition
(VABS-III; Sparrow et al., 2016) evaluated social and adaptive
behavior, with socialization and adaptive behavior composite
(ABC) standard scores obtained at each visit. Social ability
was operationalized as the standard score of the Socialization
Domain from the VABS, which includes the “Interpersonal
Relationships,” and “Play and Leisure Time” subdomains.

Table 1 shows demographic information as well as MSEL
Early Learning Composite (ELC) scores and VABS social and
ABC standardized scores. All children demonstrated typical
cognitive, social, and adaptive behavior development, scoring
within 2 standard deviations (SD) of the mean for each
domain at each visit.

Stimuli

Stimuli consisted of 80 color images of Face stimuli
(NimStim) and 80 matched visual noise images that served
as Non-Face stimuli (Figure 1B). Face stimuli exhibiting a
happy expression were selected from the NimStim Face Stimulus
Set (Tottenham et al., 2009). Using the approach described in
Halit et al. (2004), Non-Face stimuli were created to match
the frequency content (spatial frequency), color distribution,
and outer contour of the Face stimuli. Such Non-Face control
stimuli are necessary, as studies have shown that face-selective
responses in infants and toddlers can be due to stimuli
differences in spatial frequency (Cassia et al., 2004; Simion et al.,
2007; de Heering et al., 2008; Macchi Cassia et al., 2011; Simion
and Giorgio, 2015).

It is of acknowledged that the control stimuli used in infant
and young children face research remains a topic of debate.
Although some studies have used houses or toys as control
conditions, these control stimuli are generally not matched
to the face stimuli with respect to low-level psychophysical
properties such as spatial frequency. As described in Halit et al.
(2004), this is a concern in infant studies, where such factors
are known to influence the preference and processing of visual
stimuli (Banks and Salapatek, 1981), as well as possibly engaging
other neural regions or circuits involved in action planning (e.g.,
a 12-month-old infant who views an image of a toy they hope
to grab) or showing stimuli not yet known to a child (e.g., a 3-
month-old infant who views images of houses when they have
not yet seen a house from the outside) (Kaufman et al., 2003).

With respect to the present study, it is also of note that
images of non-face objects such as houses or toys have a vastly
different importance to children 4 months old vs. 4 years old
(and even across different 3–4-year-old children). As such, for
the purposes of the present study, using toy or house objects as
a contrast condition was not ideal given the goal of evaluating
the maturation of FFG face-sensitive cortical responses from
4 months to 4 years. In the present study, Non-Face stimuli
were produced by randomizing the phase spectrum of each
face picture (overlaid on a head shape). Non-Face stimuli
thus retained the amplitude and color spectra as well as the
contour of the face stimulus, but were not identifiable as a
face (see Figure 1B). All stimuli were presented against a black
background with a horizontal visual angle of 12.6 degrees, a
vertical angle of 18.9 degrees, and a viewing distance of 45 cm.
Stimulus duration was 1,500 ms and the inter-stimulus interval
varied randomly between 800 and 1,200 ms (Figure 1B). Face
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TABLE 2 Face vs. Non-Face FFG peak latency for each child at each visit.

Age (months) L-FFGM290
Latency (ms)

R-FFGM290
Latency (ms)

L-FFGM170
Latency (ms)

R-FFGM170
Latency (ms)

Subject Visit 1
(N = 21)

Visit 2
(N = 18)

Visit 3
(N = 14)

Visit 4
(N = 13)

Visit 1
(81%)

Visit 2
(72%)

Visit 1
(100%)

Visit 2
(83%)

Visit 3
(64%)

Visit 4
(86%)

Visit 3
(85%)

Visit 4
(92%)

S1 4.0 23.8 Missed Missed absent 203 408 212 Missed Missed Missed Missed

S2 8.0 19.8 Missed Missed 311 absent 334 268 Missed Missed Missed Missed

S3 6.1 Missed Missed Missed 360 Missed 382 Missed Missed Missed Missed Missed

S4 10.7 22.0 36.2 48.9 426 221 349 Absent Absent Absent 271 134

S5 10.7 23.2 Missed Missed Absent 324 289 Absent Missed Missed Missed Missed

S6 11.1 21.5 34.6 44.4 Absent 377 411 284 269 Absent Absent 228

S7 Missed Missed 35.4 53.9 Missed Missed Missed Missed 161 206 133 136

S8 7.0 18.4 31.0 48.5 351 349 378 276 Absent 208 183 171

S9 12.0 24.7 37.4 Missed 346 absent 240 302 Absent Missed 278 Missed

S10 9.0 Missed Missed Missed 415 Missed 339 Missed Missed Missed Missed Missed

S11 7.3 19.0 30.2 41.8 Absent Absent 366 321 Absent 134 Absent Absent

S12 12.0 22.3 34.8 52.1 302 336 379 260 227 140 159 132

S13 8.9 Missed 34.4 47.6 323 Missed 430 Missed 272 207 183 177

S14 6.3 16.7 Missed Missed 351 297 313 330 Missed Missed Missed Missed

S15 7.2 22.9 34.5 48.5 306 Absent 368 217 Absent 136 210 193

S16 8.9 18.9 Missed Missed 365 341 294 291 Missed Missed Missed Missed

S17 10.4 20.7 33.5 48.4 270 Absent 328 284 231 124 256 194

S18 7.6 20.6 32.3 43.4 341 314 404 265 148 167 162 142

S19 6.2 23.6 36.0 47.6 416 293 370 257 165 170 188 251

S20 7.4 20.5 30.4 43.2 362 319 377 Absent Absent 134 227 217

S21 8.2 20.3 32.5 44.5 299 335 391 313 210 126 196 143

S22 9.3 19.2 Missed Missed 357 393 374 264 Missed Missed Missed Missed

“Absent” indicates that a stronger Face than Non-Face response was not observed; “Missed” indicates a missed visit, or unevaluable data. Under each Visit column, % indicates percentage
of children with an M290 or M170 response.

FIGURE 1

(A) Representative infants and young children in the infant MEG (Artemis) or the conventional MEG (CTF) helmet. Each child was scanned in the
Artemis MEG system at Visits 1, 2, and 3, and in the CTF MEG system at Visit 4. (B) Face and Non-Face paradigm.
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and Non-Face stimuli were randomly presented and no stimulus
was repeated. Thus, each participant was shown 80 unique Face
and 80 unique Non-Face stimuli.

Magnetoencephalography data
acquisition

At Visits 1, 2, and 3 (under 36 months of age; see Figure 1A),
infant whole-head MEG data were recorded in a magnetically
shielded room (MSR; Vacuumschmelze GmbH and Co., KG,
Hanau, Germany) using Artemis 123 (Tristan Technologies Inc.,
San Diego, CA, United States) with a sampling rate of 5,000
and a 0.1 Hz high-pass filter. The Artemis 123 was designed
for use with children from birth to 3 years of age (Roberts
et al., 2014; Edgar et al., 2015). The Artemis system has 123
first-order axial gradiometers and a helmet circumference of
50 cm, which corresponds to the median head circumference of
36-month-old children in the U.S. The Artemis 123 employs a
coil-in-vacuum sensor configuration to minimize the distance
between the helmet surface and sensors (6–9 mm). During
the MEG recording, the child’s head position was continuously
monitored using 4 head position indicator (HPI) coils attached
to a fabric cap that each child wore during the scan.

By Visit 4 (41–53 months; see Figure 1A), most children no
longer fit in the infant MEG helmet. Thus, at Visit 4, whole-head
MEG data were acquired in the same MSR using the 275 axial
gradiometer CTF system (VSM MedTech, Coquitlam, BC) and
with synthetic third-order gradiometer noise correction. CTF
MEG data were acquired with a sampling rate of 1,200 Hz. The
child’s head position was monitored using 3 HPIs attached to the
scalp with continuous head localization applied.

To help keep the child calm and engaged during the MEG
exam, a research assistant with experience scanning infants and
young children stood next to the child and helped the parent
keep the child calm and alert during the exam. With parental
permission, children younger than 9 months were swaddled to
reduce motion. Several strategies were used to make sure MEG
data were obtained while the infant was looking at the stimuli
and thus to optimize the number of evaluable trials. First, when
needed, the research assistant instructed the parent to provide
a pacifier or bottle to reduce motion and to help keep the infant
calm while watching the video screen. Second, the paradigm was
designed to keep the infant’s attention throughout the exam,
with “attention grabbers” (e.g., animated animals with sound)
presented in-between the Face or Non-Face stimuli. Third, when
an infant was fussy and unable to attend to the stimuli, or when
there was excessive motion, the task was paused, with toys or
bottle/pacifier provided during the break (and with the infant’s
head remaining in the MEG helmet). Presentation of the stimuli
was resumed only once the infant was able to again pay attention
to the stimuli. Fourth, the task was paused if the infant began to
fall asleep. Use of the above procedures minimized the number

of excluded trials. In addition to the above, the time when the
child was not attending to the stimuli during the recording was
noted by the study staff (e.g., starting to fall asleep) and this data
manually removed.

