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aBsTRACT Conventional wisdom has long held that face recogni-
tion develops very slowly throughout infancy, childhood, and ado-
lescence, with perceptual experience as the primary engine of this
development. However, striking new findings from just the last few
years have overturned much of this traditional view by demonstrat-
ing genctic influences on the face recognition system as well as
impressive face discrimination abilities that are present in newborns
and in monkeys that were reared without ever seeing a face. Nev-
ertheless, experience does play a role, for example, in narrowing
the range of facial subtypes for which discrimination is possible and
perhaps in increasing discrimination abilides within that range.
Here we first describe the cognitive and neural characteristics of
the adult system for face recognition, and then we chart the devel-
opment of this system over infancy and childhood. This review
identifies a fascinating new puzzle to be targeted in future rescarch:
All qualitative aspects of adult face recognition measured behavior-
ally are present very carly in development (by 4 years of age; all
that have been tested are also present in infancy), yet functional
magnetic resonance imaging and event-related potential evidence
shows very late maturity of face-sclective neural responses (with the
fusiform face arca increasing substantially in volume between age
7 years and adulthood).

Introduction

One of the most impressive skills of the human visual
system is our ability to identify a specific individual from
a brief glance at their face, thus distinguishing that indi-
vidual from hundreds of other people we know, despite
the wide variations in the appearance of cach face as it
changes in viewpoint, lighting, emotional expression, and
hairstyle. Though many mysteries remain, important
insights have been glcaned over the last two decades about
the cognitive and neural mechanisms that ¢enable humans
to recognize faces. Here, we address an even more difficult
and fundamental question: How does the machinery of face
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recognition get wired up during development in the first
place?

Our review of the available evidence supports a view of
the development of face recognition that is dramatically dif-
ferent from the one suggested by the first studies in the ficld.
Twenty years ago, the standard theory was that core aspects
of the ability to discriminate faces were not present until 10
years of age, and their emergence and eventual maturity
were determined primarily by experience (Carey & Diamond,
1977; Carey, Diamond, & Wodds. 1980). This position has
been overturned by recent findings that demonstrate striking
abilities even in neonates and by mounting evidence of
genetic contributions.

We organize our review by age group. ‘T'hroughout, we
ask how the availalile data address the following fundamen-
tal theoretical questions:

1. What arc the inherited genetic contributions w the
specification of the adult system for processing lacial identity
information?

2. What is derived from experience?

3. How cxactly do genes and/or experience work sepa-
rately or together across the course of development to
produce the adult system?

The perception of face wdentity in adulthood

We begin with a characterization of the end state of develop-
ment: the cognitive and neural basis of the perception of
facial identity in adults. Note that this is 2 major topic in its
own right, with much internal theoretical debate. However,
to facilitate our present interest in the developmental course of
face recognition, we focus on ecmpirical phenomena, espe-
cially those that are well established in adults and have sub-
sequently been tested in development.

Core BEHAVIORAL PROPERTIES OF FACE IDENTITY PERCEPTION
ix ApuLt Humans  Basic properties of face identification in
adults are as follows. Identification is more accurate when
faces are upright than when they are inverted (i.c., upside
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down) on both memory and perceptual tasks, and the
inversion decrement is substantially larger for faces than for
nonface objects (the disproportionate incersion effect; Yin, 1969;
see also Robbins & McKone, 2007). Generalization from a
single image of a novel face in one viewpoint to an image in
another is relatively poor, albeit better from the three-quarter
view to front or profile views than between the more distinct
profile and front views (the three-quarter view advantage;
Logic, Baddcley, & Woodhead, 1987). For familiar faces,
performance on memory tasks relies more strongly on
inner face regions than on external regions that include
hair; for unfamiliar faces, the pattern is reversed (imner
versus outer features effects; Ellis, Sheperd, & Davies, 1979).
Finally, identification of own-race faces is better than
identification of other-race faces (the other-race ¢ffect; Mcissner
& Brigham, 2001). Note that the first two propertics (i.c., the
disproportionate inversion cffect and the three-quarter view
advaniage) derive directly from pereeptual processing, but
the last two are known to derive at least partly from deliberate
task strategies (c.g., reliance on hair for novel faces if
distinctive hair is present; Duchaine & Weidenfeld, 2003) or
social and attentional factors (other-race effect; Bernstein,
Young, & Hugenberg, 2007).

Additional experimental findings can be grouped under
the heading of phenomena that have motivated the concept
of holistic/ configural processing. Holistic/configural processing
is defined (c.g., Tanaka & Farah, 1993; Maurer, Lewis, &
Mondloch, 2005) as (1) a strong integration at the perceptual
level of information from all regions of the face (so that alter-
ing one region lcads to changes in the percept of other
regions), which (2) codes the exact spacing between face
features (and, more controversially, exact feature shape as
well; Yovel & Duchaine, 2006), and (3) is strongly sensitive
1o face inversion. Relevant phenomena are as follows. Sub-
jects find it harder to identify one half of a combination face
(c.g., the top hall of George Bush’s face with the bottom half
of Tony Blair’s face) if the inconsistent other hall-face is
aligned with the target half rather than misaligned (the com-
posite effect; Young, Hellawell, & Hay, 1987). Subjects are
also better able to distinguish which of two face parts (e.g.,
two noses) appeared in a previously shown face when these
are presented in the context of the whole face than when
they are presented in isolation (the part-whole effect; Tanaka
& Farah, 1993). Part choice is also better in the original
whole than in a version of the whole face with an alteration
in spacing between nontarget feawures (the part-in-spacing-
altered-whole effect; Tanaka & Sengco, 1997), a finding that is
consistent with other cvidence of strong sensitivity lo spacing
changes (c.g., distance between eyes) in upright faces (e.g.,
Rhodes, Brake, & Atkinson, 1993; McKone, Aitkin, &
Edwards, 2005). When an upright and an inverted version
of a face are superimposed in transparency, the upright face
is percecived more strongly (perceptual bias to upright; Martini,
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McKone, & Nakayama, 2006). All these holistic effects are
specific to upright faces; they are not found for inverted or
scrambled faces (Young et al,, 1987; Tanaka & Sengco,
1997; Robbins & McKone, 2003; Martini ct al., 2006) and
are weak or absent for objects, including objects of expertise
(for reviews, sec McKone, Kanwisher, & Duchaine, 2007;
Robbins & McKone, 2007).

Finally, other behavioral phenomena have been taken to
indicate coding within a perceptual “face-space,” defined as
a multidimensional space in which each individual face is
coded as a point by its value on underlying dimensions
describing  different aspects of facial structure and for
which the “average” face lies at the center of the space
(Valentine, 1991). These phenomena include distinctiveness
¢ffects, in which performance is better for distinctive faces
than for typical faces on old-new recognition tasks but the
pattern is reversed on face versus nonface classification tasks
(Valentine & Bruce, 1986), and adaptation aflereffects, in which,
for example, adaptation to expanded faces make a physically
normal face appear contracted (Webster & MacLin, 1999)
and adaptation to “anti-Bill” (the physical opposite of Bill in
face spacc) makes the average face appear like Bill (Leopold,
O’ Toole, Vetter, & Blanz, 2001).

NEUROPHYSIOLOGY AND FuxcTioNAL MAGNETIC RESONANCE
IMAaGING IN ApuLT MoNKEYs  Adult monkeys show cortical
mechanisms specialized for face perception. Strongly face-
selective responses from single neurons (“face cells”) are well
established in the temporal lobes of macaques (Desimone,
Albright, Gross, & Bruce, 1984; Foldiak, Xiao, Keysers,
Edwards, & Perrett, 2004), and face-sclcctive cortical regions
have been reported in macaques using functional magnetic
resonance imaging (fMRI) (Tsao, Freiwald, Knutsen,
Mandeville, & Tootell, 2003; Pinsk, DeSimone, Moore,
Gross, & Kastner, 2005). Tsao, Freiwald, Tootell, and
Livingstone (2006) demonstrated dircct correspondence
between face-selective fMRI patches and face selectivity of
single cells within those patches. Note that the role of “face
cells” in supporting the behavioral phenomena described in
the previous section is mostly unexplored, with the exceptions
that a preponderance of face-selective cells are tuned to
upright (Perrett et al., 1988) and that their tuning to facial
distortions from the “average face” is consistent with a face
space coding of facial identity (Leopold, Bondar, & Giese,
2006). In development, only basic face selectivity has been
studied.

