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Abstract
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Faces are thought to have a privileged status for processing relative
to other visualimages. Humans use faces to identify people, learn
language, and to communicate and understand intentions, meaning
and emotions. An enduring debate within the fields of developmental
psychology and cognitive neuroscience is whether human face
processing is specialized owing to domain-specific neural circuitry
driven primarily by evolutionary mechanisms or whether it emerges
from a domain-general architecture through experience. In this
Perspective, we argue for an experience-based account based on
associative and non-associative learning and supported by general
neurobiological mechanisms. We posit that face-processing
specialization emerges from activity-dependent, self-organizing
processes where neuronal connectivity is shaped by the environment
and constrained by intrinsic yet malleable neural architecture. This
‘domain-relevant’ framework for face processing reflects adynamic

interaction between the developing brain and the environmental input.
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Perspective

Introduction

Characterizing the extent to which development is domain-specific or
domain-general has influenced our understanding of emerging behavi-
ours and their underlying neural circuits. Domain-specific accounts
posit that developmental processes are modular (distinct and encap-
sulated), dedicated to asingular, ethologically important function and
specialized for specific types of stimuli, such as the perception of faces
or sounds'”. Domain-general accounts predict that developmental
processes operate at a universal level within an environmental con-
text, such that development in one domain can affect developmentin
another domain and that neural processingis distributed across brain
regions and primarily altered by experience® . Historically, domain-
specifichypothesesignore theimportance of domain-general learning
mechanisms and how they operate across species, ages, domains and
brain regions™'”>. Domain-general accounts include learning mecha-
nisms, but often lack specific mechanistic explanations for howlearning
operates within the developing neural architecture to promote the
emergence of specialized neural circuits localized similarly across
individuals.

Theories regarding the development of face processing are
entrenched within broader debates about whether human face-
processing expertise arises from domain-specific or domain-general
mechanisms as well as the relative roles of nature versus nurture. The
importance of experience for shaping face processing is less contro-
versial than the extent to which a modular and domain-specific face-
processing systemis present at birth. Domain-specificity is thought to
arise from evolutionary pressures and results ininnate (evolutionarily
preserved and pre-determined) and modular face-processing mecha-
nisms. Proponents of this dominant role of nature™ infer innate and
modular face-specific processing mechanisms from datashowing the
privileged status of face processing in adults’*™", specific deficits in
face processing in patient populations™?*?, genetic influences from
twin studies *, domain-specific and modular-like neural responses
tofaces’®”, and early infant visual preferences or selective responses to
faces or face-like stimuli**>°. Although some domain-specific accounts
acknowledge arole for experience-based development™>*, all assume
anintrinsicand evolution-based face-processing prototype that rigidly
constrains the potential for postnatal specialization.

Conversely, domain-general accounts of the development of
face processing posit that specialized neural circuits only emerge
postnatally through environmental experience® ¢, Data supporting
adominantrole of nurture show that circuits critical for face process-
ing areimmature at birth?**’, develop®*’ and require face experience
to form*°. This view emphasizes the interdependence of neural and
cognitive systems during development and suggests that development
in one domain affects development in other domains*. For example,
one domain-general account suggests that the pattern of postnatal
development of face processing narrows with (or is tuned by) experi-
enceand is directed by universal mechanisms critical for both sensory
and cognitive development®**°,

In this Perspective, we do not argue that infants rely on a pre-
specified face system, nor do we argue that the infant brain can be
characterized as unconstrained. Instead, we propose that universal
learning mechanisms mould the basic components of the visual sys-
tem to represent the regularities present in the environment. First,
we discuss how this learning-based ‘domain-relevant’ developmental
accountcan explain early newborn face preferences and the develop-
mental trajectory of face-discrimination and face-recognition abili-
ties. Then we describe how associative and non-associative learning

mechanisms operate withinadomain-relevant context and explain the
development of face processing. Last, we discuss the subcortical and
corticalregionsinvolvedinface processing as well as the emergence of
specialized neural circuitry in response to experiences and expertise.
Similar to other proposals****, we suggest that the development of face
processing is dynamic and characterized by experience-dependent
self-organization and re-organization during the acquisition of relevant
developmental tasks.