Of note, the Artemis and CTF MEG systems were in
the same MSR and used the same hardware for stimulus
presentation (projector, presentation computer). The size of the
stimulus screens used for CTF and Artemis are the same, and the
children were scanned in the supine position at all visits, viewing
the same sized Face and Non-Face stimuli and with the viewing
distance and visual angle the same in both MEG systems.

For each child at each time point, MEG data were co-
registered to an age-appropriate infant or young child MRI
template (O’Reilly et al., 2021). An affine transformation
accommodated global scale differences between the child’s
anatomy and the atlas. Before MEG data acquisition, each
child’s head shape, anatomical landmarks (nasion, right, and
left preauriculars), as well as the location of the HPI coils were
digitized using the FastSCAN System (Polhemus, Colchester,
VT). The points representing the shape of the child’s head (>500
points) were used to co-register the MEG and the MRI template
surface (warped to fit the MRI surface).

Magnetic source analyses

Artemis and CTF MEG data were analyzed using
Brainstorm (Tadel et al., 2011).1 All MEG data were down-
sampled to 1,000 Hz and then band-pass filtered from 3 to
55 Hz (low transition: 1.5–3.0 Hz, high transition: 55–63.25 Hz,
stopband attenuation: 60 Hz), and with a 60 Hz notch filter
applied. Heartbeat artifact was removed via independent
component analyses (ICA). Other artifacts (e.g., movement,
muscle artifact) were visually identified and manually removed.
During the scan, times when the participant was not attending
to the stimuli were noted (e.g., crying, falling asleep) and this
data were manually removed. In addition to removing data
containing excessive artifacts due to motion or magnetic noise,
trials with amplitudes exceeding 500 fT were excluded. The
average number of artifact-free trials for the Face and Non-Face
conditions at each time point are provided in Table 3. No
subject had fewer than 30 trials for condition at any time point.

Face and Non-Face event-related fields (ERFs; Figure 2A)
were created by averaging epochs 200 ms pre-stimulus to
500 ms post-stimulus. Distributed source modeling provided
estimates of neural activity throughout the brain. An advantage
of using MEG to study early brain development is that MEG
is much less sensitive than EEG to distortion of the volume
current caused by open fontanels and sutures and to inaccurate
estimates of skull conductivity (Lew et al., 2013; Chen et al.,
2019). To calculate the MEG forward solution, an overlapping

1 http://neuroimage.usc.edu/brainstorm
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spheres head model was created for each participant. Whole-
brain distributed modeling source reconstruction for Face and
Non-Face ERFs were computed using Dynamical Statistical
Parametric Mapping (dSPM; Dale et al., 2000) with constrained
orientation estimating FFG activity associated with Face and
Non-Face stimuli. For computing each child’s dSPM solution, an
MEG noise covariance matrix for each child was obtained from
an empty room recording immediately prior to the child’s scan.
dSPM solutions were computed with normalization as part of
the inverse routine based on the noise covariance, resulting in a
Z-score map.

Left and right fusiform gyrus source
timecourses

For each child and at each visit, Face and Non-Face dSPM
Z-score maps were created, and a left and right FFG (L-FFG
and R-FFG) region-of-interest (ROI) was obtained based on
the Desikan-Killiany Atlas (Desikan et al., 2006). For each
child at each visit, L-FFG and R-FFG source timecourses were
obtained by averaging the source strength from each vertex
within the L-FFG and R-FFG ROI, separately for the Face and
Non-Face conditions (Figure 2C). Left and right Non-Face
FFG timecourses were subtracted from Face FFG timecourses,
with the difference waveform used to identify FFG face-specific
responses. For each child at each visit, L-FFG and R-FFG peak
latency was identified as the time point showing the largest
amplitude (magnetic field topography shown in Figure 2B) after
the first positive peak (i.e., the M100, the magnetic counterpart
of P1 response).

Statistical analyses

Paired-sample t-tests examined Face vs. Non-Face left and
right FFG amplitude timecourse differences at each sample from
0–500 ms post-stimulus. A cluster threshold of p < 0.05 for
20 ms+ family-wise correction was applied. Given changes to
the FFG source timecourse morphology across time (changing
responses and latencies), the Face vs. Non-Face FFG source
timecourses were examined at each visit rather than statistically

TABLE 3 Mean, range, and standard deviation of number of trials per
condition at each time point.

Face Non-Face
Mean (Range)/ Mean (Range)/

Standard
Deviation

Standard
Deviation

Visit 1 (N = 21) 65.81 (49–79)/7/46 66.10 (43–78)/9.23

Visit 2 (N = 18) 68.56 (54–80)/8.43 69.61 (54–79)/8.04

Visit 3 (N = 14) 66.10 (30–79)/16.37 66.79 (32–80) 17.52

Visit 4 (N = 13) 74.77 (65–80)/4.75 73.77 (55–79)/7.25

comparing timecourses across visits. A primary focus of the
study was to determine the presence/absence of a L-FFG and
R-FFG M290 and/or M170 response as well as the latency of the
L-FFG and R-FFG M290 and M170 response at each visit.

Given missing data (e.g., one child with only Visit 1 and
3 data), mixed-effect models evaluated Face vs. Non-Face FFG
peak latency changes as a function of age, with FFG peak
latency the dependent variable, and with Visit (1, 2, 3, 4),
Hemisphere (left, right), and their interactions entered as fixed
effects variables, and subject entered as a random effect variable.

Results

Maturation of the fusiform gyrus face
response

Figure 3 shows L-FFG and R-FFG source timecourses for
the Face and Non-Face conditions as a function of Visit. Within-
subject paired t-tests comparing Face and Non-Face source
strength and conducted separately for each Visit identified Face
vs. Non-Face FFG source strength differences, shown via the
shaded windows (using p < 0.05 for 20 + ms family-wise
correction). At Visits 1 and 2, larger Face vs. Non-Face FFG
responses (i.e., face-sensitive FFG responses) were observed
between 250–450 ms post-stimulus. This latency range is
consistent with the N290 response latency reported in the infant
literature and is thus is defined here as the M290 response (red
shading area in Figure 3). With respect to the M290 response,
stronger Face vs. Non-Face M290 responses were observed
∼300–450 ms, post-stimulus at Visit 1 in both hemispheres, and
∼250–300 ms post-stimulus at Visit 2 in the right hemisphere.
The left-hemisphere magnetic field topography reversed at Visit
2, thus indicating a left-hemisphere change in FFG neural
generator activity between∼18 and 24 months.

At Visits 3 and 4, a more adult-like latency was observed,
with the peak face-sensitive FFG response observed at an earlier
latency, and thus with these responses defined as the M170.
Blue shading indicates when this response was significantly
stronger in the Face than Non-Face condition. At Visit 3, in the
L-FFG a stronger M170 was observed in the Face than Non-
Face condition. Although what appeared to be a R-FFG M170
was observed, as shown in Figure 3, the strength of the R-FFG
response did not differ as a function of condition. At Visit 4,
a face-sensitive M170 was observed bilaterally, with stronger
M170 responses observed in the Face than Non-Face condition
between∼100 and 200 ms post-stimulus.

The left and right fusiform gyrus peak
latency

In Table 2, M290 peak latency values at Visit 1 and Visit 2
are provided for each child. The M290 peak latency score was
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FIGURE 2

Example data from a representative child at Visit 1 (age 7 months, upper row) and at Visit 4 (age 48 months, lower row) showing (A) sensor
event-related field (ERF) butterfly plots for the Face condition and (B) magnetic field sensor topography for the Face condition at the time
where the blue arrow in (A) indicated the face-response peak latency (MEG sensors), and (C) evoked source timecourses for Face (blue) and
Non-Face (red) conditions at left and right FFG.

computed from the Face vs. Non-Face subtraction waveform,
first identified as present or absent based on the magnetic field
topography (see Figure 2B), and judged present only when the
source strength difference waveform had a Z-score > | 1.5| 250–
450 ms post-stimulus. When identified as present, the M290
peak latency was scored at the time of the largest Z-score. M170
peak latency was identified at Visits 3 and 4, again first identified
as present or absent based on the magnetic field topography,
and judged present only when the source strength difference
waveform had a Z-score > | 1.5| 100–250 ms post-stimulus.
When identified as present, the M170 peak latency was scored
at the time of the largest Z-score.

