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Abstract

Our assignment was to review the development of the face-processing network, an assignment that
carries the presupposition that a face-specific developmental program exists. We hope to cast some
doubt on this assumption and instead argue that the development of face processing is guided by
the same ubiquitous rules that guide the development of cortex in general.
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1. INTRODUCTION

The prevalent assumption of a face-specific program likely arises from our extensive
experience with faces and their importance for social communication. The behavioral
significance of faces in combination with their visual complexity has undoubtedly fostered a
view that faces must be neurally special. Much research has been focused on resolving how
neurons could develop tuning for such a specific class of stimuli. Disparate views on the
development of face perception generally differ along one dimension: innateness. ; i.e., what
is built into the system and what requires extrinsic experience. One point of view is that the
brain is innately organized into anatomically distinct regions, each processing different
biologically important image categories, or image categories that resemble biologically
important things (McKone et al. 2012, Robbins & McKone 2007, Wilmer et al. 2010). The
alternative point of view is that extrinsic experience is required for the development of
specialized circuits for processing features in one’s environment (Gauthier 2000, Gauthier &
Bukach 2007, Tarr & Cheng 2003, Tarr & Gauthier 2000). Our goal is to try to reconcile
discrepant views on the neural development of face-processing regions by taking a bottom-
up, reductionistic approach to see whether seemingly complex phenomena can be accounted
for by ubiquitous, experimentally established mechanisms.

Even early in life, faces have social importance, and infants will preferentially look at the
faces of their parents morethan at strangers (Bushnell et al. 1989). The importance grows as

margaret_livingstone@hms.harvard.edu.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that might be perceived as affecting the
objectivity of this review.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arcaro et al.

Page 2

developing primates learn that faces convey a wealth of information about their social
environment. Identity, thoughts, emotions, and intentions can all be inferred from faces—all
in a single glance. Despite this fast processing, primates spend an extraordinary amount of
time attending to faces in social contexts. What’s more, we are so primed to see faces that
we perceive them even in things like toast or water stains that share only slight similarity in
structure (face pareidolia). The ethological importance of faces and the prioritization of
facial processing in our visual behavior have been interpreted by many to indicate that the
primate brain must have specialized circuitry for face recognition (Grill-Spector et al. 2004,
McKone et al. 2012, Yovel & Kanwisher 2004).

The ventral part of the primate temporal lobe [termed the inferotemporal cortex (1T)] is
important for the recognition of faces and, more generally, objects, because lesions in IT
result in object recognition deficits, or agnosias. The agnosias resulting from such lesions
can be surprisingly specific, affecting particular object categories, such as faces, text, or
tools, while sparing others (Farah 1990, 1992; Moscovitch et al. 1997) (Figure 1a). Konorski
was probably the first to suggest that the specificity of agnosias indicates that there must be
‘gnostic fields’ (Konorski 1967 p 106), or parts of the brain dedicated to processing specific
perceptual categories, and indeed functional MRI (fMRI) studies much later provided
evidence for the functional specialization of IT. Both humans (Clark et al. 1996, Kanwisher
et al. 1997, Puce et al. 1996) and monkeys (Bell et al. 2009, Pinsk et al. 2005, Tsao et al.
2003) have fMRI domains that are more responsive to faces than to other object categories
(Figure 1b). There are also domains selective for places (Aguirre et al. 1998b, Epstein et al.
1999, Kornblith et al. 2013, Nasr et al. 2011), buildings (Aguirre et al. 1998a), tools
(Beauchamp et al. 2003, Chao et al. 2002, Downing et al. 2006), bodies (Bell et al. 2009,
Downing et al. 2001, Pinsk et al. 2005, Tsao et al. 2003), and, in literate humans, text
(Cohen et al. 2000). These domains are found in stereotyped locations in both species.