A domain-relevant framework

Adomain-relevant framework®**¢ canaccount for the emergence of
specialized face processing®*. This framework posits that the new-
born brain has intrinsic architectural constraints relevant for, but
not limited to the processing of specific kinds of input. Specialized
processing emerges postnatally through general learning mecha-
nisms (such as associative and non-associative learning) inresponse to
changing experiential content*®*° within an adaptable intrinsic brain
architecture®® ™,

This proposal is consistent with the notion that neural circuits
develop in response to information ubiquitous in a given environ-
ment>*. Asaconsequence, certain brain regions become more suitable
for performing particular functions than others. However, we argue
that such evolutionary mechanisms only operate atabroad level across
individuals within a species (such as those that form/patternvision)**,
not on domain-specific processes (such as face recognition)*. Rather,
such specificity requires learning from one’s environment. This capac-
ity for plasticity, despite intrinsic constraints, is exemplified by animal
work showing that after the auditory cortex has been rewired toreceive
retinal input it will respond to visual stimulation, exhibit typical pri-
mary visual cortex tuning properties, and, critically, support visual
behaviour>**’. Rather than being endowed with rigid domain-specific
modules, the brain learns from and adapts to the relevant aspects of
the information it processes from the environment'>**, The evolution
of such broad and adaptive mechanisms in the brain is not reflected
in the development of specific specialized circuits, but rather in the
brain’s increased capacity for learning and plasticity®. Although
the developing visual system is wired to ‘expect’ visual input®, its
functioning is shaped by the regularities in the sensory input from
the environment. Thus, rather than pre-specification at birth, the pri-
mary constraint on face processing is the protracted development of
visual acuity and other developmental systems that interact with and
promote visual exploration and visual experience.

Face-processing skills emerge and self-organize around relevant
developmental tasks across the first year of life (Fig. 1). These tasks
include the cognitive, social, emotional and physical milestones that
infants achieve given sociocultural expectations and environmental
constraints®®. For example, the development of the visual system, the
presence (or absence) of caregivers, and the infant’s ability/desire to
move around their environment can enhance or constrain face process-
ing*®. This proposal predicts that early experiences with familiar faces
cascade and lead to continued attention to relevant and rewarding
faces, associative pairing of faces with relevant features like names,
high levels of face recognition and differentiation and the development
of holistic processing. The acquisition of new developmental tasks
impacts the stability of previously established neural systems, leading
tobothdisruptions of previous competencies and new competencies
thatarise and cascade within and across domains®

Central to our domain-relevant framework is the idea that face
processing is a dynamic and iterative process that is limited by both
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Face-relevant cascade over developmental time
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Fig.1| A domain-relevant face-processing cascade. The development of face-
relevant processing skills emerges across the first year of life and cascades across
development. Face processing self-organizes around relevant developmental

tasks, leading to domain-relevant learning within given sociocultural
expectations and environmental constraints.

the environment and the developing visual system. Early visual pro-
cessing is constrained by immature neural circuitry that affects how
aninfantengages with and experiences the environment. These early
constraints gate postnatal experience which, in turn, modifies neu-
ral circuitry and subsequent visual behaviour, including early visual
looking preferences.

Early visual preferences

Newborns typically show visual preferences for face-like stimuli, a
pattern that is often used to support nativist and domain-specific
evolutionary accounts of face processing®*~*°. However, the neural
mechanismsthat supportearly visual preferences for face-like stimuli
need not reflect a face-specific template, but instead might be due
to the maturation of the visual system constraining what infants can
see. For example, visual acuity is 12-25 times worse in newborns than
in adults®” and matures across the first 6 months of life®*”°. Thus, the
infant visual system is limited to processing high-contrast and low-
spatial-frequency (few regions of contrast per unit distance) content,
whichis prevalentin face and face-likeimages”. However, infants also
prefer tolook at upright compared to inverted faces as well asimages
that contain more visual components in the top half**”*7* Rather than

reflecting a face-specific template, a visual preference for faces or
face-like images could simply reflect a preference for high-contrast
informationinthe top half ofimages (for example, the eyes of aface).
Beyond faces, symmetry is a prominent feature of the visual world
and impacts visual behaviour”. The horizontal symmetry of faces™, in
particular the eyes, provides an additional important feature for the
visual system via binocular correlation”. Early constraints from
thevisual system contribute to visual preferences for face-like stimuli
and lead to rapid face learning (reviewed previously*) without requir-
ing a domain-specific template for face processing to be present at
birth. In other words, early in development, infants prefer to look
at things they can see best.

Newborns also prefer to look at their mother’s face more than at
other faces within hours after birth”**°, However, this preference is
only shown after newborns have experienced the intermodal pairing
of seeing their mother’s face while hearing her voice®. In addition,
experience appears to shape newborns’ early preferential looking
towards their mother’s face: time spent looking is correlated with the
amount of visual exposure during the first several postnatal hours’®.
Furthermore, extensive evidence suggests that young infants readily
form associations between multimodal stimuliand can make arbitrary
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visual-auditory associations with experience® *. Anewborn’s prefer-
ences for his/her mother’s face could result, in part, from an associa-
tion formed from extensive in utero experience hearing the mother
speaking coupled with limited postnatal visual experience®’. Once
newborns experience their mother’s voice paired with seeing her face,
theyimmediately identify the mother’s face as familiar and distinguish
it from other faces.

Together, studies examining neonate visual acuity and prefer-
ential looking illustrate that evidence of early visual face preferences
in newborns does not necessitate a pre-specified template for face
processing. Rather, our brains have maturational constraints and are
wired to adapt to the regularities of our experience.