Based on latency, the dominant response at Visits 1 and
2 (< 2 years old) was the M290, with stronger responses (see
magnetic field topography in Figure 2B) observed in the Face
than Non-Face condition in L-FFG and R-FFG ∼250–450 ms
post-stimulus (see Figure 2C, 3; using a p < 0.05 for 20+ ms
family-wise correction). For some children, M290 appeared to
evolve (based on a change in latency) into the M170 at Visit 3
(∼30–36 months), with the L-FFG M170 observed in 64% of
children and the R-FFG M170 observed in 85% of children. By
Visit 4 (3–4 years), L-FFG and R-FFG face-sensitive responses
were more distinct and had more “M170” like latencies (100–
250 ms post-stimulus) in > 85% of the children (see Table 2).

To quantify changes to the Face vs. Non-Face FFG peak
latency as a function of age, a linear mixed-effects model was run
with FFG peak latency as the dependent variable (M290 peak
latency for Visit 1 and Visit 2, M170 peak latency for Visit 3
and Visit 4), Visit and Hemisphere and their interaction entered
as fixed-effects, and subject as a random-effect variable. Results
showed a main effect of Visit [F(3, 94) = 100.15, p< 0.001], with
FFG peak latency decreasing as a function of age. A marginally
significant Visit ∗ Hemisphere interaction [F(3, 89) = 2.34,

p = 0.08] was also observed, with simple-effect analyses revealing
a later latency in L-FFG than R-FFG at Visit 2 [t(19) = –2.27,
p = 0.02] (see Figure 4 for least-square means plot for averaged
L-FFG and R-FFG latency at each visit). No main effect of
Hemisphere was observed.

Finally, exploratory chi-square analyses examined the
presence vs. absence of a face-sensitive FFG response between
hemispheres separately for each visit. In Table 2, the percentage
of children showing an M290 or M170 response in each
hemisphere is provided under the Visit column. At Visit 1,
more Face vs. Non-Face FFG M290 peaks were present in the
right than left hemisphere [X2(1, N = 21) = 5.97, p = 0.01]. No
hemispheric differences at later Visits were observed.

Discussion

The present study examined the maturation of face-sensitive
FFG responses from 4 months to 4 years. Three main findings
were observed. First, whereas the M290 was the dominant face-
sensitive response when the children were under 2 years of age,
the M170 was dominant when the children were 3–4 years of
age. Second, FFG Face vs. Non-Face latencies decreased as a
function of age. Third, a right-hemisphere preference to Face
vs. Non-Face stimuli was only observed before 12 months of
age. The following text discuss these findings with respect to
previous research.

From M290 to M170

Face-sensitive FFG responses were observed ∼300–450 ms
post-stimulus at Visit 1 and∼250–300 ms post-stimulus at Visit
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FIGURE 3

Grand average Face (blue) and Non-Face (red) FFG timecourses at each visit, with shading showing ± 2 standard errors of the mean. Significant
Face vs. Non-Face FFG source strength differences are highlighted (red for M290; blue for M170; gray for M100; using a p < 0.05 for 20+ ms
family-wise correction).

2 (Figure 3). This finding is consistent with EEG findings from
Di Lorenzo and colleagues (Di Lorenzo et al., 2020), where a
larger N290 response was observed to face vs. house stimuli
in the majority of infants at 5 and 10 months of age. By
Visit 3, however, stronger face-sensitive L-FFG M170 responses
were observed ∼100–250 ms post-stimulus, and by Visit 4
(∼3–4 years) face-sensitive M170 responses were observed
in > 85% of the children bilaterally. Present findings showed
that between 30 and 36 months of age (Visit 3) a face-sensitive
M290 was generally absent, with the M170 clearly observed
by 3–4 years old (Visit 4). This pattern may be due to small
number of subjects at Time 3, as well as perhaps due to
greater between-subject variability in FFG activity between 2.5
and 3 years old.

In cross-sectional studies comparing infants and preschool
children, Taylor et al. (1999, 2001) showed that the N290
response observed at 12 months occurs ∼20 ms later than
the N170 response observed in 4–5-year-old children (Taylor
et al., 1999, 2001). In our previous cross-sectional infant MEG
study (Chen et al., 2021), the R-FFG peak latency to face
stimuli was observed to decrease from birth to 2 years. In
the present longitudinal sample, the FFG Face vs. Non-Face
peak latency decreased from 353 ms at Visit 1, to 294 ms
at Visit 2, to 206 ms at Visit 3, and to 168 ms at Visit
4 (averaged across subjects and hemispheres at each visit;
see Figure 4). Of note, however, is the substantial between-
subject variability in FFG maturation, with Table 2 detailing
marked individual differences in FFG maturation, and with
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considerable between-hemisphere as well as between-subject
differences in the presence/absence of a face-sensitive M290
or M170 FFG response. In general, however, and consistent
with previous research on the maturation of FFG face neural
processes (de Haan et al., 2002, 2003; Halit et al., 2003), the
present study confirmed the FFG M290 response was the
dominant face-sensitive response prior to 2 years of age. Also
consistent with previous school-age child studies, by 3 and
4 years old the M170 response was the dominant face-sensitive
response (He et al., 2014, 2015). Thus, present findings generally
support the hypothesis that the M290 eventually becomes
the M170.

Hemisphere maturation differences

In school-age children and adolescents, a stronger neural
response in the right than left hemisphere to face stimuli is
often observed (Itier and Taylor, 2004). The developmental
origin of a right-hemisphere specialization for face perception
is unclear. Whereas some studies have not observed face
processing hemisphere differences in infants (de Haan and
Nelson, 1999; Tzourio-Mazoyer et al., 2002; Gliga and Dehaene-
Lambertz, 2007), other studies have shown a right-hemisphere
specialization for face processing during infancy (Le Grand et al.,
2003; Tsao et al., 2008; de Heering and Rossion, 2015; Adibpour
et al., 2018; Chen et al., 2021). For example, in a cross-sectional
study of infants 0–2 years of age (Chen et al., 2021), whereas
a Face vs. Non-Face difference in FFG source strength was
observed in L-FFG and R-FFG, only R-FFG latency changed
as a function of age, and only R-FFG latency was associated
with social skills.

Although findings from the present longitudinal cohort
provided some evidence of a right-hemispheric specialization
for faces, hemisphere findings were not consistent across all
ages. In particular, prior to 12 months of age (Visit 1) FFG
M290 Face vs. Non-Face differences were more often observed
in the right than left hemisphere. This pattern, however, was
not observed at other ages, and by 3–4 years old (Visit 4)
stronger FFG responses to Face than Non-Face stimuli was
observed in both hemispheres. In addition, no hemisphere
differences were observed for FFG latency. The present findings
are thus generally consistent with previous literature reporting
a right-hemispheric advantage in young infants but not in
preschool children (Lochy et al., 2020). This may be due
to the fact that right-hemisphere face specialization depends
on visual discrimination ability. For example, contrary to the
face-selective right hemisphere results in infants (de Heering
and Rossion, 2015) and adults (Rossion et al., 2015) obtained
using the same methodology, Lochy et al. (2019) showed that
whereas 5-year-old preschool children show a right-lateralized
face response when discriminating upright vs. inverted faces, no
lateralized response was observed when viewing faces vs. objects.

FIGURE 4

Least-square means plot showing averaged L-FFG (blue) and
R-FFG (red) latency at each visit.

They concluded that there may be non-linear development
of the neural processes underlying face perception, and that
hemispheric specialization likely changes across time (e.g., as a
result of reading acquisition during preschool years).

Models of hemispheric specialization indicate that whereas
the right hemisphere tends to process information in a holistic
manner, the left hemisphere tends to process information
in a more fine-grained, analytic manner (Banich, 2009). It
may be that during infancy, whereas infants rely on the
right hemisphere to process faces in a holistic fashion,
preschool children rely on both hemispheres to process feature-
specific facial information. This is consistent with studies
suggesting that different strategies are used at different ages
to process featural and configural facial information (Flin,
1985; Baenninger, 1994; Chung and Thomson, 1995), with
older children generally exhibiting a left-hemisphere bias when
processing the eyes or mouth. It is thus likely that at different
ages the FFG processes faces vs. other stimuli differently,
and with FFG hemispheric lateralization likely dependent on
stimulus conditions (e.g., upright faces vs. inverted faces;
faces vs. objects).