Funcrional. MacNeTIc ResoNance IMaciNg: CorticaL
Loct oF Face Ibenriry Processing IN ApuLT Humans
Brain imaging in humans reveals three face-sclective cortical
regions (figure 32.1), of which the fusiform face area (FFA)
(Kanwisher, McDermott, & Chun, 1997), is the main one
that is investigated in children. This region, which can be



Right Hemivphere

Ficure 32.1 Face-selective activation (faces > objects, p < 0.0001)
on an inflated brain of one adult subject, shown from lateral and
ventral views of the right and left hemispheres. Three face-selective
regions arc shown: the FFA in the fusiform gyrus along the ventral
part of the brain, the OFA in the lateral occipital area, and the
fSTS in the posterior region of the superior temporal sulcus. For
studies of face identification (rather than expression, etc.), the FFA
and OFA are of greatest interest. (See color plate 46.)

found in essentially cvery normal adult in a short “localizer”
scan (Saxe, Breu, & Kanwisher, 2006), responds more
strongly to faces than to letter strings and texwres (Puce,
Allison, Asgari, Gore, & McCarthy, 1996), lowers (McCarthy,
Luby, Gore, & Goldman-Rakic, 1997), and indeed all other
nonface stimuli that have been tested to date, including
mixed everyday objects, houses, hands (Kanwisher et al.,
1997), and objects of expertise (Kanwisher & Yovel, in
press).

fMRI adaptation studies show that neural populations in
the FFA can discriminate face identity (Rotshtein, Henson,
Treves, Driver, & Dolan, 2003) but not facial expression
(Winston, Vuilleumier, & Dalan, 2003). The FFA is involved
in individual discrimination of upright but not inverted faces
(Yovel & Kanwisher, 2005; Mazard, Schiltz, & Rossion,
2006), and its inversion effect (i.c., higher response to upright
than inverted faces) correlates with the behavioral inversion
effect (Yovel & Kanwisher, 2005). The FFA also demon-
strates holistic processing, specifically a composite cffect
{Schiltz & Rossion, 2006).

ELECTROPHYSIOLOGICAL SIGNATURES IN HuMAN Aburts A
negative-going  cvent-related  potential  (ERP)
peaking about 170 ms afier stimulus onsct over posterior
temporal sites (N170) has been widely replicated 1o be face-
selective (Halgren, Raij, Marinkovic, Jousmaki, & Hari,
; 2000; Liu, Harris, & Kanwisher, 2002). This peak is delayed

i© by 10 ms, and is larger in amplitude (or inverted fiaces than
for upright faces (Bentin, Allison, Puce, Perez, & McCarthy,
" 1996). The N170 also shows identity discrimination (a lower

response

response for repeated compared to unrepeated faces) when
the faces are upright but not inverted (Jacques & Rossion,
2006; Jacques, 1’arripe, & Rossion, 2007). An important
point that is relevant to the interpretation of developmenial
studies is that the neural source of the N170 is unknown even
in adults, and the sources of suggested equivalent components
in children and infants could possibly be different saill.

Data from adult subjects relevant to the roles of
experience and genelics

Before considering what developmental studies tell us about
the roles of experience and genetics in face recognition, we
describe several findings from adults that also bear directly
upon thesc issucs.

Clearly, experience in isolation can influence face perception.
Adults continue to learn new faces throughout life, and this
improves pereeptual discrimination of these faces: Matching
the correct [ace photograph to a degraded security camera
video image is more accurate if the face is familiar than if it
is unfamiliar (Burton, Wilson, Cowan, & Bruce, 1999; also
sce Bruce, Henderson, Newson & Burton, 2001). Tempo-
rary altereffects from adaptation to distorted faces (e.g.,
Webster & MacLin, 1999) also indicate purely experience-
bascd changes in the tuning of pereeptual representations of
faces. 'I'raining cllects on the ability to discriminate trained
and naovel faces have also been demonstrated in an adult
prosopagnosic (DeGutis, Bentin, Robertson, & 1)’Esposito,
2007). Interestingly, however, there is no cvidence that expe-
rience alone produces any fundamemntal qualitative change in
face processing cither neurally or cognitively; for example,
holistic processing, “face space” cftects, and FFA activatdon
all occur strongly for both familiar faces and unfamiliar faces
(Young ct al., 1987; Kanwisher ct al., 1997: Webster &
MacLin, 1999; Le¢ Grand., Mondloch, Maurer, & Brent,
2004; Carbon ¢t al., 2007).

Studies of human adults provide two sources of evidence
for genctic contributions. Inability to recognize faces in the
absence of any known brain injury (developmental prosop-
agnosia) ofien runs in families (Duchaine, Germine, &
Nakayama, 2007; Gructer et al, 2007; Kennerknecht,
Pluempe, & Welling, 2008). Also, in normal adults, {MRI
shows greater similarity in the pattern of activation across
the ventral visual stream for monozygotic compared to dizy-
gotic twins, but only for stimulus classes for which an evolu-
tionary origin of the observed selective cortical regions could
rcasonably be proposed: faces and places but not written
words or chairs (Polk, Park, Smith, & Park, 2007).

In summary, results [rom adults tell us that experience can
finc-tune face recognition without changing its qualitative
propertics and that genes explain some of the variation
behaviorally and neurally. Importanty, adult studies do
not tell us at what developmental stage genes have their
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influence. In particular, they do not necessarily demonstrate
that a face system is present at birth. Some genctically pre-
determined processes are present at birth (e.g., the sucking
reflex), but others affect maturational processes later in
childhood or adolescence (e.g., puberty).

Development: Infancy

In exploring genetic and experience-based contributions to
face rccognition via infancy studics, several interrclated
questions are relevant. First, which abilities, il any, are
present at birth? Visual abilities that are present in neonates
(or in monkeys that have been deprived of all face input)
cannot be derived from experience and therefore provide
the only method of revealing genetic influences in isolation
from any visual learning. Sccond, if babies are born with a
face representation, is its purpose merely to draw attention
1o faces (cf. CONSPEC in Morton & Johnson, 1991) or to
support individuation? Third, how broadly tuned is any such
representation: broad enough to cover any primate face,
specific to own-species faces, or perhaps even to own-race
faces? Finally, which, il any, of the types of effects of experi-
ence in early infancy that are found in other perceptual and
cognitive domains occur for faces: Improvements with
increasing experience? Perceptual narrowing (i.c., destruc-
tion of ecarlicr ability)? Critical periods? Studies of these
topics published within the last few years bave dramatically
altered our understanding of infant face recognition.

In a classic result, newborns (imedian age: 9 minutes) track
an upright “paddlc face™ (figure 32.24) further than versions
in which the position of the internal blobs is scrambled or
inverted (Goren, Sarty, & Wu, 1975; Johnson, Dziurawiec,
Ellis, & Morton, 1991). Although it has been suggested that
this preference could arise from gencral visual biascs (c.g.,
for stimuli with more clements in the upper visual field;
Simion, Macchi Cassia, Turati, & Valenza, 2003), prefer-
ence only for the normal contrast polarity of a (Caucasian)
face (Farroni et al.,, 2005) argues for a level of specificity to
facelike structure. T'hus humans are born with some type of
innate preference that, at the very least, attracts infants’
attention 1o faces. Note that the innate representation sup-
porting face preference could be different from that support-
ing facc individuation in adults ( Johnson, 2005); indced, a
finding that nconates track faces in the temporal but not
nasal visual field (Simion, Valenza, Umlita, & Dalla Barba,
1998) suggests a subcortical rather than cortical origin.

Our concern in this chapter is primarily with the develop-
ment of face individuation ability. This can be measured in
infants by looking time mcasures that assess preference and
dishabituation-to-perceived-novelty. A classic finding is that
neonates less than 4 days old can discriminate their mother
from similar-looking women (Pascalis, de Schonen, Morton,
Deruelle, & Fabre-Grenet, 1995; Bushnell, 2001), although
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Ficure 32.2  Face pereeption withowt experience. (4) Newborn
humans (<1 hour old) rack the “paddle face™ on the left further
than the scrambled version (Morton & Johnson, 1991), (8) Newborn
humans (<3 days) look longer ar the novel than habituated face,
indicating recognition of face identity even across view change
(Turati et al., 2008). (€) Japanese macaques raised with no expo-
sure to faces can, on first testing, discriminate very subtle differ-
ences between individual monkey faces (including differences both
in shape and in spacing of internal fcatures) and can also do this
for human faces (Sugita, 2008).




mother recognition in the first 24 hours may be partially
dependent on prenatal familiarity with her voice (Sai, 2005).
More recent data demonstrate even more striking abilities.
Three-month-olds can recognize the identity of novel indi-
viduals, with similar-looking faces (same sex, age, race), without
hair, and across view changes (Pascalis, De Haan, Nelson, & de
Schonen, 1998; Kelly ct al., 2007). Indeed, it has very
recently been discovered that newborns (<3 days) can
perform this task (Turati, Bulf, & Simion, 2008; see figure
32.2B). Moreover, the newborns discriminated only front 1o
threc-quarter view changes and not three-quarter to profile,
in a pattern somewhat (although not preciscly) similar to the
three-quarter view advantage that is seen in adults. Finally,
newborns demonstrate an inversion cflect on discrimination,
with babies 1-3 days old discriminating same-view faces
without hair upright but not inverted (Turati, Macchi Cassia,
Simion, & Leo, 2006).

The newborn discrimination findings strongly suggest that
a face representation, tuned to upright and able to support
individual-level representation, is present at birth. It seems
unlikely that 3 “days” of expericnce with faces—in fact, a
maximum of perhaps 12 hours of visual experience of any
kind (newborns sleep 16 hours per day and have their eyes
shut during breastfeeding and crying)—would be sufficient
for a purcly learning-based system to support the level of fine
discrimination ability that is observed.