Early visual experiences

Young infants spend a substantial amount of time attending to faces.
This is attributable to newborns’ initial visual preferences coupled
with the experience of faces as ubiquitous and highly relevant. Faces
arefrequently presentintheinfant’s field of view****, and are moving®,
expressing emotions®, and talking or singing®. Recordings of infants’
field of view during everyday activities show that faces are visually
present for 15 min of every waking hour early in the first year of life but
foronly 5 min per hour towards the end of the first year*®, For younger
infants, relatively few individual faces appeared in their field of view
but these faces were viewed at close distances and appeared large with
both eyes visible*. In another study using recordings of the infant’s
field of view, faces were typically viewed close to the infant, in afrontal
viewpoint, and 1-month-old and 3-month-old infants viewed upright
faces more frequently (88%) than non-upright faces®,.

The nature of early infant visual experiences with faces has been
further quantified using parental report and video recordings. In
Nevada (USA), parentsreport that when viewing faces, theirinfants see
female faces 71% of the time and own-race-group faces 92% of the time®.
Similarly, across the first 3 months of life, when infants in Toronto
(Canada) seefaces, they see female faces 70% of the time and faces from
their own race group 96% of the time°. Although culture and context
play an important part in what an infant sees during the first months
oflife, infantsin Chinawere reported to have similar experiences with
faces (64% female; 99% ownrace group)®. These investigations further
demonstrate that visual experience is heavily biased towards female
and familiar-race faces during the first months of life.

Althoughitis difficult to experimentally manipulate face experi-
ences in human infants, macaque monkeys raised in a laboratory
without naturally experiencing monkey or human faces initially show
no visual preference for one species or another®”. Subsequent expo-
sure to either monkey or human faces led to a preference to look at
the exposed species.

Infants’ visual experiences are structured by their behaviour
and development®. Visual input depends on infant development and
changes as a function of developmental task demands and context.
Infant visual preferences at one point in development might only
be optimal for that current state of infant learning®. For example,
wheninfants shift from primarily lying on their backs to sitting upright
at around 5-6 months of age, their new view of the world changes
the nature of the perceptual scene and results in disruptions to face
processing that are later resolved®. In addition, our framework sug-
gests that early learning occurs by watching the relevant faces of oth-
ers, especially caretakers. Extensive visual sampling of a few faces in
younger infants could be an important feature of early visual experi-
ence for developing invariant representations that are critical for

robust visual recognition in older infants®* . Consideration of the
natural statistics of aninfant’s visual experience can provideimportant
insights into how early learning enhances and constrains subsequent
learning. In other words, faces are an important educational tool
for learning during the first year of life.

Perceptual narrowing

The development of face processing during the first year of life follows
atrajectory known as ‘perceptual narrowing’ (also called perceptual
tuning or attunement)*****>°°71%_perceptual narrowing involves
the tuning or maintenance of environmentally relevant perceptual
distinctionsand a decrease in sensitivity to perceptual distinctions that
are less frequently experienced*. Faces from often-experienced and
familiar groups appear to drive learning and tune face processing. For
example, face differentiation (the ability to tell the difference between
twoindividuals) does not differ for faces within familiar and unfamiliar
race groups for ages 3-6 months'*'%, Then, with development and
experience, face processing becomes tuned to individuals within the
race groupsinfantsinteract with most. By 9 months, infants show better
differentiation of faces within a familiar race group than within a less
familiar race group'®* %, Inaddition, 9-month-old infants who are not
exposed toindividuals within other race groups also show difficulties
in categorizing faces from unfamiliar race groups'*®"°. This disparity
inface processing for familiar and unfamiliar race groupsis negatively
correlated with the amount of diversity in the infant’s community™ and
the size of the community"2. Finally, important face-processing skills
suchasemotion and gaze processing are also impaired for faces from
unfamiliar groups relative to faces from familiar groups, suggesting
that these biases cascade® 1%/,

Postnatal improvements in face-processing skills for faces from
familiar groups occur across the first year, furtherillustrating how the
regularities of experiences shapelearning. The neural and behavioural
mechanisms supporting perceptual narrowing of face processing are
general and include associative and non-associative learning®*?¢*>*,
The similarity inthe timeframes of perceptual narrowing for faces and
perceptual narrowing in other domains®***' indicates that general
learning mechanisms could drive perceptual narrowing and conform
the brain and behaviour to the environment.

Infant face processing is constrained by both the immaturity of
their visual system and the regularities of their visual environment.
Starting at birth, faces of caregivers and those within familiar groups
are disproportionately experienced relative to individuals within other
groups. This biased sampling of faces results in face-processing impair-
ments for faces within unfamiliar groups compared to familiar groups.
Theseimpairments, coupled withenhanced processing of faces within
highly experienced groups can be accounted for by associative and
non-associative learning mechanisms.