Konorski predicted not only the existence of domains dedicated to processing particular
categories but also the existence of individual neurons that would be selective for such high-
level percepts as faces, facial expressions, or places. He proposed that such gnostic neurons
were a logical extension of the hierarchy proposed by Hubel & Wiesel (1962, 1965) for the
processing of visual information from geniculate to primary visual cortex and thence to
extrastriate visual areas. In this hierarchy, center/surround receptive fields in the geniculate
combine to form simple cells in visual cortex, which are then combined to generate complex
cells and then hypercomplex cells. Hubel & Wiesel proposed that such a progression could
be accomplished by iterative rules, performing similar calculations at each successive stage,
reresulting in sequentially more complex properties. Face areas in IT are situated at late
stages of this hierarchy which comprises a few dozen visual areas in total. In IT, neurons can
be selective for quite complex stimuli, such as bodies, places, or faces (Bruce et al. 1981,
Desimone et al. 1984, Kobatake & Tanaka 1994, Perrett et al. 1987). Because we see IT as
one (or several) stage(s) in this hierarchy, we want to back away not only from the idea that
the circuitry of face domains is qualitatively different from those of other kinds of domains
in IT, but also from the idea that the mechanisms involved in the development of domains in
IT are qualitatively different from the mechanisms involved in the development of early
cortical visual areas. Indeed, we hope to convince the reader that these mechanisms are
universal to all of cortex.
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2. VISUAL HIERARCHY

Mammalian brain evolution is characterized by increasing cortical territory interspersed
between primary sensory areas (Krubitzer 2007). The stereotyped location of sensory areas
relative to one another can be found in all mammals (Figure 2a), suggesting that the
mechanisms guiding the general topological organization of the cortical surface must be
evolutionarily old. The organization of cortex is determined by a combination of intrinsic
genetic factors and activity-dependent processes. The size of cortex is determined by genes
that control cell death and cell cycle in the ventricular zone (Kornack & Rakic 1998).
Primary (thalamo-recipient) sensory areas are specified early in development by molecular
markers and receive thalamic inputs mapped, by means of molecular gradients, according to
the physical layout of the peripheral sense organ (Flanagan 2006). Primary sensory areas
project to adjacent cortex in a mirror-image fashion that preserves the topography of the
sensory space (Cragg 1969, Kaas et al. 1979, Zeki 1969) (Figure 2b). Secondary areas in
turn project in mirror-image fashion to the next adjacent cortex (Van Essen et al. 2001)
(Figure 2c). At each successive stage, individual neurons receive input from groups of
neurons in the previous layer that overlap in their sensory representations and vary to some
extent in their tuning, resulting in progressively larger and more complex representations of
sensory space at each successive stage. In the visual cortical hierarchy, the primary visual
area (V1) comprises a map of the contralateral visual field in each hemisphere; the
secondary visual area (V2) receives input from V1 and comprises a second distinct cortical
map of contralateral visual space that is mirror symmetric to V1’s map and that has slightly
larger receptive fields with more complex tuning; and so on. Within a species, individuals
have the same number of maps laid out in a stereotypical fashion across the cortical surface.
Thus, a stereotypical layout of cortical areas could unfold in a given species, requiring only
a molecular predetermination of the primary, thalamo-recipient, zones. Though it is
unknown whether the number of mirror maps is predetermined, or whether mirroring occurs
until available cortical territory is occupied, a huge fraction of cortex is organized into
continuous mirror maps (Kaas 1997) that appear to be established by or shortly after birth
(Arcaro & Livingstone 2017a). The regularity of these sequential mirror maps throughout
the visual system, like the progressively more complex neuronal tuning, supports Konorski’s
contention that higher visual areas, despite their adaptive and disparate selectivities, are
formed by iterative rules acting similarly at each level of the hierarchy, anchored to the
primary sensory map, as opposed to area-specific mechanisms.