Even more compelling, however, is a recent behavioral
study in monkeys (Sugita, 2008). Japanese macaques were
raised by human caregivers wearing masks, giving the
monkeys no exposure 1o faces but otherwise normal visual
experience in a complex environment. On their very first
experience with faces (aged 6-24 months), the monkeys
showed a preference to look at static photographs of faces
over photographs of objects that were equally novel in their
visual cnvironment (e.g., cars, houses) and discriminated
very subtle differences between individual faces (figure 32.2C)
in a habituation paradigm.

A variety of other infant findings also cither directly
arguc that a rcpresentational capacity for differentiating
individual face structures is present at birth or at least do
not reject this conclusion. Newborns (<1 week) prefer faces
rated by adults as attractive over unattractive faces when the
faces are upright but not inverted (Slater, Quinn, Hayes, &
Brown, 2000). Regarding holistic processing, Sugita’s (2008)
monkeys discriminated spacing changes (figure 32.2C) with
almost no prior experience of faces (they had been exposed
to faces only during the short face preference task), and five-
month-old humans discriminate spacing changes small
enough to fall within the normal physical range, upright but
not inverted (Hayden, Bhatt, Reed, Corbly, & Joseph, 2007);
also babies 6-8 months old show a composite-like effect in
which the combination of the inner features of one old face
with the outer features of another old face is treated as a new

individual, upright but not inverted (Cohen & Cashon,
2001). At 3 months (although not at 1 month), human infants
falsely recognize the average of four studied faces as “old,”
a phenomenon that is also shown by adults (de Haan,
Johnson, Maurer, & Perrett, 2001). Importantly, there are
no major behavioral properties of face recognition present
in adults that are known nof 10 be present in infants; where
we have not mentioned properties (¢.g., adaptation afteref-
fects), this is because no rclevant data exist, not because
infants have been tested and failed to show effects.
Findings of perceptual narrowing indicare that (1) a represen-
tational capacity for faces that is present at birth can initially
be applied to a wide range of faces but that (2) this range
gets restricted during the first several months of life to include
only the kinds of faces (i.c., species or race) that have been
seen in this period. Perceptual narrowing is best known from
the domain of language (c.g., Kuhl, Tsao. & Liu, 2003).
Infants are born with the ability to discriminate phoneme
boundarics from all possible languages in the world (e.g..
English and Japanese), but over the first 6-12 months of
life, they lase the ability to discriminate phonemes from
nonexperienced languages (¢.g., Japanese for a child from a
monolingual English-speaking family), and even extensive
cxposure as an adult is usually insufficient to regain native-
speaker levels of discrimination and reproduction. For faces,
five studics have reported and explored properties of percep-
tual narrowing. In humans, Pascalis, de Haan, and Nelson
{2002) showed that 6-month-old infants could discriminate
both human and monkey faces, while 9-month-olds and
adults could discriminate only human faces. Kelly and col-
leagues (2007) reported that Caucasian babics from the
north of England, with high cxposure to Caucasians but
essentially no exposure to African or Asian faces, could rec-
ognize individuals (across view change) from all three races
at 3 months of age. At 6 months, Caucasian babies could no
longer individuate African faces; at 9 months, they had addi-
tionally lost the ability to individuate Asians. The Sugita
(2008) study described carlier reported that on first exposure
to faces, the monkeys not only could discriminate individual
monkey faces (other macaques), but also could make
extremely fine discriminations among human faces (figure
32.2C). Following 1 month of exposurc to a single face type
(either human or monkey, involving live interaction for least
2 hours per day), Sugita’s monkeys lost the ability 1o dis-
criminate individuals of the nonexperienced species. Relearn-
ing was also difficult; monkeys that were initially exposed
only to humans failed o discriminate monkey faces even
after subscquently sharing a cage with 10 other monkeys for
11 months. (Note, however, that there is some evidence of
flexibility in humans into middle childhood: Korean chil-
dren adopted to Caucasian Irancophone countries at age
3-9 years showed, as adults, better recognition memory for
Caucasian faces than for Korcan [aces; Sangrigoli, Pallier,
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Argenti, Ventureyra, & de Schonen, 2005). During human
infancy, pereeptual narrowing can be avoided by deliberate
exposure to face types that the infant would not naturally
see; regular exposure to monkey faces beginning at 6 months
leads to retained ability to discriminate monkey faces at 9
months (Pascalis ¢t al., 2005). Perceptual narrowing for
faces also has an interesting possible link with narrowing for
language. Lewkowicz and Ghazanfar (2006) reported that
human infants could make cross-modality matches of a
monkey vocalization to a picture of a monkey face making
that particular sound at 4 and 6 months but that this ability
was lost at 8 and 10 months.

Importantly, the pereeptual narrowing effects for faces
described above indicate only a destructive cffect of experi-
ence across infancy (i.c., loss of initial ability with other
species and other races). In the domain of language, loss of
phonetic discrimination ability within nonexperienced lan-
guages has been shown to co-occur with an improvement of
phonetic discriminability within the expericnced language
(Kuhl et al., 2006). Thus perceptual narrowing for faces
might similarly include cnhanced ability to discriminate
experienced  face subtypes; that is, discrimination for
own-species own-race faces might start crude and improce
with practice. Potentially consistent with this prediction,
Humphreys and Johnson (2007) showed that the physical
difference between faces that was required to produce
novelty preference was smaller in 7-month-olds than in 4-
month-olds, indicating that the older babies could either
make finer perceptual discriminations or keep these in
memory longer across the 1-5 item test delay. Neural systems
that are present at birth arc often associated with a enitical
(or sensitive) period (Sengpiel, 2007), requiring environmental
input of the appropriate stimulus type within a specificd
period afier birth to avoid being taken over for other pur-
poses. In a classic example, cats are born with cells tuned to
all line oricntations, but if raised in an environment contain-
ing only vertical lincs, they lose horizontal-responsive cells
and demonstrate a corresponding lack of behavioral sensitiv-
ity to horizontal lines. For faces, Le Grand and colleagues
report evidence consistent with a critical period for one
important aspect of face perception: holistic processing.
Congenital cataract patients, specifically people born with
dense cataracts disrupting all patern vision who had the
cataracts removed at 2-28 months of age, were tested at ages
ranging between 9 years and adulthood. Despite their many
years ol postcataract exposure to faces, patients who had had
carly bilateral cataracts showed no composite effect for faces
(e Grand ct al., 2004). Also, paticnts who had had right-
eye-only or bilateral cataracts, which produce a deficit of
input to the right hemisphere due to the wiring of the infant
visual system, showed a later deficit in processing spacing
information in faces, while patients who had had lefi-
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cye-only cataracts did not (Le Grand, Mondloch, Maurer,
& Brent, 2003), a pattern that is consistent with the normal
role of the right hemisphere in holistic processing (Rossion
ct al., 2000). Interestingly, there docs not appcar to be a
critical period for the ability to discriminate faces per sc.
Anccdotally, the Canadian cataract patients are not func-
tionally prosopagnosic (Daphne Maurer, personal commu-
nication); for example, they report cven being able to
recognize other-race students when teaching English in
Korea (Rachel Robbins, personal communication). Formal
testing shows good ability to match novel faces (without view
change) both in these patients (Geldart, Mondloch, Maurer,
de Schonen, & Brent, 2002) and in an Indian woman whose
congenital cataracts were not removed until 12 years of age
(Ostrovsky, Andalman, & Sinha, 2006). Also, lack of visual
experience with faces for the first 6-24 months in Sugita’s
(2008) monkeys did not destroy discrimination ability. The
rcason why a requirement for early visual input exists for
holistic processing but not face discrimination remains to be
resolved. One possibly relevant observation is that holistic
processing could perhaps have a particular role in cross-view
recognition (McKone, 2008), and the Canadian cataract
patients have a specific problem with recognition of once-
scen faces across view changes (Geldart et al., 2002). (Note
that the Indian patient and Sugita’s monkeys were tested on
same-vicw faces only.)

The behavioral findings reviewed above, demonstrating
abilitics present at birth, perceptual narrowing and critical
periods, are all consistent with a genctically determined
“innate” contribution to infant face recognition. In par-
ticular, they argue for an innate contribution to face
individuation.

Neurally, face individuation in adults is associated with
cortical rather than subcortical function. What is the evi-
dence regarding cortical face-processing function in infants?
There are few available studies and none in neonates. Results
do, however, demonstrate face selectivity and inversion
effects. In infant macaques, Rodman, Scalaidhe, and Gross
(1993) found that the responsc magnitude of single units in
inferotemporal cortex was lower overall than in adults, but
selectivity for form, including face sclectivity, was present at
the youngest ages that were tested, within 2 months of birth.
In humans, a PET study of 2.5-month-olds is somewhat
suggestive of face-sclective activation in the fusiform gyrus
(and other cortical regions), although the infants were not
neurologically normal, the statistical threshold was extremely
lenient (p < 0.05 uncorrected), and the contrast (faces versus
blinking diodes) confounds selectivity for faces with responses
to visual shapc information (Tzourio-Mazoyer et al., 2002).
With the use of ERPs, human 3-month-olds exhibit an
“N290” component that has larger amplitude for human
faces than for monkey faces in the right hemisphcre only



(Halit, de Haan, & Johnson, 2003), although adult N170
shows the opposite pattern. At 12 months of age, this N290
was higher in amplitude for inverted faces than for upright
faces only for human faces, not monkey faces (like the adult
N170). Although the same study reported that this sensitivity
to inversion was not found in 3-month-olds, another analysis
of the same data using a different method (Johnson ct al,,
2005) did claim to find such inversion sensitivity. Further,
other ERP components (the P400 and the P1) do show inver-
sion effects at 3 months, the youngest age tested (Halit et al.,
2003). Similarly, ncar-infrared spectroscopy (NIRs) responscs
in 5- to 8-month-old infants arc stronger for upright faces
than for inverted faces over the right hemisphere only
(Otsuka et al., 2007; note the cortical source of this effect
was most likely the STS). Overall, the available neural cvi-
dence from infants is consistent with the existence of cortical
machinery for processing faces within a few months after
birth, and there is no cvidence to suggest that this is not
present earlier.