Universal learning mechanisms

Associative and non-associative learning mechanisms are conserved
across species and individual differences arise from variation in rates
of learning, strength of associations, and frequency or probability of
experiences ', Behavioural evidence of face processing in early
infancy can be explained by associative and non-associative learning
mechanisms, within the domain-relevant context of the maturation
of the visual system, and without ascribing to a prespecified function
(Box 1). Infants learn information that is available, repeated, relevant
and rewarding®"® and this information changes over developmental
time.
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Box 1

Neurobiological mechanisms of learning

Both associative and non-associative learning mechanisms underlie
domain-relevant and experience-dependent neural specialization.
For example, activity-dependent changes in synaptic strength and
long-term potentiation occur during eyeblink conditioning and
operant learning (reviewed previously??®). Statistical and conceptual
learning have also been linked to neural changes across development
in human infants'”***°7'% and in adults (reviewed elsewhere?*). Finally,
suppression, attenuation and/or adaptation in response to repeated
stimuli could contribute to behavioural habituation in infants
(reviewed previously?®).

These complex adaptation effects, measured by single-cell
recordings and neuroimaging in human and non-human animals,
can be used to infer that a subpopulation of neurons responds
to a repeated stimulus®*?%’, Occipitotemporal adaptation effects
occur at a conceptual level in adults such that repetition of
different images of the same object, of different examples of an
object and of different but conceptually related words all result
in decreased occipitotemporal responses®”. Although adaptation
effects are normally assessed by changes in sensitivity over short
timescales (from milliseconds to minutes), there is increasing
evidence that the visual system can adapt over hours and even
days to produce long-term perceptual biases*”. These include

Associative learning

For the purposes of this Perspective, associative learning includes
classical and operant conditioning, statistical learning and conceptual
learning. Classical conditioning occurs when a meaningful stimulus
is paired with a neutral stimulus and a new association is formed that
leads to predictive behaviours. Classical conditioning hasbeen shown
ininfants as young as 10 days old using an eyeblink procedure'. Within
the context of face processing, newborns have also been shown
to make associations between their mother’s face and voice, leading to
apreference forlooking at their mother’s face within hours of birth®.
Therefore, hearing their mother’s voice before birth and then seeing
her face associated with her voice after birth could be one of the first
forms of associative learning by infants.

Operant conditioning involves learning the association between
abehavioural response and a particular negative or positive outcome.
Forexample, eye contactis thought tobe one of the earliest behavioural
responses in infants to be positively reinforced via operant condi-
tioning, potentially contributing to later communicative skills"*"*,
Parents naturally reinforce sustained mutual eye contact with emo-
tional expressions and touch, which might contribute to mastery of
later developing or more complex tasks. In one study, infants showed
increased eye contact, smiling and vocalizations when eye contact was
reinforced by an adult smiling, cooing and rubbing the infants’ legs or
feet compared towhen touch was omitted'”. This finding suggests that
parental touch reinforced infant-parent mutual eye contact. Sustained
eye contact withaparenthas alsobeenshownto contribute tolater joint
attention abilities such as directing gaze toward the same object, which
fosters subsequent development of social communication skills'**,

distortions in the representation of face identity**°, where the

appearance of a face can change relative to a reference®’, and such
perceptual biases provide one way the brain can adapt to the
sensory environment. Furthermore, electroencephalograph (EEG)
synchronization and desynchronization could be important indices
of learning for infants (reviewed previously®®?). In adults, increased
demands of attention, alertness and task load are associated with
decreases in alpha power (desynchronization)®®. In infants, viewing
novel objects during a joint attention and gaze-following task
resulted in alpha desynchronization over the posterior occipital
cortex”***, Occipital gamma EEG activity in 6-month-old infants
was also decreased with repetition of faces but not objects (toys)
and this decreased neural response was associated with increased
looking towards novel stimuli**°. EEG studies in infants show learning
by examining increases and changes in oscillatory power across
frequency bands of interest and could index adaptation.

Together, these findings highlight just a few potential connections
between neurobiological mechanisms of learning and likely neural
specialization underlying domain-relevant and experience-dependent
behaviours. Future investigations aiming to elucidate the development
of neural processes underlying human associative and non-associative
learning mechanisms are warranted.

Statistical learning, or learning the transitional probabilities and
temporal contingencies within languages or visual scenes, is another
relevant form of associative learning that contributes to how faces
are processed'>'°, In adults, face processing occursin relation to the
distribution of faces present within the environment and biases arise
when any given face deviates from the cumulative learned distribu-
tion'”. In infants, learning from a distribution of faces has also been
shown to affectidentity differentiation?®'?, For instance, in one study
two groups of 6.5-month-old infants were shown morphed female faces
that moved from oneidentity to another using either abimodal or uni-
modal distribution'?. Infants were then shown pairs of faces that either
matched or mismatched inidentity. Those exposed to the bimodal dis-
tribution showed different neural responses for match and mismatch
trials, whereas those exposed to the unimodal distribution showed
similar responses'”®. These results suggest that infants formed either
one or two identity categories depending on the learning distribution
they were exposed to. These findings are also consistent with results
showing that infant face processing is enhanced and constrained by
thefacestheysee andinteract with the most and suggests thatinfants
use conditional probabilities to form representations of relevant faces.