IT cortex sits at later stages within the visual hierarchy, comprising neurons with large
receptive fields and complex tuning that reflect the aggregation of inputs at several stages
(Figure 2c). Though the precise number of areas within IT is unknown, three subdivisions
along the caudo-rostral axis have been proposed based on anatomy (posterior, central, and
anterior IT). Yet finer areal distinctions may exist as several retinotopic representations
within the two posterior-most subdivisions have been identified (Arcaro & Livingstone
2017h, Janssens et al. 2014, Kolster et al. 2014).
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3. UBIQUITOUS RULES GUIDE VISUAL DEVELOPMENT

3.1. Complexity from Simple Rules

The rules driving the organization within IT are apparent at the earliest stages of the visual
hierarchy. It is well accepted that the exquisite organization of V1 arises according to
developmental mechanisms ubiquitous across cortex and across species: (&) Axons from the
thalamus spread out across V1 according to gradients of trophic molecules, creating a
topographic map of visual space (O’Leary et al. 1999, Tessier-Lavigne & Goodman 1996).
(b) Activity-dependent mechanisms cause neurons to retain and strengthen synaptic inputs
that fire in a similar manner to each cell’s most active inputs, and to lose inputs that differ in
firing pattern (Katz & Shatz 1996). Such mechanisms thus encourage the clustering of inputs
with similar activity patterns and segregation of inputs with differing activity patterns, yet
preserve the overarching retinotopic map. This short-range affinity/long-range repulsion is a
special case of the reaction/diffusion mechanism proposed by Alan Turing (1952), whose
simple rules can generate stable, regular, striped patterns (Figure 3a) in simple chemical
reactions (Castets et al. 1990, Oyuyang & Swinney 1991), symmetry-breaking in
development (Soriano et al. 2009), and myriad striped and spotted patterns observed in
nature (Meinhardt & Gierer 2000, Painter et al. 1999). Activity-dependent sorting causes
refinement of the V1 retinotopic map (driven by retinal proximity) (Cang et al. 2005, Penn et
al. 1998, Shatz & Stryker 1988) but also produces clustered segregation of inputs from the
two eyes (Hubel et al. 1975) (Figure 3b,c) and segregation by retinal cell type (Kremkow et
al. 2016). The regularity of the organization of V1 (Hubel & Wiesel 1974) and the profound
effects on this organization arising from experimental manipulations (Hubel & Wiesel 1970,
Hubel et al. 1977, Sengpiel et al. 1999, Tanaka et al. 2006) together indicate that this
complex arrangement of multiple features develops by activity-dependent self-organizing
mechanisms without the need for prescribed functions.

3.2. Function Follows Form

What drives the development of visual domains? The input layers of V1 reiterate a high-
resolution map of the surface of the retina, or visual field, but they are also organized into an
almost crystalline array along several other parameters: ocular dominance, color, orientation,
and sign of contrast (Figure 4). These domains are present at birth (Blasdel et al. 1995,
Wiesel & Hubel 1974) and are organized in a similar, regular pattern in Old World monkeys
(Hubel et al. 1975), great apes (Tigges & Tigges 1979), and humans (Adams et al. 2007).
The apparent utility of extracting information about contrast, orientation, and eye of origin
for visual perception suggests that this intrinsic organization reflects an evolutionary
advantage to organizing these features in a regular and precise way. Yet visual perception is
not dependent on these architectural features. Some New World monkeys lack ocular
dominance columns yet have stereoscopic vision comparable to that of Old World monkeys
(Livingstone et al. 1995). Further, columnar organization can be induced in animal species
that normally lack such neural architecture (Constantine-Paton & Law 1978, Livingstone
1996). Frogs, which do not normally have ocular dominance columns because their optic
projections are entirely crossed, develop clear ocular dominance columns if an extra eye is
transplanted onto a tadpole (Constantine-Paton & Law 1978) (Figure 3d). Therefore,
complex domain architecture such as the columnar architecture of V1 likely does not emerge
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to serve a particular function but rather arises as a consequence of more general wiring rules.
When present, ocular dominance columns tend to run perpendicular to the V1/V2 border,
suggesting that in those species eye of origin is the strongest activity-dependent
discrimination. Orientation stripes, in turn, run perpendicular to ocular dominance stripes,
but, in species without ocular dominance, orientation stripes instead run perpendicular to the
V1/VV2 border (Blasdel & Campbell 2001). V2 stripes that constitute color, form, or motion
processing domains run perpendicular to V1/VV2 and V2/V3 borders (Livingstone & Hubel
1984, Tootell et al. 1983). The fungibility of features in the organization of stripes at map
borders further indicates that universal activity-dependent segregation rules, rather than
innate programs specific to each feature, govern the complex pattern of features in V1.