Future directions and limitations

In the present study, the face exam was passive (i.e., no
behavioral response) and the Face and Non-Face stimuli were
created to be appropriate across the infant to young child
age range (Halit et al., 2004) such that any difference in FFG
activity between the Face and Non-Face conditions was unlikely
to be due to low-level physical properties. A limitation of
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the present study, however, was the lack of a third stimulus
condition that allowed evaluation of FFG responses to holistic
and configural face processing (Schwarzer and Roebers, 2002;
Schwarzer et al., 2007). Longitudinal birth through preschool
and school-age studies are needed to investigate the maturation
of FFG holistic vs. configural face processing, as well as FFG
activity to specific facial features, such as facial information
related to sex and race (Quinn et al., 2002, 2010, 2019).
Such studies are difficult, however, as infants, preschoolers,
and school-age children have different cognitive, attention, and
motor abilities. As such, future studies will need to consider
length of task, number of trials per condition, hardware and
analyses pipelines, stimuli saliency, whether the stimuli are
relevant across a range of ages, and with control conditions that
allow for assessment of face, attention, and high- and low-level
visual neural processes.

Due to sample size, it was not possible to compare FFG
face response maturation in males vs. females, and the present
study focused only on FFG activity. Future infant and young
child studies examining the maturation of whole-brain face
networks in a larger sample of male and females are of
interest. Older child and adult functional magnetic resonance
imaging (fMRI) and intracranial local field potential studies have
identified FFG as the key brain regions active when viewing
faces (Allison et al., 1994; Kanwisher et al., 1997; Haxby et al.,
1999; Grill-Spector et al., 2004; Kanwisher and Yovel, 2006;
Cohen Kadosh et al., 2010; Pourtois et al., 2010). To our
knowledge, no fMRI study has examined face encoding during
the first few years of life. Although functional near-infrared
spectroscopy (fNIRS) has been used to study face processing
in infants (Otsuka et al., 2007; Nakato et al., 2009, 2011a,b;
Ichikawa et al., 2010, 2013; Kobayashi et al., 2011, 2014, 2018;
Yamashita et al., 2012; Di Lorenzo et al., 2019), fNIRS lacks the
temporal precision and ability to measure activity from deeper
cortical regions (Grossmann, 2008; McDonald and Perdue,
2018).

To conclude, study findings showed face-sensitive FFG
maturational changes across the first 4 years of life. Whereas
a face-sensitive M290 response was observed under 2 years of
age (and with a right-hemisphere preference observed before
12 months of age), by 3–4 years old a face-sensitive M170
response was prominent bilaterally. Research evaluating the
maturation of face-sensitive FFG activity in infants at risk
for neurodevelopmental disorders is of interest, with present
findings providing age-specific face-sensitive neural markers as
potential prognostic and treatment targets.

Data availability statement

The original contributions presented in this study are
included in the article, further inquiries can be directed to the
corresponding author/s.

Ethics statement

This study was reviewed and approved by the Children’s
Hospital of Philadelphia Institutional Review Board. Written
informed consent was obtained from the participants’ parent or
legal guardian.

Author contributions

YC, LB, EK, MK, TR, and JE contributed to the conception
and design of the study. YC, OA, SL, KM, MS, TC, MK, and
EK organized and collected the data. YC and OA analyzed
the data and performed the statistical analyses. YC wrote the
manuscript. HG and JE wrote sections of the manuscript. All
authors contributed to manuscript revision, read, and approved
the submitted version.

Funding

This research was supported by grants from the National
Institute of Mental Health (NIMH) (K01MH108822 to YC),
the Eagles Autism Foundation Pilot Grant to YC, the Nancy
Lurie Marks Foundation to HG (Principal Investigator Roseann
Schaff), the National Institute of Health (NIH) (R01MH107506
to JE), and the National Institute of Child Health and Human
Development (NICHD) (R01HD093776 to JE).

Acknowledgments

We would like to thank the subjects who enrolled in this
study and John Dell, Rachel Golembski, Peter Lam, Na’Kiesha
Robinson, Erin Huppman, Shivani Patel, and Matt Ku who
helped with data collection.

Conflict of interest

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

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Frontiers in Human Neuroscience 11 frontiersin.org

https://doi.org/10.3389/fnhum.2022.917851
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/


fnhum-16-917851 August 8, 2022 Time: 13:30 # 12

Chen et al. 10.3389/fnhum.2022.917851

References

Adibpour, P., Dubois, J., and Dehaene-Lambertz, G. (2018). Right but not left
hemispheric discrimination of faces in infancy. Nat. Hum. Behav. 2, 67–79. doi:
10.1038/s41562-017-0249-4

Allison, T., Ginter, H., Mccarthy, G., Nobre, A. C., Puce, A., Luby, M., et al.
(1994). Face recognition in human extrastriate cortex. J. Neurophysiol. 71, 821–
825. doi: 10.1152/jn.1994.71.2.821

Baek, S., Song, M., Jang, J., Kim, G., and Paik, S.-B. (2021). Face detection in
untrained deep neural networks. Nat. Commun. 12, 7328. doi: 10.1038/s41467-
021-27606-9

Baenninger, M. (1994). The development of face recognition: Featural or
configurational processing? J. Exp. Child. Psychol. 57, 377–396. doi: 10.1006/jecp.
1994.1018

Banich, M. T. (2009). Hemispheric Specialization and Cognition. Encycl.
Neurosci. 1081–1086. doi: 10.1016/B978-008045046-9.00429-0

Banks, M. S., and Salapatek, P. (1981). Infant pattern vision: A new approach
based on the contrast sensitivity function. J. Exp. Child. Psychol. 31, 1–45. doi:
10.1016/0022-0965(81)90002-3

Bentin, S., Allison, T., Puce, A., Perez, E., and Mccarthy, G. (1996).
Electrophysiological Studies of Face Perception in Humans. J. Cogn. Neurosci. 8,
551–565. doi: 10.1162/jocn.1996.8.6.551

Bhavnani, S., Lockwood Estrin, G., Haartsen, R., Jensen, S. K. G., Gliga, T., Patel,
V., et al. (2021). EEG signatures of cognitive and social development of preschool
children-a systematic review. PLoS One 16:e0247223. doi: 10.1371/journal.pone.
0247223

Caharel, S., and Rossion, B. (2021). The N170 is Sensitive to Long-term
(Personal) Familiarity of a Face Identity. Neuroscience 458, 244–255. doi: 10.1016/
j.neuroscience.2020.12.036

Carey, S. (1992). Becoming a face expert. Philos. Trans. R. Soc. Lond B. Biol. Sci.
335, 95–102;discussion 102–3. doi: 10.1098/rstb.1992.0012

Carver, L. J., Dawson, G., Panagiotides, H., Meltzoff, A. N., Mcpartland, J., Gray,
J., et al. (2003). Age-related differences in neural correlates of face recognition
during the toddler and preschool years.Dev. Psychobiol. 42, 148–159. doi: 10.1002/
dev.10078

Cassia, V. M., Turati, C., and Simion, F. (2004). Can a nonspecific bias toward
top-heavy patterns explain newborns’ face preference? Psychol. Sci. 15, 379–383.
doi: 10.1111/j.0956-7976.2004.00688.x

Chen, Y., Slinger, M., Edgar, J. C., Bloy, L., Kuschner, E. S., Kim, M., et al. (2021).
Maturation of hemispheric specialization for face encoding during infancy and
toddlerhood. Dev. Cogn. Neurosci. 48, 100918. doi: 10.1016/j.dcn.2021.100918

Chen, Y. H., Saby, J., Kuschner, E., Gaetz, W., Edgar, J. C., and Roberts, T. P. L.
(2019). Magnetoencephalography and the infant brain. Neuroimage 189, 445–458.
doi: 10.1016/j.neuroimage.2019.01.059

Chung, M. S., and Thomson, D. M. (1995). Development of face recognition.
Br. J. Psychol. 86, 55–87. doi: 10.1111/j.2044-8295.1995.tb02546.x

Cohen Kadosh, K., Henson, R. N., Cohen Kadosh, R., Johnson, M. H., and Dick,
F. (2010). Task-dependent activation of face-sensitive cortex: An fMRI adaptation
study. J. Cogn. Neurosci. 22, 903–917. doi: 10.1162/jocn.2009.21224