Taking all findings together, we conclude that infants are
born with a rich capacity to represent the structure of upright
faces that supports face discrimination rather than mercly
drawing attention to faces. Results further show that this
representation interacts with experience during infancy in
particular ways. A probable critical period suggests that
holistic processing is “experience-cxpectant” (i.c., carly envi-
ronmental input is required for its maintenance). Perceptual
narrowing shows that early experience restricts the range of
faces that can hbe accommodated; that is, an initial represen-
wation of faces is sufficiently broadly tuned to support indi-
viduation of all face types including those of other primates,
and experience with one subtype of face (own-species, own-
race) removes this initial ability with other face types (other-
specics, other-races) at the same time that it possibly improves
perceptual tuning for faces of the expericnced subtype.
Regarding neural origin of face discrimination in infants,
there is cvidence of relevant cortical representation by
midinfancy, but no data are available regarding whether the
discrimination ability that is present at birth is supported by
cortical as opposed to subcortical representations.

Development: Four-year-olds to adulls

In understanding the interaction of genetic inheritance and
learning, investigation of the developmental trajectory of
facc processing in childhood through adulthood can be
informative. When no change is found in a given behavioral
or neural measure of face perception in this period, that
argues against extended maturation or learning as being
necessary for the construction of the adult system. If instcad
protracted development is observed, this could reflect learn-
ing (as often assumed), though crucially it could also reflect

biological maturation (Carcey ct al., 1980) or an interaction
of genetic and experiential factors.

BenAviORAL MEASURES OF Fack IbexTiTy PERCEPTION  For
children 4-5 yecars and older, it is possible, with care, to
adapt adult behavioral paradigms dircctly and thus to
compare child performance with adult performance on
exactly the same tasks. For cach phenomenon that is estab-
lished in adults, twa empirical questions arc of interest. First,
is there some age below which children simply do not show
that phenomenon at all (i.c., is there qualitative change with
agc)? Sccond, regarding any phenomena that are observed,
when are full maturity levels reached (i.c., is there quantitative
change with age)?

We consider qualitative change first. Early behavioral
research appeared to suggest that core perceptual pro-
cesses involved in face identification did not emerge at all
until quite late in development (e.g., 10 years for holistic
processing; Carey & Diamond, 1977; Carey et al., 1980).
Unfortunately, rescarchers in the face neuroscience liter-
ature (e.g., Gathers, Bhau, Corbly, Farley, & Joseph,
2004; Aylward et al., 2005; Golarai ct al., 2007; Scherf,
Behrmann, Humphrey, & Luna, 2007) commonly empha-
size only these few early findings, which give an inaccurate
representation of the current state of knowledge. In fact,
research in the last 15 ycars has clearly established that all
standard adult face recognition ¢ffects are present in young
children. (Indeed, we showed ecarlier in the chapter that all
phenomena that were tested, including inversion effects,
were present in infancy.)

In child-age studies using adult tasks, cvery key adult
property of face recognition that has been investigated has
been obtained at the youngest age tested. With respect to
holistic processing, these results include the inversion effect
on short- and long-term recognition memory (3 years old:
Sangrigoli & de Schonen, 2004; + years old: Carey, 1981;
5-6 years old: Brace et al., 2001; 7 years old: Flin, 1985),
the composite effect (4 years old: De Heering, Houthuys, &
Rossion, 2007; 6 years old: Carcy & Diamond, 1994; 6 years
old: Mondloch, Pathman, Maurer, Le Grand, & de Schonen,
2007), the part-whole cffect for upright but not inverted
faces (4 years old: Pellicano & Rhodes, 2003; 6 years old:
‘T'anaka, Kay, Grinnell, Stansfield, & Szcchter, 1998), the
part-in-spacing-changed-whole effect for upright but not
inverted faces (4 years old: Pellicano, Rhodes, & Peters,
2006) sensitivity 10 exact spacing between facial features
(4 years old: McKone & Boyer, 2006; Pellicano et al., 2006),
the perceptual bias to upright in superimposed faces (8
years old: Donnelly, Hadwin, Cave, & Stevenage, 2003),
and the internal-over-external features advantage for famil-
iar face identification (5-6 years old: Wilson, Blades, &
Pascalis, 2007). Regarding face-space coding, results include

McKONE, CROOKES, AND KANWISHER: DEVELOPMENT OF FACE RECOGNITION IN HUMANS 473



distinctiveness effects on perception at 4 years (McKone &
Boyer, 2006) and on memory at 6-7 ycars (Gilchrist &
McKone, 2003), an other-race disadvantage on recognition
memory at 3 ycars (Sangrigoli & de Schonen, 2004) and a
recent conference report of adaptation aftereffects in 4-5-
year-olds (Jeffrcy & Rhodes, 2008). Where carly studics did
not show effects, this has generally been established 1o have
arisen from methodological problems, the most common
one being floor effects on the task in young children (c.g.,
sec Carey ct al., 1980, versus Carey, 1981; or Johnston &
Ellis, 1993, versus Gilchrist & McKone, 2003). Another case
of note is the early suggestion that children could not perform
face identification at all in the presence of distracting para-
phernalia (Carey & Diamond, 1977); this finding was over-
turned (Lundy, Jackson, & Haaf, 2001) by simply making
the faces larger. (Also note that even adults are sometimes
strongly distracted by paraphernalia; Simons & Levin, 1998.)
In summary, it is clear that there is no qualitative change in
face perccption beyond 4-5 years of agce; quite possibly,
there is nonc beyond infancy.

The question of whether quantitative change occurs is
more difficult to answer. Certainly, performance on just
about any experimental task involving faces improves very
substantially across childhood and well into adolescence (see
figures 32.34 and 32.3B). The crucial issue is how much of
this development reflects development in face perception
(c.g.. in holistic processing or in the fine tuning of face-space)
and how much reflects development in other general cogni-
tive factors that arc known to improve substantially across
this age range and would affect task performance whatcver
the stimuli {e.g., explicit memory ability, ability to concen-
trate on the task to instruction). A common bias of face
researchers is to assume, given data showing increasing
memory for faces with age (e.g., figure 32.34), that it is face
perception that is changing, and that the task type—explicit
memory—is irrelevant; yet an implicit memory researcher
looking at the same set of data would likely conclude that
“explicit memory” is developing and presume that the par-
ticular stimulus type—faces—is irrelevant.

Various attempts have been made to overcome the limita-
tions of simply tracking age-related improvement in raw
performance. To our minds, none of these are methodologi-
cally satisfactory, and none produce a clear conclusion
regarding whether lace perception per se does, or doces not,
improve between carly childhood and adulthood. One
approach is to comparc two conditions across development,
for example, asking whether the size of the difference between
upright and inverted (or typical and distinctive, etc.) changes
with age (c.g., Carey ct al., 1980; Johnston & Ellis, 1995).
The results of almost all such studies, however, are con-
founded with overall “bascline” changes across age groups,
such that (1) when room to show effects is potentially com-
pressed by approaching floor in young children but is not
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restricted (i.e., no ceiling effect) in adults, results seem to
suggest quantitative fncreases in the effect of interest with age
(figure 32.34), but (2) when room to show effects is restricted
by approaching ceiling in adults but is not restricted in young
children (i.c., no Hoor eflects on accuracy or, alternatively,
use of a reaction time measure), results seem to show quan-
titative decreases with age (figure 32.3B). Taking seriously the
results of the first type of study as showing quantitative devel-
opment in face perception (as is commonly done) requires
also taking seriously the results of the second type of study—
apparently lcading to the conclusion that face perception gets
consistently zworse between early childhood and adulthood! A
further requirement for valid comparison of rates of develop-
ment for two stimulus types is that performance be equated
for the two types in one or other endpoint age group. This
is commonly not done. As one example, Mondloch, Le
Grand, & Maurer’s (2002) finding that sensitivity to feature
changes reaches adult levels earlier than spacing changes can
be attributed (McKone & Boyer, 2006) simply to the fact that
the features changes were easier in adults (that is, perfor-
mance on an casier stimulus set reaches adult levels before
performance on a more difficult stimulus set does). Another
general issue in studics comparing faces versus objects, for
example, in rate of development (Golarai et al., 2007) or size
of inversion effects (Carey & Diamond, 1977; Teunisse & de
Gelder, 2003; Aylward et al., 2005), is that in addition to
producing very mixed results, the object classes that have
been tested to date (houses, scencs, sculptures, shoes) have
not been well matched to faces on basic parameters, such as
not sharing a first-order configuration (houses, scencs) or not
being natural objects (sculptures, shoes).