The same activity-dependent mechanisms that drive formation of the crystalline pattern of
stripes of ocular dominance and orientation selectivity in V1 prenatally continue to act
postnatally. Many studies have shown that activity-dependent synaptic plasticity not only
sets up the initial organization of V1 prenatally but remains such a powerful influence
postnatally that if the animal’s visual experience is abnormal, the wiring can be dramatically
altered and V1 can become responsive to only the kinds of things the animal experienced. If
a young animal sees through only its left eye, V1 becomes unresponsive to the right eye
(Figure 5a). If the animal never sees horizontal contours, it loses the ability to process them
(Figure 5b). This postnatal plasticity holds true for other primary sensory cortices in many
species (Figure 5c¢), which implies that the cortex is a statistical learning machine that adapts
to process whatever it is presented within its environment.

Successive stages in the visual hierarchy adhere to these common organizing principles. The
pioneering work of Semir Zeki (1973, 1974a, b) revealed that different areas of extrastriate
cortex were specialized for different visual modalities, such as motion, binocular disparity,
or color. It therefore became a commonly held idea that each map, or area, must be
specialized to process different kinds of visual information, such as color or motion. Horace
Barlow (1986) proposed that the reason we have so many visual areas is so that maps of
sensory space can be reconfigured into feature maps. However, an alternative interpretation
is that each map in the hierarchy is self-organized into subregions with similar response
properties, so that nearby (and therefore interconnected) neurons all convey information
about the same modality, such as color, orientation, or motion. Thus, each map carries
different kinds of information covering the entire visual field, rather than each map
containing only one kind of modality, thereby allowing incrementally farther feature linking
at each stage along the hierarchy (Zeki & Shipp 1989; Levitt et al. 1994; Livingstone and
Hubel 1984b, 1987). This second explanation has the appeal that it makes domains in
extrastriate areas qualitatively similar to the much smaller domains in V1, but would require
a systematic increase in the scale of clustering from early to higher visual cortex. Such a
gradation in scale can be seen in the patterns of ocular dominance, orientation, color, and
disparity domains across extrastriate areas V2, V3, and V4 (Figure 6). Thus, the regular,
repeating mirror organization of higher visual areas and the regular, striped, interdigitating
organizations of different modalities running perpendicular to areal borders are all
consistent, with, we suggest, higher areas being formed by the same kinds of self-organizing
activity-based clustering rules as V1.
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3.3. The Importance of Being Retinotopic

Retinotopic mapping is the fundamental organizing principle of visual cortex. While the
domain architecture of V1 is modifiable by early visual experience, such experimental
manipulations do not change the large-scale map of contralateral visual space. Postnatal
experience may refine V1’s retinotopy, but only genetic manipulations or changes to the
thalamic innervation yield large deviations from a species’ stereotypical map (Cang et al.
2005, 2008; Fukuchi-Shimogori & Grove 2001; Katz & Shatz 1996; Magrou et al. 2018;
Rakic et al. 1991). The modular organization of early visual cortex adheres to areal borders
(Figure 6), illustrating the intrinsic link between the domain architecture and the retinotopy
of early visual cortex. This link extends to IT cortex. IT domains as identified by fMRI are
distributed along the anterior—posterior axis, and clusters of adjacent face, body, object,
color, and scene domains together form stripe-like patterns, with each domain spanning
bands of iso-eccentricity (Arcaro & Livingstone 2017b, Janssens et al. 2014, Lafer-Sousa &
Conway 2013, Srihasam et al. 2012) (Figure 7). However, in contrast to V1 through V4,
these IT domains are not restricted to individual retinotopic maps. For example, individual
scene-selective domains span at least two retinotopic maps in both humans and monkeys
(Arcaro & Livingstone 2017b, Arcaro et al. 2009). Similarly, individual face-selective
domains are found in central visual-field representations but are not localized to individual
maps (Arcaro et al. 2017, Janssens et al. 2014). This may reflect a finer-scale domain
architecture not resolvable at current fMRI resolutions, where multiple domains with similar
tuning properties are mirrored across parallel sections of retinotopic maps and thus, at the
scale of fMRI, appear as a single domain spanning multiple retinotopic areas. Alternatively,
a single domain in IT may actually span multiple retinotopic maps, reflecting an inversion of
dominance between clustering and hierarchy. That is, moving up the cortical hierarchy, areal
size decreases (Figure 6d), modular scale increases (Figure 6d), and receptive field size
increases (Figure 2c¢) as each successive cortical area pools inputs from spatially adjacent
receptive fields of the antecedent cortical area. The integration of information across
successively larger swaths of the visual field may, at the hierarchical level of IT, result in an
inversion of the large-scale structure where domain scale exceeds the extent of individual
retinotopic maps. As such, domains would not be restricted to individual areas but would
still be anchored to the underlying retinotopic architecture that emerges early in
development from an interplay between intrinsic and extrinsic self-organizing rules.