Conte, S., Richards, J. E., Guy, M. W., Xie, W., and Roberts, J. E. (2020).
Face-sensitive brain responses in the first year of life. NeuroImage 211:116602.
doi: 10.1016/j.neuroimage.2020.116602

Dale, A. M., Liu, A. K., Fischl, B. R., Buckner, R. L., Belliveau, J. W., Lewine,
J. D., et al. (2000). Dynamic statistical parametric mapping: Combining fMRI
and MEG for high-resolution imaging of cortical activity. Neuron 26, 55–67.
doi: 10.1016/S0896-6273(00)81138-1

Dawson, G., Toth, K., Abbott, R., Osterling, J., Munson, J., Estes, A., et al. (2004).
Early social attention impairments in autism: Social orienting, joint attention, and
attention to distress. Dev. Psychol. 40, 271–283. doi: 10.1037/0012-1649.40.2.271

de Haan, M., Johnson, M. H., and Halit, H. (2003). Development of face-
sensitive event-related potentials during infancy: A review. Int. J. Psychophysiol.
51, 45–58. doi: 10.1016/S0167-8760(03)00152-1

de Haan, M., and Nelson, C. A. (1999). Brain activity differentiates face and
object processing in 6-month-old infants. Dev. Psychol. 35, 1113–1121. doi: 10.
1037/0012-1649.35.4.1113

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

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

de Heering, A., Turati, C., Rossion, B., Bulf, H., Goffaux, V., and Simion, F.
(2008). Newborns’ face recognition is based on spatial frequencies below 0.5 cycles
per degree. Cognition 106, 444–454. doi: 10.1016/j.cognition.2006.12.012

Deffke, I., Sander, T., Heidenreich, J., Sommer, W., Curio, G., Trahms, L., et al.
(2007). Meg/Eeg sources of the 170-ms response to faces are co-localized in the
fusiform gyrus. Neuroimage 35, 1495–1501. doi: 10.1016/j.neuroimage.2007.01.
034

Desikan, R. S., Segonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D.,
et al. (2006). An automated labeling system for subdividing the human cerebral
cortex on MRI scans into gyral based regions of interest. Neuroimage 31, 968–980.
doi: 10.1016/j.neuroimage.2006.01.021

Di Giorgio, E., Leo, I., Pascalis, O., and Simion, F. (2012). Is the face-perception
system human-specific at birth? Dev. Psychol. 48, 1083–1090. doi: 10.1037/
a0026521

Di Lorenzo, R., Blasi, A., Junge, C., Van Den Boomen, C., Van Rooijen, R.,
and Kemner, C. (2019). Brain responses to faces and facial expressions in 5-
Month-Olds: An fNIRS study. Front. Psychol. 10:1240. doi: 10.3389/fpsyg.2019.
01240

Di Lorenzo, R., Van Den Boomen, C., Kemner, C., and Junge, C. (2020).
Charting development of ERP components on face-categorization: Results from
a large longitudinal sample of infants. Dev. Cogn. Neurosci. 45:100840. doi: 10.
1016/j.dcn.2020.100840

Edgar, J. C., Murray, R., Kuschner, E. S., Pratt, K., Paulson, D. N., Dell, J., et al.
(2015). The maturation of auditory responses in infants and young children: A
cross-sectional study from 6 to 59 months. Front. Neuroanat. 9:131. doi: 10.3389/
fnana.2015.00131

Eimer, M. (2000a). Effects of face inversion on the structural encoding and
recognition of faces. Evidence from event-related brain potentials. Brain Res. Cogn.
Brain Res. 10, 145–158. doi: 10.1016/S0926-6410(00)00038-0

Eimer, M. (2000c). The face-specific N170 component reflects late stages in the
structural encoding of faces. Neuroreport 11, 2319–2324. doi: 10.1097/00001756-
200007140-00050

Eimer, M. (2000b). Event-related brain potentials distinguish processing stages
involved in face perception and recognition. Clin. Neurophysiol. 111, 694–705.
doi: 10.1016/S1388-2457(99)00285-0

Farroni, T., Johnson, M. H., Menon, E., Zulian, L., Faraguna, D., and Csibra, G.
(2005). Newborns’ preference for face-relevant stimuli: Effects of contrast polarity.
Proc. Natl. Acad. Sci. U. S. A. 102, 17245–17250. doi: 10.1073/pnas.0502205102

Flin, R. H. (1985). Development of face recognition: An encoding switch? Br. J.
Psychol. 76, 123–134. doi: 10.1111/j.2044-8295.1985.tb01936.x

Gao, Z., Goldstein, A., Harpaz, Y., Hansel, M., Zion-Golumbic, E., and Bentin,
S. (2013). A magnetoencephalographic study of face processing: M170, gamma-
band oscillations and source localization. Hum. Brain Mapp. 34, 1783–1795. doi:
10.1002/hbm.22028

Gliga, T., and Dehaene-Lambertz, G. (2007). Development of a view-invariant
representation of the human head. Cognition 102, 261–288. doi: 10.1016/j.
cognition.2006.01.004

Grill-Spector, K., Knouf, N., and Kanwisher, N. (2004). The fusiform face
area subserves face perception, not generic within-category identification. Nat.
Neurosci. 7, 555–562. doi: 10.1038/nn1224

Grossman, T., and Johnson, M. (2013). The Early Development of the Brain
Bases for Social Cognition. Oxford Handb. Cogn. Neurosci. 2, 257–271. doi: 10.
1093/oxfordhb/9780199988709.013.0017

Grossmann, T. (2008). Shedding light on infant brain function: The use of near-
infrared spectroscopy (NIRS) in the study of face perception. Acta Paediatr. 97,
1156–1158. doi: 10.1111/j.1651-2227.2008.00938.x

Guy, M. W., Zieber, N., and Richards, J. E. (2016). The Cortical Development
of Specialized Face Processing in Infancy. Child. Dev. 87, 1581–1600. doi: 10.1111/
cdev.12543

Halgren, E., Raij, T., Marinkovic, K., Jousmaki, V., and Hari, R. (2000).
Cognitive response profile of the human fusiform face area as determined by MEG.
Cereb. Cortex 10, 69–81. doi: 10.1093/cercor/10.1.69

Halit, H., Csibra, G., Volein, A., and Johnson, M. H. (2004). Face-sensitive
cortical processing in early infancy. J. Child. Psychol. Psychiat. 45, 1228–1234.
doi: 10.1111/j.1469-7610.2004.00321.x

Halit, H., De Haan, M., and Johnson, M. H. (2003). Cortical specialisation
for face processing: Face-sensitive event-related potential components in 3- and
12-month-old infants. Neuroimage 19, 1180–1193. doi: 10.1016/S1053-8119(03)
00076-4