Associative learning is also used to establish label-object or
label-face associations during the first year of life'”*°*2_Infants
exhibit increased attention and increased perceptual learning and
showmoreselective brainresponses to faces and objects after parents
read them books with specifically labelled (individual-level) names
for faces or objects from 6 months to 9 months of age'°*'%73°32 The
specificity of the labels differentially directed infant attention and high-
lighted perceptual differences that then facilitated individuation'> ',
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Furthermore, relative to faces from highly familiar groups, faces from
less familiar groups might not be labelled at the same frequency or
within the same context, causing faces from less familiar groups tobe
more readily categorized thanindividuated.

Non-associative learning

Non-associative learning mechanisms include habituation and sen-
sitization'>"*°, The dual-process model of infant attention posits
that decreased responses (habituation) and increased responses
(sensitization) to repeated stimuli are independent processes that
interact to produce behaviour™¢*¥ Models of infant attention also
suggest the presence of age-related decreases inthe amount of time it
takesinfantsto habituate owingtoincreased rates of encoding and/or
processing efficiency™ or an increased ability to disengage from a
stimulus™°.

Habituation techniques are widely used to study infant develop-
ment''"'*3, but habituation itself is not often cited as an important
mechanismunderlyinginfantlearning or face processing. Repeated
experience caninfluence howaninfantexplores andinteracts with their
environment. For example, repeated exposure with familiar individu-
als in familiar contexts might lead to decreased looking at, or habitu-
ation to, the faces of those individuals, which could be an important
factor for later perceptual processing. Similar to associative learning,
individual differences in rates of habituation or dishabituation dur-
ing non-associative learning can result in behavioural differences
acrossinfants'*‘. For example, infant neural responses decreased with
increased exposure to both familiar (mother’s face) and unfamiliar
female faces', suggesting that repeated face exposure canresultina
reductionin neural responsesto facesininfants.

Although less is known about how sensitization (increased
responding after stimuli repetition) influences face processing,
4-month-oldinfants showing sensitization to chequerboard patterns
habituated more slowly than those who did not, suggesting that sen-
sitization can affect individual differences in rates of habituation'.
Although it has not yet been examined, sensitization might also be
related tothe perceptual narrowing and tuning effects described above.
For example, increased sensitivity to detecting multiple types of face
changes (replacing outer features or changing face feature spacing)

a Development of acuity

Fig. 2| Acuity constraints and neonate subcortical structures. a, Infant visual
acuity over the first 5 months in comparison to adult visual acuity. b, Visual
pathways that route input from the retina to the cortex in the adult brain.

Early processing is gated by the differential maturation of magnocellular and
parvocellular pathways starting in the lateral geniculate nucleus. The pulvinar

was shown ininfants at 9-12 months of age compared to 4-6 months
of age'®. However, detection of face changes was best for human faces
compared to monkey and sheep faces, consistent with experience-
based tuning. Inthis example, itis possible that repeated attention and
experience with face features could have increased sensitivity to those
features, generally leading to the increased detection of face changes
infaces from familiar groups.

The development of face processing is dependent on both associa-
tive and non-associative learning mechanisms that respond torelevant
and repeated faces present in an infant’s environment. This domain-
relevant learning occurs within the context of the maturation of the
visual system and is supported and constrained by an array of cortical
and subcortical brainregions that serve unique functions and mature
atdifferent timescales.

Development of neural specialization

Inadults, the visual processing of faces is supported by ‘face patches’,
or cortical brainregions that respond more to faces than to other visual
input'’™*, The stereotyped anatomical locations of face patches across
individuals and their presence in multiple primate species**’ could be
taken as evidence that the function of face patches is pre-specified™.
However, face patches are not present in newborn monkeys* and do
not develop without early visual experience with faces*’ (see ref. * for
additional evidence on the role of experience in the formation of face
patches). Computational modelling incorporating known biological
constraints further demonstrates the sufficiency of visual experience
for the emergence of specialized face processing'”’. Through domain-
general associative and non-associative learning mechanisms, early
experience drives the specialization of neural circuits for processing
faces, including face patches, andis constrained only by the maturation
of the visual system.