4. HOW IT GETS ITS SPOTS

Could the same kinds of simple, spread-out-but-cluster (short-range facilitation/long-range
inhibition) rules that produce the ocular dominance, sign-of-contrast, color, and orientation
domains in V1 produce the much larger modality and category domains in IT? Extrapolating
from how early visual areas develop, we should not be surprised if even more complex
response selectivities and stripe-like clusters of cells with similar response properties could
arise from activity-dependent sorting rules acting on hierarchically organized maps. While
experimental evidence for such self-organization in IT has yet to be demonstrated, the
distribution of face, body, object, color, and scene domains along the anterior—posterior axis
of IT and their juxtaposition to one another (Figure 7) are certainly consistent with a rule-
based segregation acting across a visual hierarchy. Further, computational models that
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adhere to the same principles enforcing short-range facilitation and long-range repulsion
spatially segregate faces, words, and houses across processing units after sufficient training
(i.e., experience) (Plaut & Behrmann 2011, Wang & Cottrell 2017), demonstrating that these
organizing principles are computationally sufficient to produce the domain architecture of
IT.

Opinions on how IT domains develop range from convictions that domains are innately
programmed to develop specialized circuitry designed to process biologically important
categories (e.g., McKone et al. 2012) to the equally strongly held conviction that IT domains
represent levels of learned expertise (e.g., Gauthier 2000). Any hypothesis for how IT
domains form needs to account for the stereotyped locations of domains from one individual
to the next for both natural and unnatural categories. The stereotyped location of IT domains
could be taken as evidence that these regions are innately prespecified either from yet-to-be-
discovered genetic markers or from the interplay of intrinsic factors that somehow culminate
in the clustering of a few ethologically relevant visual categories without the need for
extrinsic experience. In either case, the nativist position would be that, through evolutionary
pressures, these brain regions are predestined to process these particular categories.
However, the fact that domains for unnatural categories, such as buildings, tools, or text, are
also found in stereotyped locations poses a challenge for domains being genetically
hardwired. A modified account for the innate prespecification of domains, the ‘recycling
theory’ (Dehaene & Cohen 2007), posits that experience acts on domains that were innately
programmed to recognize some evolutionarily important category, such as tree branches, to
be co-opted to a novel task, such as recognizing text. Another hypothesis, based on the
caudo-rostral maturational gradient of visual cortex (Quartz & Sejnowski 1997), proposes
that timing during development determines where domains end up, and attributes the
stereotyped location of different domains to the typical sequence of different life
experiences. A third hypothesis, the expertise model, explains the stereotyped localizations
by different degrees of categorical discrimination required for different kinds of things
(Gauthier & Palmeri 2002). Malach and colleagues (Levy et al. 2001, Malach et al. 2002)
suggested that retinotopic maps are fundamental, and looking behavior determines where
along these maps different categories become localized. Tootell and colleagues (Tootell et al.
2012, Yue et al. 2014) proposed that degree of curvature versus rectilinearity was involved in
domain localization. While there are still more variants of these hypotheses, they all
plausibly explain why domains might wind up in anatomically consistent locations by
appealing to some combination of innateness, experience, and age of learning in the
development of IT.