Frontiers in Human Neuroscience 12 frontiersin.org

https://doi.org/10.3389/fnhum.2022.917851
https://doi.org/10.1038/s41562-017-0249-4
https://doi.org/10.1038/s41562-017-0249-4
https://doi.org/10.1152/jn.1994.71.2.821
https://doi.org/10.1038/s41467-021-27606-9
https://doi.org/10.1038/s41467-021-27606-9
https://doi.org/10.1006/jecp.1994.1018
https://doi.org/10.1006/jecp.1994.1018
https://doi.org/10.1016/B978-008045046-9.00429-0
https://doi.org/10.1016/0022-0965(81)90002-3
https://doi.org/10.1016/0022-0965(81)90002-3
https://doi.org/10.1162/jocn.1996.8.6.551
https://doi.org/10.1371/journal.pone.0247223
https://doi.org/10.1371/journal.pone.0247223
https://doi.org/10.1016/j.neuroscience.2020.12.036
https://doi.org/10.1016/j.neuroscience.2020.12.036
https://doi.org/10.1098/rstb.1992.0012
https://doi.org/10.1002/dev.10078
https://doi.org/10.1002/dev.10078
https://doi.org/10.1111/j.0956-7976.2004.00688.x
https://doi.org/10.1016/j.dcn.2021.100918
https://doi.org/10.1016/j.neuroimage.2019.01.059
https://doi.org/10.1111/j.2044-8295.1995.tb02546.x
https://doi.org/10.1162/jocn.2009.21224
https://doi.org/10.1016/j.neuroimage.2020.116602
https://doi.org/10.1016/S0896-6273(00)81138-1
https://doi.org/10.1037/0012-1649.40.2.271
https://doi.org/10.1016/S0167-8760(03)00152-1
https://doi.org/10.1037/0012-1649.35.4.1113
https://doi.org/10.1037/0012-1649.35.4.1113
https://doi.org/10.1162/089892902317236849
https://doi.org/10.7554/eLife.06564
https://doi.org/10.1016/j.cognition.2006.12.012
https://doi.org/10.1016/j.neuroimage.2007.01.034
https://doi.org/10.1016/j.neuroimage.2007.01.034
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1037/a0026521
https://doi.org/10.1037/a0026521
https://doi.org/10.3389/fpsyg.2019.01240
https://doi.org/10.3389/fpsyg.2019.01240
https://doi.org/10.1016/j.dcn.2020.100840
https://doi.org/10.1016/j.dcn.2020.100840
https://doi.org/10.3389/fnana.2015.00131
https://doi.org/10.3389/fnana.2015.00131
https://doi.org/10.1016/S0926-6410(00)00038-0
https://doi.org/10.1097/00001756-200007140-00050
https://doi.org/10.1097/00001756-200007140-00050
https://doi.org/10.1016/S1388-2457(99)00285-0
https://doi.org/10.1073/pnas.0502205102
https://doi.org/10.1111/j.2044-8295.1985.tb01936.x
https://doi.org/10.1002/hbm.22028
https://doi.org/10.1002/hbm.22028
https://doi.org/10.1016/j.cognition.2006.01.004
https://doi.org/10.1016/j.cognition.2006.01.004
https://doi.org/10.1038/nn1224
https://doi.org/10.1093/oxfordhb/9780199988709.013.0017
https://doi.org/10.1093/oxfordhb/9780199988709.013.0017
https://doi.org/10.1111/j.1651-2227.2008.00938.x
https://doi.org/10.1111/cdev.12543
https://doi.org/10.1111/cdev.12543
https://doi.org/10.1093/cercor/10.1.69
https://doi.org/10.1111/j.1469-7610.2004.00321.x
https://doi.org/10.1016/S1053-8119(03)00076-4
https://doi.org/10.1016/S1053-8119(03)00076-4
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/


fnhum-16-917851 August 8, 2022 Time: 13:30 # 13

Chen et al. 10.3389/fnhum.2022.917851

Haxby, J. V., Ungerleider, L. G., Clark, V. P., Schouten, J. L., Hoffman, E. A., and
Martin, A. (1999). The effect of face inversion on activity in human neural systems
for face and object perception. Neuron 22, 189–199. doi: 10.1016/S0896-6273(00)
80690-X

He, W., Brock, J., and Johnson, B. W. (2014). Face-sensitive brain responses
measured from a four-year-old child with a custom-sized child MEG system.
J. Neurosci. Methods 222, 213–217. doi: 10.1016/j.jneumeth.2013.11.020

He, W., Brock, J., and Johnson, B. W. (2015). Face processing in the brains of
pre-school aged children measured with MEG. Neuroimage 106, 317–327. doi:
10.1016/j.neuroimage.2014.11.029

Henson, R. N., Mouchlianitis, E., and Friston, K. J. (2009). MEG and EEG
data fusion: Simultaneous localisation of face-evoked responses. Neuroimage 47,
581–589. doi: 10.1016/j.neuroimage.2009.04.063

Hoehl, S. (2015). How do neural responses to eyes contribute to face-sensitive
ERP components in young infants? A rapid repetition study. Brain Cogn. 95, 1–6.
doi: 10.1016/j.bandc.2015.01.010

Ichikawa, H., Kanazawa, S., Yamaguchi, M. K., and Kakigi, R. (2010). Infant
brain activity while viewing facial movement of point-light displays as measured
by near-infrared spectroscopy (NIRS). Neurosci. Lett. 482, 90–94. doi: 10.1016/j.
neulet.2010.06.086

Ichikawa, H., Otsuka, Y., Kanazawa, S., Yamaguchi, M. K., and Kakigi, R.
(2013). Contrast reversal of the eyes impairs infants’ face processing: A near-
infrared spectroscopic study. Neuropsychologia 51, 2556–2561. doi: 10.1016/j.
neuropsychologia.2013.08.020

Itier, R. J., and Taylor, M. J. (2004). Face recognition memory and configural
processing: A developmental ERP study using upright, inverted, and contrast-
reversed faces. J. Cogn. Neurosci. 16, 487–502. doi: 10.1162/089892904322926818

Johnson, M. H., Griffin, R., Csibra, G., Halit, H., Farroni, T., De Haan,
M., et al. (2005). The emergence of the social brain network: Evidence from
typical and atypical development. Dev. Psychopathol. 17, 599–619. doi: 10.1017/
S0954579405050297

Johnson, M. H., Senju, A., and Tomalski, P. (2015). The two-process theory
of face processing: Modifications based on two decades of data from infants and
adults. Neurosci. Biobehav. Rev. 50, 169–179. doi: 10.1016/j.neubiorev.2014.10.009

Kanwisher, N. (2000). Domain specificity in face perception. Nat. Neurosci. 3,
759–763. doi: 10.1038/77664

Kanwisher, N., Mcdermott, J., and Chun, M. M. (1997). The fusiform face area:
A module in human extrastriate cortex specialized for face perception. J. Neurosci.
17, 4302–4311. doi: 10.1523/JNEUROSCI.17-11-04302.1997

Kanwisher, N., and Yovel, G. (2006). The fusiform face area: A cortical region
specialized for the perception of faces. Philos. Trans. R. Soc. Lond B. Biol. Sci. 361,
2109–2128. doi: 10.1098/rstb.2006.1934

Kaufman, J., Mareschal, D., and Johnson, M. H. (2003). Graspability and object
processing in infants. Behav. Dev. 26, 516–528. doi: 10.1016/j.infbeh.2002.10.001

Kobayashi, M., Macchi Cassia, V., Kanazawa, S., Yamaguchi, M. K., and
Kakigi, R. (2018). Perceptual narrowing towards adult faces is a cross-cultural
phenomenon in infancy: A behavioral and near-infrared spectroscopy study with
Japanese infants. Dev. Sci. 21:e12498. doi: 10.1111/desc.12498

Kobayashi, M., Otsuka, Y., Kanazawa, S., Yamaguchi, M. K., and Kakigi, R.
(2014). The processing of faces across non-rigid facial transformation develops
at 7 month of age: A fNIRS-adaptation study. BMC Neurosci. 15:81. doi: 10.1186/
1471-2202-15-81

Kobayashi, M., Otsuka, Y., Nakato, E., Kanazawa, S., Yamaguchi, M. K., and
Kakigi, R. (2011). Do infants represent the face in a viewpoint-invariant manner?
Neural adaptation study as measured by near-infrared spectroscopy. Front. Hum.
Neurosci. 5:153. doi: 10.3389/fnhum.2011.00153

Kouider, S., Stahlhut, C., Gelskov, S. V., Barbosa, L. S., Dutat, M., De Gardelle,
V., et al. (2013). A neural marker of perceptual consciousness in infants. Science
340, 376–380. doi: 10.1126/science.1232509

Le Grand, R., Mondloch, C. J., Maurer, D., and Brent, H. P. (2003). Expert
face processing requires visual input to the right hemisphere during infancy. Nat.
Neurosci. 6, 1108–1112. doi: 10.1038/nn1121

Lew, S., Sliva, D. D., Choe, M. S., Grant, P. E., Okada, Y., Wolters, C. H., et al.
(2013). Effects of sutures and fontanels on MEG and EEG source analysis in a
realistic infant head model. Neuroimage 76, 282–293. doi: 10.1016/j.neuroimage.
2013.03.017

Liu, J., Higuchi, M., Marantz, A., and Kanwisher, N. (2000). The selectivity
of the occipitotemporal M170 for faces. Neuroreport 11, 337–341. doi: 10.1097/
00001756-200002070-00023

Lochy, A., De Heering, A., and Rossion, B. (2019). The non-linear
development of the right hemispheric specialization for human face perception.
Neuropsychologia 126, 10–19. doi: 10.1016/j.neuropsychologia.2017.06.029

Lochy, A., Schiltz, C., and Rossion, B. (2020). The right hemispheric dominance
for face perception in preschool children depends on the visual discrimination
level. Dev. Sci. 23:e12914. doi: 10.1111/desc.12914

Macchi Cassia, V., Turati, C., and Schwarzer, G. (2011). Sensitivity to
spacing changes in faces and nonface objects in preschool-aged children
and adults. J. Exp. Child. Psychol. 109, 454–467. doi: 10.1016/j.jecp.2011.0
3.003

McDonald, N. M., and Perdue, K. L. (2018). The infant brain in the social world:
Moving toward interactive social neuroscience with functional near-infrared
spectroscopy. Neurosci. Biobehav. Rev. 87, 38–49. doi: 10.1016/j.neubiorev.2018.
01.007

McKone, E., Kanwisher, N., and Duchaine, B. C. (2007). Can generic expertise
explain special processing for faces? Trends Cogn. Sci. 11, 8–15. doi: 10.1016/j.tics.
2006.11.002

Monroe, J. F., Griffin, M., Pinkham, A., Loughead, J., Gur, R. C., Roberts, T. P.,
et al. (2013). The fusiform response to faces: Explicit versus implicit processing of
emotion. Hum. Brain Mapp. 34, 1–11. doi: 10.1002/hbm.21406

Mullen, E. M. (1995). Mullen Scales of Early Learning (AGS ed.). Circle Pines,
MN: American Guidance Service Inc.