Overall, we conclude that current bechavioral evidence
demonstrates qualitatively adultlike processing of faces in
young children but does not resolve whether processing is
quantitatively mature. We note, however, that at least some
evidence suggests a conclusion that is likely to be surprising
to many readers, namely, that even quantitative maturity
might be reached by carly childhood. The three studies that
appear to have the most suitable methodology, in which
basclines were matched across age groups (Carey, 1981;
Gilchrist & McKone, 2003) or restriction of range problems
was otherwise avoided (Mondloch et al., 2007), all indicate
no change in holistic processing (inversion cffect: Carey,
1981; composite effect: Mondloch et al., 2007; spacing sen-
sitivity: Gilchrist & McKone, 2003; or distinctiveness effects:
Gilchrist & McKone, 2003) between early childhood (4-6
years) and adulthood (figure 32.3C).

NEeuraL MEASURES OF FAcCE IDENTITY PrOCESSING (FFA anp
N170) As with behavioral studies, we discuss results of
ncuroimaging and ERP studics in children with respect
to two issues: qualitative development and quantitative
development.
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Ficure 32.3  Bchavioral face recognition effects in the preschooler
to adult age range. A basic finding is of overall improvement with
age: higher accuracy or lower reaction time. Note that in part C,
the left and middle plots show stuclics in which the rescarchers
deliberately removed this trend by using smaller learning set sizes

Three studies have used fMRI to scan children age 5 years
to adult on face and object tasks, enabling these studics

to track the cxistence and size of face-selective regions of

cortex (figurc 32.4). (A fourth study will not be discussed here
because it used such liberal criteria 10 define “FFAs” that the
regions that were so identified were clearly not face-selective
cven in adults; sce figure 1d-Tin that study, Gathers et al,,
2004.) Considering qualitative eflects, evidence of a face-
sclective FFA has been found in most children at the young-
est ages tested. Although no FFA was revealed in young
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in younger children. Our major point is that apparent developmen-
tal trends in the strength of core cffects (size of inversion effect, size
of composite cffect, ability to represemt recently seen faces in
implicit memory, etc.) depend on whether and how room to show
cffects is potentially restricted.

children by group analyses (in which all subjects are aligned
in a common space; 5- to 8-years old: Scherf et al., 2007; 8-
10 years old: Aylward et al., 2003), in the two studics report-
ing individual-subject analyses, Scherf and colleagues found
an FFA in 80% of the children in 5- to 8-year-olds (albeit at
a very liberal statistical threshold), and Golarai and col-
lcagues (2007) found an IFF'A in 85% of children in their 7- to
I 1-year-old group (using a more standard statistical thresh-
old). One study (Passarotti, Smith, DeLano, & Huang, 2007)
also reported an inversion effect (a higher response to inverted
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faces than to upright faces) in the region of the right (but not
the left) FFA in children 8-11 years of age (and an cffect in
the opposite direction in adults). Regarding ERPs, young
children (like infants) show both face-selective responses and
inversion effects upon these (see figures 32.5 and 32.6; Taylor,
Batty, & Itier, 2004). These fMRI and ERP findings in
children add to the infant data to confirm that at least some
form of face-specific neural machinery is established carly.
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Mecan volume across subjects in each age group of
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right place-selective PPA. Red bars indicated values in subscets of
subjects matched for BOLD-related confounds. {From Golarai et
al., 2007.) (See color plate 47.)

Study 2 : n-back

ERPs from right posterior temporal scalp locations in response to face stimuli, separately for cach age group. (From Taylor

Quantitatively, the neural machinery that is involved in
face perception demonstrates substantial changes in face-
selective neural responses continuing late into development.
In all three IMRI studies, the IFFA increases markedly in
volume between childhood and adulthood (Aylward et al.,
2005; Golarai et al., 2007; Scherf et al., 2007), even though
total brain volume does not change substantially after age 5
years. These studices clearly show that the rFFA is still chang-
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ing late in life—certainly after age 7 and in some studics
much later.

Comparing fMRI data across children and adults is
fraught with potential pitfalls. Children move more in the
scanner and are less able to maintain attention on a task.
These or other differences between children and adulis
could in principle explain the change in volume of the rFFA.
However, notably, control arcas that are identified in the
same scanning sessions do not change with age. For example,
objcct-responsive regions and the scenc-sclective “parahip-
pocampal place area” in the right hemisphere or rPPA
(Epstein & Kanwisher, 1998) did not change in volume from
childhood to adulthood (Golarai et al., 2007; Scherf et al.,
2007), although somewhat surprisingly, Golarai and col-
leagues found that the IPPA did increase in volume with
age. These findings reassurc us that the changes in the
rFFA with age are not due to across-the-board changes in
the ability to extract good functional data from young
children.

Golarai and colleagues (2007) asked how changes in
the rFFA rclate to changes in behavioral face recognition
over development. Right FFA size was correlated (separately
in children and adolescents but not in adults) with face rec-
ognition memory but not with place or object memory.
Conversely, IPPA size was correlated (in all age groups inde-
pendently) with place memory but not with object or face
memory. This double dissociation of behavioral correlations
clearly associates the rFFA with changes in face recognition
measured behaviorally.

ERP findings are consistent with the evidence from (IMRI
that the cortical regions that are involved in face recognition
continuc to change well into the tecnage years. Face-related
ERPs show gradual changes in scalp distribution, latency,
and amplitude into the mid-teen years (figures 32.5 and
32.6). Both the carly P1 component and the later N170
component show gradual decreascs in latency from age
4 to adulthood. Regarding ncural inversion cffects, late
developmental changes are found with both fMRI and ERP

McKONE, CROOKES, AND KANWISHER: DEVELOPMENT OF FACE RECOGNITION IN HUMANS

(see figure 32.5), including a reversal of the direction of
the inversion cflect between children and adulis in both
methods (Taylor et al., 2004; Passarott ct al., 2007). Future
research might best approach this question not just by
measuring mean responses to upright versus inverted faces,
but also by using identity-specific adaptation to ask when the
better discrimination of upright than inverted faces seen
in adulthood emerges (Yovel & Kanwisher, 2005; Mazard
ct al., 2006).

Cosparing DEVELOPMENT FOR BEHAVIORAL AND NEURAL
Measures  Taking the findings from the 4-to-adult range
together with the infant literature, we can draw the following
conclusions. First, the results regarding qualitatively adultlike
face processing appear to agree well across behavioral and
neural measures; that is, just as all behavioral face recognition
effects have been obtained in the youngest age groups tested,
face-sclective neural machinery as revealed by fMRI, ERPs,
NIRs, and single-cell recording has also been found in the
youngest children and infants tested. Nonetheless, fMRI
data are not available for children younger than 5-8 (pooled
together), and the ERP studies in infants and children often
go in opposite directions from those in adulis. For example,
the inversion effect on the N170 switches polarity between
childhood and adulthood, as shown in figure 32.6, despite
maintaining the same polarity in behavior.

Second, the evidence for quantitative development is less
clear. It might be that the improvements with age on behav-
ioral tasks do reflect ongoing development of face perception
itself; if so, this could agree neady with the increasing size
of the FFA. As we have noted, however, findings such as
those shown in figures 32.38 and 32.3C suggest that behav-
ioral face perception could be fully mature carly and that
ongoing behavioral improvements with age reflect changes
in other, more general, cognitive factors. This view would
produce an apparent discrepancy - behavioral maturity
arising well before maturity of relevant cortical regions-—
that would need to be resolved. Il this is the case, two ideas
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might be worth exploring. It might be that the measured size
of the FFA in children is affected by top-down strategic
processing that (for some unknown reason) affects faces and
not objects. Another possibility is that the FFA might play
some role in the long-term storage of individual faces (e.g.,
it shows repetition priming; Pourtois, Schwartz, Seghicr,
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be found in text except inversion effect on spacing scnsitivity aged
6 ycars to adult is from Mondloch ct al. (2002) and adaptation
aftereffect aged 9 years to adult is from Pellicano, Jeffery, Burr, &
Rhodes (2007).

Lazeyras, & Vuilleumier, 2005; Williams, Berberovic, &
Mattingley, 2007) and that the increased size of the FFA
could arise simply because people continue to learn faces
across life; this idea would have to propose that the number
of new faces learned is much greater than the number of
new objects.