To try to disentangle these factors , in particular, expertise, age of learning, and innateness,
our laboratory trained monkeys at different ages to discriminate symbols in order to receive
different reward amounts. Juvenile monkeys learned 25 symbols over many months of daily
training. After training, these monkeys showed fMRI domains that were selectively
responsive to the trained symbolscompared to untrained similar shapes (Figure 8). Given
that monkeys are not typically literate and do not normally have symbol domains, this
development means that experience is sufficient to produce IT domains (Srihasam et al.
2012). We also asked whether degree of expertise or timing during development could affect
the location of these training-induced domains by training juvenile monkeys on different sets
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of symbols at different ages during prepubertal development (Srihasam et al. 2014). We
chose symbol sets that were visually distinct, and trained some monkeys on one symbol set
first and then trained them on a second symbol set many months later Other monkeys
received the reverse order of training. All the monkeys developed domains that were
selectively responsive to the trained symbols, but surprisingly, the locations of these novel
domains did not depend on training order or degree of expertise; rather, each symbol set
domain mapped to a different stereotyped location in IT (Figure 8). The only reasonable
explanation for this result is that the stereotyped localizations depended on the visual
features comprising each set. That in turn implies that there must have been some kind of
shape-based proto-organization that dictated where training-induced domains would
develop.

Any model of IT development also needs to account for why domains covary with a broad
shape-based architecture. Tootell and colleagues (Srihasam et al. 2014, Tootell et al. 2012,
Yue et al. 2014) found that face domains are selectively responsive not only to faces but also
to other round objects and that conversely scene domains are selectively responsive to
rectilinear images. Neurons in face domains will respond to objects that are round like faces
such as clocks or balls (Tsao et al. 2006). Likewise, other domains will respond to images
that have shape features similar to those of the preferred category (Andrews et al. 2015, Rice
et al. 2014), and the layout of domains covaries with midlevel shape features (Long et al.
2018). The recycling model would explain such co-occurrences by positing that category
selectivity is the fundamental organizing principle for IT and that novel, or unnatural,
domains arise in particular locations because of their similarity in shape to that of natural
object categories (Dehaene & Cohen 2007).

Malach and colleagues’ (Hasson et al. 2002, Levy et al. 2001) proposal that retinotopy might
be the fundamental organizing principle over category in IT is based on the observation that
the stereotyped locations of face, text, and scene domains in humans invariably correlates
with eccentricity biases for central-left, central-right, and peripheral visual fields,
respectively. A covariance between eccentricity and domains is also seen in monkeys
(Janssens et al. 2014, Lafer-Sousa & Conway 2013, Rajimehr et al. 2014, Srihasam et al.
2014), and this covariance can emerge in neural network models trained to discriminate
between image categories (Plaut & Behrmann 2011, Wang & Cottrell 2017). The correlation
between category, curvature selectivity, and eccentricity in IT in adult humans, monkeys
(Figure 9), and computer simulations of brain dynamics does not help us resolve which is
the primary principle. Exponents of category being the fundamental organization argue that
the eccentricity biases observed for different category domains arise from preferred viewing
behavior for different categories, in that we look at faces but use peripheral vision to process
scenes. However, curvature selectivity and eccentricity are also strongly correlated in early
visual areas (Srihasam et al. 2014), which are not category selective. Furthermore, the
correlation between curvature and eccentricity can be explained by the ubiquitous receptive-
field tuning property of end-stopping, which would result in sharper curvature tuning at
central eccentricities (Hubel & Wiesel 1965, Ponce et al. 2017, Srihasam et al. 2014). This
interrelationship between eccentricity and shape selectivity suggests a topographic mapping
not only for retinotopy but also for shape selectivity.
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Tracking the emergence of curvature, eccentricity, and category selectivity may help resolve
the mechanisms guiding IT domain formation. One would think we could resolve this
question by resolving the developmental time line and finding out which comes first—
retinotopy or category selectivity—but this is surprisingly not that simple.
Electroencephalogram and functional near-infrared spectroscopy studies of human infants as
young as 3 months have shown differential brain activity between faces and general object
categories as well as between face orientations (upright versus inverted) (de Haan et al.
2002, Halit et al. 2003, Johnson et al. 2005, Otsuka et al. 2007). Electrophysiological
recordings in infant monkeys as young as 39 days found cells in IT that responded to faces
(Rodman et al. 1991). While these studies show some specificity of brain activity in infants,
the specificity of face selectivity (versus other image categories and versus low-level shape
selectivity) and the relation to the domain architecture of IT were not rigorously addressed.