Munsters, N. M., Van Ravenswaaij, H., Van Den Boomen, C., and Kemner, C.
(2019). Test-retest reliability of infant event related potentials evoked by faces.
Neuropsychologia 126, 20–26. doi: 10.1016/j.neuropsychologia.2017.03.030

Nakashima, T., Kaneko, K., Goto, Y., Abe, T., Mitsudo, T., Ogata, K., et al.
(2008). Early ERP components differentially extract facial features: Evidence for
spatial frequency-and-contrast detectors. Neurosci. Res. 62, 225–235. doi: 10.1016/
j.neures.2008.08.009

Nakato, E., Otsuka, Y., Kanazawa, S., Yamaguchi, M. K., Honda, Y., and Kakigi,
R. (2011a). I know this face: Neural activity during mother’s face perception in 7-
to 8-month-old infants as investigated by near-infrared spectroscopy. Early Hum.
Dev. 87, 1–7. doi: 10.1016/j.earlhumdev.2010.08.030

Nakato, E., Otsuka, Y., Kanazawa, S., Yamaguchi, M. K., and Kakigi, R. (2011b).
Distinct differences in the pattern of hemodynamic response to happy and angry
facial expressions in infants–a near-infrared spectroscopic study. Neuroimage 54,
1600–1606. doi: 10.1016/j.neuroimage.2010.09.021

Nakato, E., Otsuka, Y., Kanazawa, S., Yamaguchi, M. K., Watanabe, S., and
Kakigi, R. (2009). When do infants differentiate profile face from frontal face? A
near-infrared spectroscopic study. Hum. Brain Mapp. 30, 462–472. doi: 10.1002/
hbm.20516

O’Reilly, C., Larson, E., Richards, J. E., and Elsabbagh, M. (2021). Structural
templates for imaging EEG cortical sources in infants. Neuroimage 227:117682.
doi: 10.1016/j.neuroimage.2020.117682

Otsuka, Y., Nakato, E., Kanazawa, S., Yamaguchi, M. K., Watanabe, S., and
Kakigi, R. (2007). Neural activation to upright and inverted faces in infants
measured by near infrared spectroscopy. Neuroimage 34, 399–406. doi: 10.1016/
j.neuroimage.2006.08.013

Pascalis, O., De Haan, M., and Nelson, C. A. (2002). Is face processing species-
specific during the first year of life? Science 296, 1321–1323. doi: 10.1126/science.
1070223

Pascalis, O., De Martin De Vivies, X., Anzures, G., Quinn, P. C., Slater, A. M.,
Tanaka, J. W., et al. (2011). Development of face processing. Wiley Interdiscip. Rev.
Cogn. Sci. 2, 666–675. doi: 10.1002/wcs.146

Pascual-Marqui, R. D. (2002). Standardized low-resolution brain
electromagnetic tomography (sLORETA): Technical details. Methods Find
Exp. Clin. Pharmacol. 24, 5–12.

Pascual-Marqui, R. D., Michel, C. M., and Lehmann, D. (1994). Low resolution
electromagnetic tomography: A new method for localizing electrical activity
in the brain. Int. J. Psychophysiol. 18, 49–65. doi: 10.1016/0167-8760(84)90
014-X

Peykarjou, S., and Hoehl, S. (2013). Three-month-olds’ brain responses to
upright and inverted faces and cars. Dev. Neuropsychol. 38, 272–280. doi: 10.1080/
87565641.2013.786719

Peykarjou, S., Westerlund, A., Cassia, V. M., Kuefner, D., and Nelson, C. A.
(2013). The neural correlates of processing newborn and adult faces in 3-year-old
children. Dev. Sci. 16, 905–914. doi: 10.1111/desc.12063

Pizzagalli, D. A., Lehmann, D., Hendrick, A. M., Regard, M., Pascual-Marqui,
R. D., and Davidson, R. J. (2002). Affective judgments of faces modulate early
activity (approximately 160 ms) within the fusiform gyri. Neuroimage 16, 663–677.
doi: 10.1006/nimg.2002.1126

Pourtois, G., Spinelli, L., Seeck, M., and Vuilleumier, P. (2010). Modulation of
face processing by emotional expression and gaze direction during intracranial
recordings in right fusiform cortex. J. Cogn. Neurosci. 22, 2086–2107. doi: 10.1162/
jocn.2009.21404

Frontiers in Human Neuroscience 13 frontiersin.org

https://doi.org/10.3389/fnhum.2022.917851
https://doi.org/10.1016/S0896-6273(00)80690-X
https://doi.org/10.1016/S0896-6273(00)80690-X
https://doi.org/10.1016/j.jneumeth.2013.11.020
https://doi.org/10.1016/j.neuroimage.2014.11.029
https://doi.org/10.1016/j.neuroimage.2014.11.029
https://doi.org/10.1016/j.neuroimage.2009.04.063
https://doi.org/10.1016/j.bandc.2015.01.010
https://doi.org/10.1016/j.neulet.2010.06.086
https://doi.org/10.1016/j.neulet.2010.06.086
https://doi.org/10.1016/j.neuropsychologia.2013.08.020
https://doi.org/10.1016/j.neuropsychologia.2013.08.020
https://doi.org/10.1162/089892904322926818
https://doi.org/10.1017/S0954579405050297
https://doi.org/10.1017/S0954579405050297
https://doi.org/10.1016/j.neubiorev.2014.10.009
https://doi.org/10.1038/77664
https://doi.org/10.1523/JNEUROSCI.17-11-04302.1997
https://doi.org/10.1098/rstb.2006.1934
https://doi.org/10.1016/j.infbeh.2002.10.001
https://doi.org/10.1111/desc.12498
https://doi.org/10.1186/1471-2202-15-81
https://doi.org/10.1186/1471-2202-15-81
https://doi.org/10.3389/fnhum.2011.00153
https://doi.org/10.1126/science.1232509
https://doi.org/10.1038/nn1121
https://doi.org/10.1016/j.neuroimage.2013.03.017
https://doi.org/10.1016/j.neuroimage.2013.03.017
https://doi.org/10.1097/00001756-200002070-00023
https://doi.org/10.1097/00001756-200002070-00023
https://doi.org/10.1016/j.neuropsychologia.2017.06.029
https://doi.org/10.1111/desc.12914
https://doi.org/10.1016/j.jecp.2011.03.003
https://doi.org/10.1016/j.jecp.2011.03.003
https://doi.org/10.1016/j.neubiorev.2018.01.007
https://doi.org/10.1016/j.neubiorev.2018.01.007
https://doi.org/10.1016/j.tics.2006.11.002
https://doi.org/10.1016/j.tics.2006.11.002
https://doi.org/10.1002/hbm.21406
https://doi.org/10.1016/j.neuropsychologia.2017.03.030
https://doi.org/10.1016/j.neures.2008.08.009
https://doi.org/10.1016/j.neures.2008.08.009
https://doi.org/10.1016/j.earlhumdev.2010.08.030
https://doi.org/10.1016/j.neuroimage.2010.09.021
https://doi.org/10.1002/hbm.20516
https://doi.org/10.1002/hbm.20516
https://doi.org/10.1016/j.neuroimage.2020.117682
https://doi.org/10.1016/j.neuroimage.2006.08.013
https://doi.org/10.1016/j.neuroimage.2006.08.013
https://doi.org/10.1126/science.1070223
https://doi.org/10.1126/science.1070223
https://doi.org/10.1002/wcs.146
https://doi.org/10.1016/0167-8760(84)90014-X
https://doi.org/10.1016/0167-8760(84)90014-X
https://doi.org/10.1080/87565641.2013.786719
https://doi.org/10.1080/87565641.2013.786719
https://doi.org/10.1111/desc.12063
https://doi.org/10.1006/nimg.2002.1126
https://doi.org/10.1162/jocn.2009.21404
https://doi.org/10.1162/jocn.2009.21404
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/


fnhum-16-917851 August 8, 2022 Time: 13:30 # 14

Chen et al. 10.3389/fnhum.2022.917851

Quinn, P. C., Conforto, A., Lee, K., O’toole, A. J., Pascalis, O., and Slater, A. M.
(2010). Infant preference for individual women’s faces extends to girl prototype
faces. Infant. Behav. Dev. 33, 357–360. doi: 10.1016/j.infbeh.2010.03.001