In utero, prior to substantial real-world experience, an intrinsic
brainarchitecture develops through molecular guidance cues®, phys-
ical or mechanical pressures®’, and activity-dependent processes”*"’
(see ref. °° for a review of activity-dependent processes). This early
intrinsic architecture includes broad anatomical connectivity link-
ing brain networks''®*, cortical folding'**, which influences laminar
organization' and functional maps that facilitate communication

b Subcortical contributions to early visual processing

Lateral geniculate
nucleus

Parvocellular
M Koniocellular
W Magnocellular

Superior colliculus

and the superior colliculus are two subcortical structures whose response
properties and connectivity in adults make them candidates for supporting
visual behaviour in neonates, including preferential face looking. Images in
panelaare courtesy of Anna Olivellaand Rebion’s BabySee App.
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a Foveated faces

Fig.3|Foveated face processing. a, The photo shows a typical baby’s
perspective with a mother’s face occupying much of the visual field***.

The heatmapillustrates the baby’s foveation (centring of gaze) on the face.
b, Foveated face input s relayed from the retina to visual area V1 through the

b Cortical magnification

\

visual hierarchy and into the ventral visual cortex based on retinotopic
connectivity. Given the regularity with which infants look at faces, face input
willbe relayed preferentially to regions of the ventral visual cortex representing
foveal space, where face patches are typically found in adults.

Ventral visual cortex

within and across sensory systems'*°s, We suggest that this early
domain-relevant neural architecture then guides and constrains post-
natal specialization such that the neonate visual system is capable of
processing and detecting certain kinds of visual input over others
without the need for pre-specified processing for any given function.
Both subcortical and cortical mechanisms develop to support the
emergence of cortical face patches during development.

Subcortical mechanisms

Newborn humans preferentially look towards face-like images’™”, sug-
gesting that there are brain circuits that preferentially process faces or
face-like stimuliat birth. The neural structures mediating early face pref-
erences donot need torespondto the fine features of aface (Fig.2a). For
instance, atanormal viewing distance, 1-month-old infants candiscern
only the outer contour of the face and vague dark regions around the
eyes and mouth'’. Given the low visual acuity of neonates®*”°, abrain
structure capable of orienting attention towards large, top-heavy, high-
contrast features would be sufficient for driving early face-looking
behaviour”°"”2, Indeed, 1-month-old infants exhibit preferential
face-looking behaviour under visual tracking conditions®*®. Such
visual sensitivity could be facilitated by magnocellular (in contrast
to parvocellular) lateral geniculate nucleus (LGN) neurons that have
higher contrast sensitivity and respond to lower spatial frequencies
and higher temporal frequencies”*"*.In addition, areas associated with
magnocellular processing mature earlier than areas associated
with parvocellular processing both anatomically*>'>'7® and func-
tionally'’, although see ref. '’ for the counter-argument that the
parvocellular pathway develops first.

Although individual cortical neurons in macaque neonates
respond preferentially to faces"”’, face-looking behaviour is unlikely
tobe driven by cortical circuits, given that neural responses’*’, meta-
bolic activity'®, macroscale selectivity”, and laminar organization'”
remainimmature for the first several months postnatally. Instead, face-
looking behaviour in human and non-human primate infants might be
mediated by subcortical structures that are sensitive to salient features
of faces perceivable under low visual acuity and that have response
properties that can drive early face-looking behaviour (Fig. 2b). For
example, the superior colliculus, an evolutionarily old brain structure
thatresponds to salient visualinput, is agood candidate'®. It contains
aretinotopic map of visual space that preferentially responds toinput

inthe upper half of the visual field, and could support topographically
constrained, cross-modal learning'® (reviewed elsewhere'*®). Another
good subcortical candidate is the pulvinar, which contains neurons
responsive to high-contrast, salient visual input’®>. The pulvinaris also
interconnected with the superior colliculus'®* and has a critical role in
the formation of cortical circuits promoting visuomotor behaviours'®’,
Furthermore, neurons in both the pulvinar and superior colliculus
contain coarse information about faces and face-like images in adult
monkeys'. However, little is known about the functional development
of either structure.

The involvement of subcortical structures for early face prefer-
encesin humaninfancy has classically beenreferredto asthe CONSPEC
system, because it contains information about the visual features
of conspecifics™. In contrast with CONSPEC, here we argue that this
systemis not face-specific, butinstead responds to visual input thatis
visible and salient to infants, which, based on the regularities of early
visual experience, includes faces. Thus, the early functioning of these
subcortical structures is in line with a domain-relevant framework of
face processing.