Recently, two studies, one of human infants (Deen et al. 2017) (Figure 10a,b) and the other
of macaque infants (Livingstone et al. 2017) (Figure 10c,d), reported similar results on the
early emergence of face domains, but the studies gave different interpretations of the results.
Both studies found early (4—6 months in humans and 1 month in monkeys) selectivity for
face movies versus scene movies in some of the brain regions that, in adults, would show the
same selectivity, but both studies found no selectivity for faces versus objects until later in
development. Deen and colleagues found face versus scene selectivity within lateral
occipital cortex (OFA) and superior temporal sulcus (STS), but not fusiform cortex (FFA),
from a group-average analysis of human infants (Figure 10a). They interpreted their findings
in human infants to mean that face patches are present at birth but are not as selective early
in development as they are in adults; that is, face patches are present but immature. Our
laboratory interpreted our failure to find face versus object selectivity until later in
development as evidence that the early differential responsiveness to monkey movies versus
scene movies represented differences in activity across the visual field from noncategorical
shape selectivity or retinotopic motion energy rather than category selectivity. We also found
an early differential response between pixelated face movies versus scene movies, further
indicating that noncategorical image statistics were the driving force for these early movie
data. The face movies used in the infant macaque study contained monkeys grooming each
other, so most of the motion in these clips was spatially focal and centered, whereas the
nature movies generally panned entire scenes. Similarly, face and object movies in the
human infant study consisted of human children and toys in front of a black background,
whereas scene movies comprised backgrounds that spanned the full extent of the stimulus
display. It seems to us that a “face’ domain, no matter how immature, ought to respond better
to faces than to objects. In adults, face domains respond more strongly to face images than to
a wide range of stimuli (Mur et al. 2012). Given the difficulty of collecting large amounts of
data from infants, face activity has been compared with only a few image categories (e.g.,
objects, scrambled images, scenes). It remains to be seen to what extent the selectivity
profile of face domains in infants reflects that found in adults, though changes in the
anatomical structure and selectivity have been observed into adolescence (Golarai et al.
2010b, 2015) and even early adulthood (Germine et al. 2011). Together, these data suggest
that IT face domains are undeveloped at birth and demonstrate an important role for
postnatal development.
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These early imaging studies provide some evidence for a caudo-rostral maturation of face
domains. In human IT, only the occipital face area (OFA) showed greater responses in
group-average maps to faces versus scenes at 3 months (Deen et al. 2017) (Figure 10a). A
region-of-interest (ROI) analysis (Figure 10b) found weak selectivity for faces near FFA and
nothing in anterior temporal cortex. While caution should be exercised in interpreting null or
weak effects, especially in studies of young children, greater activity for scenes versus faces
was observed in parahippocampal place area (PPA). PPA is medial to FFA and thus farther
from the head coils, indicating that signal quality was not a precluding factor in detecting
face-selective effects in FFA at this young age. In monkeys, face domains PL (posterior
lateral), ML (middle lateral), MF (middle fundal), AL (anterior lateral), and AF (anterior
fundal) were selective for faces as compared with inanimate objects by 3 months. There
were no clear timing differences in the development of these domains, though face
selectivity was not consistently mapped in the anterior-most IT face domain, AM (anterior
medial), nor in the frontal face domain, even at 2 years of age (Livingstone et al. 2017).
Together, these data are consistent with the idea of a caudo-rostral maturation of visual
cortex and the notion that the primate face domain system continues to mature into
adolescence.