Quinn, P. C., Lee, K., and Pascalis, O. (2019). Face Processing in Infancy and
Beyond: The Case of Social Categories. Annu. Rev. Psychol. 70, 165–189. doi:
10.1146/annurev-psych-010418-102753

Quinn, P. C., Yahr, J., Kuhn, A., Slater, A. M., and Pascalils, O. (2002).
Representation of the gender of human faces by infants: A preference for female.
Perception 31, 1109–1121. doi: 10.1068/p3331

Rebai, M., Poiroux, S., Bernard, C., and Lalonde, R. (2001). Event-related
potentials for category-specific information during passive viewing of faces and
objects. Int. J. Neurosci. 106, 209–226. doi: 10.3109/00207450109149750

Roberts, T. P., Paulson, D. N., Hirschkoff, E., Pratt, K., Mascarenas, A., Miller,
P., et al. (2014). Artemis 123: Development of a whole-head infant and young child
MEG system. Front. Hum. Neurosci. 8:99. doi: 10.3389/fnhum.2014.00099

Rossion, B., Gauthier, I., Tarr, M. J., Despland, P., Bruyer, R., Linotte, S.,
et al. (2000). The N170 occipito-temporal component is delayed and enhanced
to inverted faces but not to inverted objects: An electrophysiological account of
face-specific processes in the human brain. Neuroreport 11, 69–74. doi: 10.1097/
00001756-200001170-00014

Rossion, B., Torfs, K., Jacques, C., and Liu-Shuang, J. (2015). Fast periodic
presentation of natural images reveals a robust face-selective electrophysiological
response in the human brain. J. Vis. 15:15118. doi: 10.1167/15.1.18

Schwarzer, G., and Roebers, C. M. (2002). Children’s face recognition in different
contexts: The role of encoding strategies. Percept. Mot. Skills 94, 281–295. doi:
10.2466/pms.2002.94.1.281

Schwarzer, G., Zauner, N., and Jovanovic, B. (2007). Evidence of a shift from
featural to configural face processing in infancy. Dev. Sci. 10, 452–463. doi:
10.1111/j.1467-7687.2007.00599.x

Simion, F., and Giorgio, E. D. (2015). Face perception and processing in early
infancy: Inborn predispositions and developmental changes. Front. Psychol. 6:969.
doi: 10.3389/fpsyg.2015.00969

Simion, F., Leo, I., Turati, C., Valenza, E., and Dalla Barba, B. (2007). How face
specialization emerges in the first months of life. Prog. Brain Res. 164, 169–185.
doi: 10.1016/S0079-6123(07)64009-6

Sparrow, S. S., Cicchetti, D. V., and Saulnier, C. A. (2016). Vineland Adaptive
Behavior Scales, Third Edn. Circle Pines, MN: American Guidance Service.

Sperdin, H. F., Coito, A., Kojovic, N., Rihs, T. A., Jan, R. K., Franchini, M., et al.
(2018). Early alterations of social brain networks in young children with autism.
Elife 7:e31670. doi: 10.7554/eLife.31670

Tadel, F., Baillet, S., Mosher, J. C., Pantazis, D., and Leahy, R. M. (2011).
Brainstorm: A user-friendly application for MEG/EEG analysis. Comput. Intell.
Neurosci. 2011:879716. doi: 10.1155/2011/879716

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

Taylor, M. J., Edmonds, G. E., Mccarthy, G., and Allison, T. (2001). Eyes
first! Eye processing develops before face processing in children. Neuroreport 12,
1671–1676. doi: 10.1097/00001756-200106130-00031

Taylor, M. J., Mccarthy, G., Saliba, E., and Degiovanni, E. (1999). ERP evidence
of developmental changes in processing of faces. Clin. Neurophysiol. 110, 910–915.
doi: 10.1016/S1388-2457(99)00006-1

Tottenham, N., Tanaka, J. W., Leon, A. C., Mccarry, T., Nurse, M., Hare, T. A.,
et al. (2009). The NimStim set of facial expressions: Judgments from untrained
research participants. Psychiat. Res. 168, 242–249. doi: 10.1016/j.psychres.2008.
05.006

Tsao, D. Y., Moeller, S., and Freiwald, W. A. (2008). Comparing face patch
systems in macaques and humans. Proc. Natl. Acad. Sci. U. S. A. 105, 19514–19519.
doi: 10.1073/pnas.0809662105

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

Watanabe, S., Kakigi, R., Koyama, S., and Kirino, E. (1999). Human face
perception traced by magneto- and electro-encephalography. Brain Res. Cogn.
Brain Res. 8, 125–142. doi: 10.1016/S0926-6410(99)00013-0

Watanabe, S., Miki, K., and Kakigi, R. (2005). Mechanisms of face perception
in humans: A magneto- and electro-encephalographic study. Neuropathology 25,
8–20. doi: 10.1111/j.1440-1789.2004.00603.x

Xu, Y., Liu, J., and Kanwisher, N. (2005). The M170 is selective for faces, not for
expertise. Neuropsychologia 43, 588–597. doi: 10.1016/j.neuropsychologia.2004.07.
016

Yamashita, W., Kanazawa, S., Yamaguchi, M. K., and Kakigi, R. (2012). The effect
of gaze direction on three-dimensional face recognition in infant brain activity.
Neuroreport 23, 799–803. doi: 10.1097/WNR.0b013e32835734a8

Frontiers in Human Neuroscience 14 frontiersin.org

https://doi.org/10.3389/fnhum.2022.917851
https://doi.org/10.1016/j.infbeh.2010.03.001
https://doi.org/10.1146/annurev-psych-010418-102753
https://doi.org/10.1146/annurev-psych-010418-102753
https://doi.org/10.1068/p3331
https://doi.org/10.3109/00207450109149750
https://doi.org/10.3389/fnhum.2014.00099
https://doi.org/10.1097/00001756-200001170-00014
https://doi.org/10.1097/00001756-200001170-00014
https://doi.org/10.1167/15.1.18
https://doi.org/10.2466/pms.2002.94.1.281
https://doi.org/10.2466/pms.2002.94.1.281
https://doi.org/10.1111/j.1467-7687.2007.00599.x
https://doi.org/10.1111/j.1467-7687.2007.00599.x
https://doi.org/10.3389/fpsyg.2015.00969
https://doi.org/10.1016/S0079-6123(07)64009-6
https://doi.org/10.7554/eLife.31670
https://doi.org/10.1155/2011/879716
https://doi.org/10.1162/0898929042304732
https://doi.org/10.1097/00001756-200106130-00031
https://doi.org/10.1016/S1388-2457(99)00006-1
https://doi.org/10.1016/j.psychres.2008.05.006
https://doi.org/10.1016/j.psychres.2008.05.006
https://doi.org/10.1073/pnas.0809662105
https://doi.org/10.1006/nimg.2001.0979
https://doi.org/10.1016/S0926-6410(99)00013-0
https://doi.org/10.1111/j.1440-1789.2004.00603.x
https://doi.org/10.1016/j.neuropsychologia.2004.07.016
https://doi.org/10.1016/j.neuropsychologia.2004.07.016
https://doi.org/10.1097/WNR.0b013e32835734a8
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/

	Maturational trajectory of fusiform gyrus neural activity when viewing faces: From 4 months to 4 years old
	Introduction
	Pediatric electrophysiology face-processing studies
	Study aims and hypotheses

	Materials and methods
	Participants
	Stimuli
	Magnetoencephalography data acquisition
	Magnetic source analyses
	Left and right fusiform gyrus source timecourses
	Statistical analyses

	Results
	Maturation of the fusiform gyrus face response
	The left and right fusiform gyrus peak latency

	Discussion
	From M290 to M170
	Hemisphere maturation differences
	Future directions and limitations

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