Conclusion

For decades, conventional wisdom has held that face recog-
nition arises very slowly in development and that experience
is the primary engine of this development. The new evidence
that we have reviewed here refutes this hypothesis. Impres-
sive face recognition abilities are present within a few days
of birth and are present in monkeys who have never seen
faces before. Some form of inherited genctic influence is
also indicated by Polk and colleagucs’ imaging study of
twins and by the fact that developmental prosopagnosia can
run in families. Qualitatively, behavioral findings indicate
establishment of all adultlike face recognition eflects by 4
years at the latest and in infancy wherever tested; the striking
breadth of this evidence is summarized in figure 32.7. The
available cvidence also indicates carly initial establishment
of face-selective neural machinery at the cortical level (again
see figure 32.7). It is not, however, that experience plays no
role in development. Perceptual narrowing of the range of
facial subtypes for which discrimination is possible reveals a
destructive role for experience. Further, there is a require-
ment for early-infancy input (consistent with a critical period)
for the development of holistic face processing but (mysteri-
ously) not face discrimination.

Three major questions remain for future research. First,
it will be critical to determine whether face perception per
se improves quantitatively after age 4 years or whether
instcad improvement in performance after this age reflects
improvement in domain-general mechanisms. Second, if
face perception itself does improve quantitatively after age
4, what rolc docs cxpericnce play in this improvement? A
final critical challenge will be to understand the relationship
between cognitive and neural development, especially the
substantial increase in the size of the FFA.

ACKNOWLEDGMENTS  We thank Mark Johnson for useful comments
and Bettiann McKay for help with the manuscript. Preparation of
this chapter was supported by NEI grant 13455 and a grant from
the Ellison Foundation to N.K. and by grant DP0450636 from the
Australian Rescarch Council to E.M.

REFERNCES

Aviwarp, E. H,, Park, J. E, Fiero, K. M., Parsons, A. C,,
Richarps, T. L., Cramer, S. C., & MeLtzorr, A. N. (2005).
Brain activation during face perception: Evidence of a develop-
mental change. 7. Cogn. Neurosci., 17(2), 308-319.

Bentin, S., ALuson, T., Puck, A., Perez, E., & McCarrhy, G.
(1996). Elecirophysiological studies of face perception in humans.
J. Cogn. Neurosci., 8(6), 551-565.

BernstEIN, M. ], Young, S. G., & Hucensere, K. (2007). The
cross-category cffect: Mere social categorization is sufficient o
clicit an own-group bias in face recognition, Psychol. Sei., 8,
706-712.

Bracg, N. A, Horg, G. J., Kenp, R. L, Pike, G. E., VAN Duuren,
M., & Norcare, L. (2001). Developmental changes in the effect

of inversion: Using a picture book to investigate face recognition.
Perception, 30, 85-94.

Bruck, V., HExDERsON, Z., NEwmax, C., & Burron, M. A. (2001).
Matching identities of familiar and unfamiliar faces caught on
CCTYV images. 7. Exp. Psychol. [Appl.], 7(3), 207-218.

BurToxn, A. M., WiLson, S., Cowan, M., & Bruck, V. (1999). Face
recognition in poor-quality video: Evidence from security sur-
veillance. Psychol. Sci., 10(3), 243-248.

Busunewnr, 1. W. R. (2001). Mother’s facc recognition in
newborn infants: Learning and memory. Infant Chitd Dee., 10,
67-74.

Carnon, C. C.,, Stronacn, T, Lancron, S., HarsaNyy, G., LEDER,
H., & Kovacs, G. (2007). Adapration cffects of highly familiar
faces: Immediatc and long lasting. Aem. Cogn.,, 35(8),
1966-1976.

Carey, S. (1981). The development of face perception. In
G. Davics, H. D. Ellis, & J. Shepherd (Eds.), Percetving and remem-
bering faces (pp. 9-38). New York: Academic Press.

CaRrey, S., & Diwamono, R. (1977). From piecemeal to configura-
tional representation of faces. Science, 133, 312-314.

CARrEey, S., & Diamonn, R. (1994). Arc faces perecived as configura-
tions morc by adults than by children? Visual Cogn., 2/3,
253-274.

Carey, 8., Diamonp, R., & Woobs, B. (1980}, Development of
face recognition: A maturational componem? Dev. Psychol., 16(4),
257-269.

Couen, L, B., & Casuon, C. H. (2001). Do 7-month-old infants
process independent features of facial configurations? Infant Child
Dev., 10, 83-92.

pE Haan, M., Jounson, M. H., Maurer, D., & Perrerr, D. L
(2001). Recognition of individual faces and average face
prototypes by 1- and 3-month-old infants. Cogn. Dev., 16,
659-678.

pe HekrING, A., HourHuys, 8., & Rossion, B. (2007). Holistic face
processing is mature at 4 years of age: Evidence from the com-
posite face effect. 7. Exp. Child Psychol., 96, 57-70.

DeGuTss, J. M., BEnTIN, S., RoBERTSON, [.. C., & DD’Esposiro, M.
(2007). Functional plasticity in ventral temporal cortex following
cognitive rehabilitation of a congenital prosopagnosic. . Cogn.
Newrosci., 19(11), 1790 1802,

Desimong, R., AusricuT, T, D., Gross, C. G., & Bruck, C. (1984).
Stimulus-selective properties of inferior temporal neurons in the
macaque. J. Neurosci., 48), 2051-2062,

Donnerry, N., Habwiy, J. A., Cavei, K., & STEVENAGE, S. (2003).
Perceptual dominance of oriented faces mirrors the distribution
of oricntation tuning in inferotemporal ncurons. Cogn. Brain Res.,
17, 771-780.

DucHaine, B., Germing, L., & Naxravama, K. (2007). Family
resemblance: Ten family members with prosopagnosia and
within-class object agnosia. Cogn. Newropsychol., 24(4), 419-430.

DucHAINE, B. C., & WEIDENFELD, A. (2003). An cvaluation of two
commonly used tests of unfamiliar face recognition. Neuropsycho-
logia, 41(6), 713-720.

Eruis, H. D., SHEPERD, . W., & Davies, G. M. (1979). Identifica-
tion of familiar and unfamiliar faces from internal and external
feawres: Some implications for theorics of face recognition. Per-
_ception, 8(4), 431-439.

EBsteN, R., & Kanwisier, N. (1998). A cortical representation of
the local visual environment. Nature, 392(6676), 598-601.

Farron, T., Jounson, M. H., Menox, E., Zuuian, L., FARAGUNA,
D., & Csira, G. (2005). Newborns' preference for face-relevant
stimuli: Effects of contrast polarity. Prec. Natl. Acad. Sei. USA,
102(47), 17245-17250.

REATMNANTIT MDOANTTTO AN I ANTIATICIIE T * MDMITT MANMDTATT AT TNANT DRONOINITTTIANT TR TTITTRE A NS 4‘-70



Frin, R, H. (1985). Development of face recognition: An encoding
switch? Br. j. Psychol., 76, 123--134,

FoLmaxk, P., Xiao, D., Kevsers, C., Epwarps, R., & PerrerT,
D. L. (2004). Rapid scrial visual presentation for the determina-
tion of neural selectivity in area STSa. Prog. Brain Res., 144,
107-116.

jaThERS, A. D, Buatt, R. S., Corsry, C. R, Fariey, A. B, &
Joserit, J. E. (2004). Developmental shifts in cortical loci for face
and object recognition. NeuroReport, 15(10), 1549-1553,

GELDART, S.. MonpLoch, C. J., MAURER, D., pE SCHONEN, S., &
BrenT, H. P. (2002). The cffect of early visual deprivation on the
development of face processing. Dev. Sei., 5(4), 490-501.

Grenrist, A., & McKong, E. (2003). Early maturity of face pro-
cessing in children: Local and relational distinctiveness effects in
7-year-olds. Visual Cogn., 1(7), 769-793.

Goraray, G., Guanemany, D. G., WarrrieLb-Gasrien, S., REiss,
A., EBeruarpT, J. L., GaBrIELL, ]. D., & Grur-Seecror, K.
(2007). Differential development of high-level visual cortex
corrclates with category-specific recognition memory. Nat,
Newrosci.. 10, 512-522,

Gorex, C. C., Sarty, M., & Wu, P. Y. K. (1975). Visual following
and pattern discrimination of face-like stimuli by newborn
infants. Pediatrics, 56(4), 544-549.

GRrUETER, M., GrRUETER, T., Beta,, V., Horsr, J., LaAskowski, W,
SeerLING, K., HaLuican, P. W, ELuss, H. D., & KENNERKNECHT,
I. (2007). Hereditary prosopagnaosia: The first case series. Cortex,
43(6), 734-749.

Havrorey, E., Rayj, T., Marinkovic, K., Jousmarky, V., & Hari, R,
(2000). Cognitive response profile of the human fusiform
face arca as determined by MEG. Cereb. Cortex, 1((1), 69-81.

Havrr, H., b Haan, M., & Jounson, M. H. (2003). Cortical spe-
cialisation for face processing: Face-sensitive cvent-related
potential components in 3- and 12-month-old infants. Neuro-
Image, 19(3), 1180-1193.

Havpex, A., Buatt, R. S., Reep, A, CorsLy, C. R,, & Josern,
J. E. (2007). The devclopment of expert face processing: Are
infants sensitive to normal differences in second-order relational
information? j. Exp. Child Psychol., 97, 85-98.

Humpnireys, K., & Jousson, M. H. (2007). The development of
“face-space” in infancy. Visual Cogn., 15(5), 578-598.