Cortical mechanisms

Thelocalization of face patches to stereotyped locationsin the cortex
canbeaccounted for by theinteraction between the regularities of early
visual experience and the retinotopic maps of visual space'®. Human
infants as young as 4 months of age'®® and macaque neonates” prefer-
entially fixate on faces in natural scenes, which leads to the selective
input of facialinformation to the foveal regions of the ventral temporal
cortex'® "' (Fig. 3), where face patches develop postnatally'®. Further,
topographic maps provide aninfrastructure for the selective input of
facialinformationto the ventral temporal cortex across sensory modali-
ties without ascribing to a pre-specification of function. Topographic
links between the ventral temporal cortex and higher-order association
cortices” ", potentially mediated through subcortical structures' in
combination with Hebbian-based learning'*®, can account for the find-
ings of stereotyped localization of tactile’” and auditory'® facial infor-
mationinthe ventraltemporal cortex. Thus, the presence of specialized
brainregions such as face patches is not necessarily due to hardwired
modules, butrather could reflect the regularities of experience within
and across sensory modalities to enable flexible and dynamic learning
through development.
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Face patches emerge within the first several months postnatally
and mature throughout adolescence (Fig. 3). Althoughindividual face-
selective neurons have been identified by extracellular recordings in
macaques as young as 5.5 weeks'®’, face patches were not identified
using functional magnetic resonance imaging (fMRI) in macaques for
the first several months”, indicating that, at the population level, face
selectivity is not present at birth. In 2-month-old human infants, pref-
erential responses to awoman’s face compared to simple shapes were
observed with positron emission tomographyimaginginaregion of ven-
tral temporal cortex that corresponds to face patches in adults'’. This
result could be taken to indicate early neural responsiveness to faces.
However, the limited stimuli tested were insufficient to evaluate face-
specific responsiveness as evidenced by extensive activity throughout
and outside the visual cortex. Inaddition, preferential responses to faces
were also observed in cortical regions that typically do not exhibit face
selectivityinadults, including cortical areas that eventually become part
of the language network. Subsequent fMRI studies in 4-6-month-old
humaninfants using dynamic movies reported preferential responses
to faces compared to scenes”® and objects” in the approximate region of
face patchesinolderindividuals. These preferential responsesto faces
highlight anearly emergence of cortical face responsiveness, although
the degree of selectivity and anatomical specificity differs markedly
fromface patchesinadults. Rather thanreflecting amature selectivity to
faces, thismodest early preferential responsivenessis expected on the
basis of non-face-specific processing of low-level visual features?*%,
noncategorical shape selectivity?*>and/or retinotopic organization',
which co-vary with typical images of faces.

Face selectivity has also been reported in studies examining
humaninfant neural responses to faces using event-related potentials
(ERPs).Inhuman adults, the N170 ERP component is greater in response

Infants (3-8 months)

Children (5-8 years)

Fig. 4| Cortical development of human face processing. Neuroimaging studies
tracking the development of face patches in human ventral occipital-temporal
cortex. In each panel, red colouring corresponds to regions that responded

more strongly to faces than to other stimuli. In 3-8-month-old infants, greater
responses to movies containing faces versus scenes were observed in the ventral
temporal cortex®. In 5-8-year-old children, preferential responses to static

faces compared to objects, buildings, and navigation scenes were not observed
in the ventral temporal cortex”. In 11-14-year-old adolescents, face-selective

tofaces comparedto objects, afinding that has led this component to
be referred to as face-selective or face-specific’® 2%, For infants, the
N290 ERP component shows similar selectivity to faces. The N290
response is greater for faces than objects****”, has been localized
toregionswhere face patches are reported in adults®***”, is greater to
own-species than to other-species faces***?, is greater to own-race
thanto other-race faces by 9 months of age'°®?'°, is greater to recently
familiarized faces than to unfamiliar faces by 9 months of age®", and
is greater to female compared to male faces in 7-month-old infants
raised by afemale caregiver””. Taken together, these studies indicate
that cortical responses to faces are present in infants, are affected by
experience, and develop gradually.

Face-selective cortical regions continue to develop throughout
childhood and adolescence (Fig. 4 and Box 2). By the age of 6 years, the
large-scale spatial organization of face-selective and other category-
selective regions is present in the human ventral temporal cortex*,
However, the spatial extent and magnitude of selectivity as well as finer
differentiation (such asin the representation of one’s own face versus
other faces) continues to develop into adolescence®**?, In children,
face patches might respond more to features of the face than to the
whole face?”. Increasing selectivity for faces through adolescence is
due in part to decreasing responses to non-face images®**". Indeed,
the emergence of face patches could reflect an optimization of neural
circuitry to build representations invariant to spatial transforma-
tions”. Consistent with this theoretical account, the anatomical extent
offace patches continues toincreaseintoadulthood and is associated
withimprovements in recognition memory for faces?” and perceptual
expertise”®. Thus, this prolonged development of face-processing
regions in the cortex parallels the development of face-recognition
abilities is consistent with adomain-relevant framework®”.