Jacquss, C., p’Arripg, O., & Rossion, B. (2007). The time course
of the inversion effect during individual face discrimination.
7 Vis, 7(8), 1-9.

Jacoues, C., & Rossion, B. (2006). The speed of individual face
catcgorization. Psychol. Sci., 17(6), 485—492.

JerrREY, L., & RutonEs, G. (2008). Aftereffects reveal enhanced face-coding
plasticity in young children. Poster presented at meeting of Vision
Sciences Socicty, Naples, FL.

Jouxson, M. H. (2005). Subcortical face processing. Nat. Rer.
Newrosci., 6, 766~774.

Jounson, M. H., Dzivrawiee, S., Eruts, H., & Morrox, J. (1991).
Newhorns’ preferential tracking of face-like stimuli and its sub-
sequent decline. Cognition, 40(1--2), 1-19.

Joussoxn, M. H., GrirFin, R., CsiBra, G., Hawrr, H,, Farron, T,
pE Haan, M., TuckEr, L. A., BAron-Cotien, S., & RIGHARDS, .
(2005). The emergence of the social brain network: Evidence
from typical and atypical devclopment, Dev. Psychopathol., 17(3),
599--619.

Jomnsron, R. A, & Eruis, H. D. (1995). Age efllects in the process-
ing of typical and distinctive faces. Q. 7. Exp. Psychol. [A], 48(2),
447-465.

Kaowisier, N., McDermorr, J.,, & Chun, M. M. (1997).
The fusiform face area: A module in human extrastriate

480 SENSATION AND PERCEPTION

cortex specialized for face perception. J. Newrosci, 17(11),
4302—4311.

KanwisHER, N., & Yover, G. (in press). Cortical specialization for
face perception in humans. In J. T. Cacioppo & G. G. Berntson
(Eds.), Handbook of neuroscience for the behavioral sciences. Hoboken,
NJ: John Wiley.

KanwisHir, N. G., McDervorr, J., & Crun, M. M. (1997). The
fusiform face arca: A module in human extrastriate cortex spe-
cialized for face perception. J. Newrosci.,, 17(11), 4302-4311.

Kewny, D. J., Quiny, P. C,, Svater, A, Lee, K., Gk, L, &
Pascants, O. (2007). The other-race effect develops during
infancy: Evidence of pereeptual narrowing. Psychol. Sei., 18(12),
1084-1089.

KENNERKNECGHT, L., PLuemek, N., & WeLLING, B. (2008). Congenital
prosopagnosia: A common hereditary cognitive dysfunction in
humans. Front, Biosci., 1{(13), 3150-3158.

Kumn, P. K., StEvEns, E., Havasuy, A,, Decuchl, T., Kirrranmy,
S., & Iverson, P. (2006). Infants show a facilitation cffect for
nativc language phonetic perception between 6 and 12 months.
Dev. Sci., 9(2), F13-F21.

Kum, P. K., Tsao, F.-M., & Liu, H.-M. (2003). Foreign-language
experience in infancy: Effects of short-term exposure and social
interaction on phonetic learning. Proc. Natl. Acad. Sci. USA, 100,
9096-9101,

Le Granp, R., MonprLocu, C. J., Mavrer, D., & Brent,
H. P. (2003). Expert face processing requires visual input
to the right hemisphere during infancy. Nat. Neurosci., §10),
1108-1112.

Le Granp, R., Moxnroch, C. J., MAurer, D., & Brent, H. P.
(2004). Impairment in holistic face processing following carly
visual deprivation. Psychol. Sci., 15(11), 762-768.

LeoroLp, D. A., Boxpag, 1. V., & Giese, M. A. (2006). Norm-bascd
face encoding by single necurons in the monkey inferotemporal
cortex. Nature, 442(7102), 572-575.

LeoroLp, D. A., O'Tootk, A. J., VETTER, T., & Branz, V. (2001).
Prototype-referenced shape encoding revealed by high-level
aficrcffects. Nat. Neurosci., 4(1), 89-94.

Lewkowicz, D. J., & Guazanrar, A. A. (2006). The decline of
cross-species intersensory perception in human infants. Proc. Natl,
Acad. Sci. USA, 103(17), 6771-6774.

Ly, J., Harris, A., & Kanwisuer, N. (2002). Stages of processing
in face perception: An MEG study. Nat. Newrosei., 5(9),
910-916.

Locik, R. H., BApbELEY, A. D., & WoobHeap, M. M. (1987). Face
recognition, posc and ccological validity. Appl. Cogn. Pychol., 1,
53-69.

Lunpy, B. L., Jackson, J. W., & Haar, R. A. (2001). Stimulus
properties, attentional limitations, and young children’s face rec-
ognition, Percept. Mot. Skills, 92, 919-929.

Martivi, P., McKong, E., & Nakavama, K. (2006). Orientation
tuning of human face processing estimated by contrast matching
on transparency displays. Vis. Res., 46{13), 2102-2109.

Maurer, D., Lewss, T. L., & MonprLoch, C. J. (2005). Missing
sights: Consequences for visual cognitive development. Trends
Cogn. Set., 9(3), 144-151.

Mazarp, A., Scuitz, C., & Rosston, B. (2006). Recovery from
adaptation to facial identity is larger for upright than inverted
faces in the human occipito-temporal cortex. Neuropsychologia,
44(6), 912-922.

McCarTHy, G., Luny, M., GORE, J., & GoLpman-Rakic, P. (1997).
Infrequent events transiently activate human prefrontal and
parietal cortex as measured by functional MRL J. Neurophysiol.,
77(3), 1630-1634.



MacKong, E. (2008). Configural processing and face viewpoint
J. Exp. Psychol. Hum. Percept. Perform.. 34(2), 310-327.

McKong, E., Arrkiy, A., & Epwarps, M. (2003). Catcgorical and
coordinate relations in faces, or Fechner’s law and face space
instead? 7. Exp. Psychol. Hum. Percept. Perform., 31(6), 1181
1198.

McKong, E., & Bover, B. L. (2006). Sensitivity of 4-ycar-olds to
featural and sccond-order relational changes in face distinctive-
ness. J. Exp. Child Psychol., 94(2), 134-162.

McKong, E., Kaswisner, N., & Duchane, B. C. (2007). Can
generic expertise explain special processing for faces? Trends
Cogn. Sci., 11(1), 8-15.

Meissner, C. A., & Briguam, J. C. (2001). Thirty years of investi-
gating the own-race bias in memory for faces: A meta-analytic
review. Pyychol. Public Policy Law, 7(1), 3-35.

Monproch, C. ]., LE Granb, R., & Maurer, 1. (2002). Configural
face processing develops more slowly than featural [ace process-
ing. Perception, 31, 553--566.

Monprocn, C. J., Patiman, T., Mavker, D, Le Granp, R, &
pE Scuoxen, S. (2007). The composite face effect in six-year-old
children: Evidence of adult-like holistic face processing. Viswal
Cogn., 15(5), 564-577.

MorTon, ., & Jonnson, M. H.(1991). CONSPEC and CONLERN:
A two-process theory of infant face recognition. Psychol. Rev..
98(2), 164-181.

OsTROVSKY, Y., ANDALMAN, A., & Sivita, P. (2006). Vision following
extended congenital blindness. Psychol. Sei., 17(12), 1009-1014.
O1suka, Y., Nakaro, E., Kanazawa, S., Yamacuam, M. K.
WATANABE, S., & Kaxici, R. (2007). Neural activation to upright
and inverted faces in infants measured by near infrared spectro-

scopy. Neurolmage, 34, 399-406.

Pascaus, O., pe Haan, M., & NeLsox, C. A. (2002). Is face process-
ing species-specific during the first year of life? Seience, 296,
1321-1323.

Pascants, O., pe Haan, M., Newson, C. A.. & DE SCHONEN, S,
(1998). Long-term recognition memory for faces assessed by
visual paired comparisen in 3- and 6-month-old infants. 7. £xp.
Psychol. Learn. Mem. Cogn., 24(1), 249 260.

Pascaris, O., pE ScHoxen, S.. Morvoxn, J., DeruverLe, C., &
Fapre-GreneT, M. (1995). Mother’s face recognition by nco-
nates: A replication and an cxiension. Infant Behav. Dev., 18,
79-85.

Pascanss, O., Scotr, L. 8., Kewwy, D. J.,, Snanvon, R. W,
Nicrouson, E., CoLemaxn, M., & Newuson, C, A, (2003). Plasticity
of face processing in infancy. Proc. Natl. Acad. Sci. USH, 102(14),
5297-5300.

PassaroTTi, A. M., SmrtH, J., DeELano, M., & Hua~a, J. (2007).
Developmental differences in the neural bases of the face inver-
sion cffect show progressive tuning of face-selective regions to
the upright orienation. Neurolmage, 34(1), 1708-1722,

PeLuicano, E., Jerrrey, L., Burg, D., & Ruobes, G. (2007). Abnor-
mal adaptive facc-coding mmechanisms in children with autism
spectrum disorder. Curr. Biol., 17(17), 1508-1542.

PeLLIcAaNO, E., & Ruobes, G. (2003). Holistic processing of faces
in preschoo! children and adults. Pychol. Sci., 146), 618-622.
PeLuicano, E., Ruobes, G., & Perers, M. (2006). Are preschoolers
sensitive to configural information in faces? Dev. Ser., %(3),

270--277.