Adolescents (11-14 years) Adult (>18 years)

mFus T4
FFA-2 (§
pFus A\

FFA-1

%
[ i
I0G OFA

E Dl oX0Us

activity was observed using the same stimulus set*. In adults, several regions that
preferentially respond to static images of faces more than to a variety of image
categories are typically observed”?. FFA, fusiform face area; hV4, human visual
area V4;10G, inferior occipital gyrus; mFus, middle fusiform; OFA, occipital

face area; pFus, posterior fusiform; PPA, parahippocampal place area; V1, visual
areaV1; V2, visual area V2; V3, visual area V3. Left image adapted from ref. %%,
Springer Nature Ltd; middle images adapted with permission from ref. **, Wiley;
rightimage adapted with permission from ref. *>, Annual Reviews.
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Conclusion

In this Perspective, we argued that the infant brain at birth is not
equipped with either a specific face-processing module or animma-
ture system that has specific hardwired face-processing constraints.
Assumptions of innate and evolution-driven specificity of face pro-
cessing at birth are untestable and data purported to support this
domain-specific perspective include a substantial amount of mech-
anistic speculation. This speculation has not led to advances in our
understanding of child development and might ultimately interfere
withscientific progressin the field of developmental psychology. Con-
versely, domain-general accounts need to incorporate constraints from
intrinsic neural architecture and be better couched in mechanistic
explanations of how learning operates within the developing brain.

Asanalternative toboth accounts, we argue for adomain-relevant
framework for the emergence of face processing. Empirical work across
thefirst year of life and into childhood and adolescence suggests that
face processing and neural specialization is dynamic and experience-
dependent, and that it self-organizes as developmental tasks and skills
arise. Human and non-human primate research on the visual system
inneonates and infants suggests that intrinsic subcortical and cortical
architectural constraints do not rigidly limit certain neural circuits to
face processing, butrather enable the infant visual systemto capitalize
ongeneral learning mechanisms and to adapt to the domain-relevant
features of the environment. Extensive work shows the importance of
learning and experience inshaping behavioural and brain development
that nurtures face processing in this manner. Moreover, these general
learning mechanisms could be experimentally controlled and tested
across ages, species and levels of analysis in future research.

The field would benefit greatly from a better understanding of
the mechanisms underlying how experience enables infants to learn
flexibly and regularly by self-organizing their behavioural and neural
responses to domain-relevant features of the surrounding environment.
To this end, neuroimaging of neonate and infant brains, biologically
constrained computational modelling of their learning, and the use
of animal models with controlled rearing paradigms should provide
key insights into the role of experience in shaping the development of
face processing. In addition, recording early infant visual experience,
longitudinally and with high fidelity, should help to elucidate further
thedynamicinterplay betweenthe developing brain and the changing
environmentalinput. Finally, decades of researchinto general learning
mechanisms support usingassociative and non-associative mechanisms
forunderstanding and examining the behavioural and neurobiological
basis of face processing. Future experimental investigations with neo-
nates, infants and children could further probe the neural basis of learn-
ingandtrack developmental trajectories byimplementing pre-learning
and post-learning assessments of both their behaviour and brain state.

Beyond face processing, and across other domains of child devel-
opment, adomain-relevant focus on learning from the environment
will lead to more useful advances than will focusing on pre-specified
innate mechanisms. Such advances willimprove our understanding of
the developingbrain.Inturn, they will alsoinform better preventative
and intervention learning-support programmes®?° as well as policies
that support the development of infants and children and their fami-
lies?”. For example, policies that provide families with access to paid
parental leave and flexible childcare options could allow caregivers to
implement a supportive home-learning environment that positively
affects developmental trajectories.

Published online: 06 February 2023

Box 2

Lateralization

Although face patches (measured by functional magnetic
resonance imaging (fMRI)) and face-specific responses (measured
by electroencephalograph (EEG)) are typically identified bilaterally
in human adults, the degree of selectivity to faces is greater over
the right hemisphere than over the left hemisphere (measured
with fMRI"%*” and event-related potentials (ERPs)**4**°). Such
hemisphere differences in face processing are not apparent in
macaques™' and may emerge when human children learn to read,
as a result of competition with nearby brain regions involved in
the processing of words and language®°-**. Lateralization of face
patches in human ventral temporal cortex increases from childhood
(7-9years) to adulthood (24-45years)**.

In human infants, lateralization is less consistently reported.
ERP responses to featural and configural face changes showed
lateralization between these two change conditions in 8-month-old
but not in 4-month-old infants***. However, other studies report no
significant ERP differences in how the right and left hemispheres
respond to faces in infants?*>?*®. The steady-state visual evoked
potential EEG technique®’ can examine the development of the
visuocortical processes underlying face processing in infancy and
has the potential to provide greater sensitivity. Right lateralized
face responses in infants as young as 4-6 months old, but more
consistently after 9months of age, are observed using steady-state
visual evoked potentials?®*", These findings on the lateralization
of face processing in human infants indicate that face-processing
circuits in the brain do not develop in isolation, but rather reflect
interactions with the development of other brain systems over
different timescales, and as different developmental tasks arise****.
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