Perrery, D. L, Misruin, AL ], Curry, AL, Sy, P AL Porier,
D. D, Broexwivann, R., & Harries, M. (1988). Specialized face
processing and hemispheric asymmetry in man and monkey:
Evidence from single unit and reaction time studies. Behav. Brain

Res., 29(3), 245258,

Pinsk, M. A.. DeSivone, K., Moore, T, Gross, C.G., & KASTNER,
S. (2005). Representations of faces and body parts in macaque
temporal cortex: A functional MRI study. Proc. Natl. Acad. Sci.,
US4, 102(19), 6996-7001.

Poik, T. A., Park, J., Ssuti, M. R, & Park, D. C. (2007). Nature
versus nurture in ventral visual cortex: A functional magnetic
resonance imaging study of twins. J. Newresci, 27(51),
13921-13925.

Pourtots, G., SCHWARTZ, S., SEGHIER, M. L., Lazkvras, F., &
VUILLEUMIER, P. (2005). Portraits or people? Distinct representa-
tions of face identity in the human visual cortex. 7. Cogn. Neurosci,
17(7), 1043-1057.

Puce, A., ALLisoN, T., Ascart, M., Gorg, J. C., & McCarmy, G.
(1996). Diffcrential sensitivity of human visual cortex to faces,
letterstrings, and textures: A functional magnctic resonance
imaging study. J. Newrosci., 16{16), 5205-5215.

Ruobes, G., BrRAkE, S., & ATKiNsON, A. P. (1993). What's lost in
inverted faces? Cogmition, 47, 25-57.

Roses, R., & McKone, E. (2003). Can holistic processing be
learned for inverted faces? Cognition, 88, 79-107.

Rossivs, R., & McKong, E. (2007). No face-like processing for
objects-of-expertise in three behavioural wasks. Cognition, 103(1),
34-79.

Rooman, H. R., Scaramug, S. P., & Gross, C. G. (1993). Response
propertics of neurons in temporal cortical visual areas of infant
monkeys. F. Neurophysiol., 70(3), 1115-1136.

Rossion, B.. Dricor, .., A., 1., Bobarr. J., CROMMELINCK, M., DE
GeLpER, B., & ZoonTjes, R. (2000). Hemispheric asymmetries
for whole-based and part-based face processing in the human
fusiform gyrus. 7. Cogn. Newrosci., 14(5), 793-802.

Rorsutemn, P., Henson, R. N., TRevVEs, A., DRIVER, ., & Dotax,
R. ]J. (2005). Morphing Marilyn into Maggic dissociates physical
and identity face representations in the brain. Naf. Neurosct., 8(1),
107-113.

Sat, F. Z. (2005). The role of 1he mother’s voice in developing
mother’s face preference: Evidence for intermodal pereeption at
birth. Infant Child Dev., 14, 29-50.

SANGRIGOLL, S., & DE ScHONEN, S. (2004). Effcct of visual experi-
ence on face processing: A developmental study of inversion and
non-native cffccts. Dev. Sai., 7(1), 74+-87.

SanGricoLl, S., PaiLLier, C., ARGENTI, A. M., VENTUREYRA,
V. A., & pE ScHONEN, S. (2003). Reversibility of the other-
race effect in face recognition during childhood. Psyehol, Sei.,
16(G), 440-444.

Saxg, R., BrReTT, M., & KanwisHER, N, (20006). Divide and conquer:
A defense  of funclional localizers.  Newrofmage, 30(4),
1088-1096.

ScuEerr, K. S., BEnrmann, M., HumpHrEY, K., & Luxa, B, (2007).
Visual category-sclectivity for faces, places and objects emerges
along dilferent developmental trajectories. Dev. Sci.,  10(4),
F15-F30.

Scuwrz, C., & Rosston, B, (2006). Faces are represented holisti-
cally in the human occipito-temporal cortex. Neurofmage, 32,
1385-1394.

SENGPIEL, F.
R742 R743.

Smox, F., Maccn Cassta, V., Turatl, C., & VaLenza, E. (2003).
Non-specific perceptual biases at the origins of face processing.
In Q. Pascalis & A. Slater (Eds.). The development of face processing
in infancy and carly childhood: Current perspectives (pp. 13-25). New
York: Nova Science.

Smmoxn, F., VaLenza, E., UsmiLra, C., & Davca Barsa, B, (1998).
Preferential orienting to faces in newborns: A wmporal-nasal

(2007). The critical period. Curr. Biol., 17,

McKONE, CROOKES, AND KANWISHER: DEVELOPMENT OF FACE RECOGNITION IN HUMANS 481



asymmetry. 7. Lxp. Psgchol. Hum. Percept.  Peform., 24(3).
1399-1405.

Sivoxs, D. J., & Levi, D. T. (1998). Failure to detect changes to
people during real-world interaction. Psychon. Bull. Rev., 3(4),
644-649.

SLATER, A., Quiny, P. C., Haves, R., & Browx, F. (2000). The
role of facial orientation in newborn infants” preference for
attractive faces. Dev. Sei., 3(2), 181-185.

Suarra, Y. (2008). Face perception in monkeys reared with
no cxposure to faces. Proc. Nall. Acad. Sa. USA, 105(1),
394-398.

TanNARA, J. W., & Faran, M. (1993). Parts and wholes in face rec-
ognition. Q. 7. Exp. Psychol., 46A(2), 225-245.

Tanaka, J. W., Kay, J. B, Grinsew, B, Stassriewp, B, &
SZECGHTER, L. (1998). Face recognition in young children: When
the whole is greater than the sum of its parts. Fiswal Cogn., 3.
479--196.

Taxaka, J. W., & Sexceo, J. A, (1997). Features and their configu-
ration in [ace recognition. Mem. Cogn., 25(5), 583 -592.

Tavior, M. J., Barry, M., & Imer, R. J. (2004). The faces of
development: A review of carly face processing over childhood.
J. Cogn. Neurosci., 1618), 1426-1442.

Teunissk, J. P., & pe GELDER, B. (2003). Face processing in adolcs-
cents with autistic disorder: The inversion and composite cffects.
Brain Cogn., 52(3), 285--294.

Tsao, D. Y., Fremwarp, W. A., Knursen, T A., MANDEVILLE,
J. B.. & Toorrir, R. B. (2003). Faces and objects in macaque
cercbral cortex. Nat. Newrosct., §9), 989-995.

Tsao, D. Y., Frenwarn, W. A, ToorteLe, R. B. H., & LivINGSTONE,
M. 8. (2006). A cortical region consisting entirely of face-selective
cells, Science, 311, 670-674.

TuraTi, C., Burr, H., & Simion, F. (2008). Newborns' face recogni-
tion over changes in viewpoint. Cognition, 106, 1300--1321,

482 SENSATION AND PERCEPTION

Turati, C., Maccur Cassia, V., Smox, F., & Leo, 1. (2006).
Newborns' face recognition: Role of inner and outer facial fea-
tures. Child Dev., 77(2), 297-311.

Tzourio-Mazover, N., pe ScHoxEN, S., Crivirro, F., REUTTER,
B., Aujarn, Y., & Mazover, B. (2002). Ncural corrclates of
woman face processing by 2-month-old infants. Newrolmage, 135,
454-461.

VALeNTINE, T, (1991). A unificd account of the eflects of distinctive-
ness, inversion, and race in face recognition. Q. 7. Exp. Pyyehol.,
43:4(2), 161-204.

Varenning, T, & Bruce, V. (1986). The effects of distinctiveness
in recognising and classifying faces. Perception, 13, 525-535.

WenstER., M. A, & MacLax, O. H. (1999). Figural aftereffects in
the perception of faces. Psychon. Bull. Rev., 6(4), 647-653.

Winianms, M. A, Bernerovie, N., & Marnnciey, J. B. (2007).
Abnormal IMRI adaptation to unfamiliar faces in a case of
developmental prasopamnesia. Curr. Biol., 17(14), 1259~126+.

Wiuson, R. R., Brapes, M., & Pascauis, O. (2007). What do chil-
dren ook at in an adult face with which they are personally
familiar? B, 7. Dev. Psychol., 23, 375 -382.

WinsToN, J. S., VUiLLEUMIER, P., & Dorax, R, J. (2003). Effects of
low-spatial frequency components of fearlul faces on fusiform
cortex activity. Curr. Biol., 13(20), 182:+-1829.

YN, R. K. (1969). Looking at upside-down faces. 7. Exp. Psichol.,
8I(1), 141 145,

Youxa, A. W., HeLiawely, D., & Hay, D. C. (1987). Configura-
tional information in facc perception. Perception, 16, 747-759.
Yover, G., & Ducnaixe, B, (2006). Specialized face pereeption
mcchanisms extract both part and spacing information: Evi-
dence from developmental prosopagnosia. J. Cogn. Neuroset.,

15(4), 580 593,

Yover., G., & Kavwisner, N, (2003). The neural basis of the

behavioral face-inversion effect. Curr. Biol., 15(24), 2256-2262.