In contrast to the lack of clear face domains in newborns, robust retinotopic organization
throughout the visual system is present at birth. Within the first 2 weeks, adult-like patterns
of anatomical connections are present between V1 and V2 and between V2 and V3, V4, and
MT in monkeys (Baldwin et al. 2012, Barone et al. 1996, Coogan & Van Essen 1996),
though the functional development of these pathways does not reach adult-like maturity until
3 months (Distler et al. 1996). Using functional connectivity analyses on fMRI data, we
found that the entire macaque visual system, from V1 through anterior IT, exhibits a clear
retinotopic organization by 10 days after birth (the earliest timepoint tested; Figure 11), and
the scaling of receptive fields from V1 through IT was present by 110 days (the earliest
timepoint tested with spatial frequency stimuli) (Arcaro & Livingstone 2017a). This
organization was comparable to that typically found in adult monkeys. That is, a series of
hierarchical retinotopic maps in newborn monkeys span from subcortical structures to V1
and up through anterior IT. This organization was present well before face domains were
identified, and regions that later exhibited face selectivity already had a prominent bias for
the central visual field, similar to adults. The persistence of retinotopic organization in
congenitally blind humans (Bock et al. 2015, Butt et al. 2013, Striem-Amit et al. 2015) and
in monkeys deprived of form vision from birth (Arcaro et al. 2018) is consistent with the
idea that this organization is present at birth and further indicates that retinotopy is the
primary organizing principle that guides subsequent functional development. Because
eccentricity carries with it a low-level organization for scale, spatial frequency, and
curvature, at birth there would already exist a proto-architecture constraining postnatal
experience-dependent modifications.

The development of symbol domains in symbol-trained juvenile monkeys means that
experience is sufficient to induce IT domain formation, but is experience necessary for face
domain formation? This would be extremely difficult to answer for humans since it would
require either an early intervention that would be deemed too invasive or the discovery of
someone who was naturally raised without seeing faces but had otherwise normal visual
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experience and acuity. No such cases exist to our knowledge. So to address this question, we
raised three monkeys by hand without letting them see any kind of face (outside of images
shown during experiments) for the first year of life. None of the face-deprived monkeys
developed face domains, but they did have normal domains for hands, bodies, and scenes
(Arcaro et al 2017). Therefore, they were missing domains only for the single object
category they had not seen, indicating that experience is necessary for IT domain formation.
Control monkeys look disproportionately at faces in free-viewing situations. In contrast, the
face-deprived monkeys did not look disproportionately at faces during free viewing but
looked more at hands (Figure 12). These results are consistent with the idea that domain
formation is driven by extensive early experience looking at what is important in the
environment. Centrally biased parts of IT that preferentially respond to faces in control
monkeys did not respond to faces in face-deprived monkeys, and instead became dominated
by hands over all other categories (e.g., objects), even though the hand responsiveness
profile did not shift away from the usual hand locations, which are normally located slightly
farther into the fundus of the STS than face domains. Importantly, the hand responsiveness
profile was not expected to shift, given that we did not manipulate their hand experience in
any way, and both deprived and control monkeys likely experienced their hands in similar
parts of their visual field in daily life, such as when eating, manipulating objects, and
navigating the environment. These data provide causal evidence that postnatal experience is
necessary for the development of face domains.

The type of face experience and amount of exposure required for face-domain development
remain to be resolved. For example, neurons in adult face domains are particularly sensitive
to the eyes (Issa & DiCarlo 2012). This eye preference might emerge early in life from
experience with conspecifics (Simion & Di Giorgio 2015), as newborns attend equally to
internal and external features of faces (Turati et al. 2006). Several interesting questions
follow from these findings. Would a monkey raised seeing only the outline of a head and the
mouth develop face domains? Would neurons be more sensitive to other facial features such
as the mouth (versus eyes)?

The early retinotopic organization of the visual system, the subsequent development of IT
domains, and the importance of early visual experience for IT domain formation impose
constraints on possible theories of face development. We have discussed two distinct
hypotheses for the development of IT domains: (&) IT is organized innately into
anatomically distinct regions that process different biologically important image categories,
or image categories that resemble biologically important things. Such a domain-specific
hypothesis must be mitigated by the fact that face domains do not develop for the first
several months after birth and remain immature through adolescence, and a domain-specific
hypothesis also needs to include the constraint that maintenance of the postulated innate face
selectivity requires face experience. (4) IT contains a domain-general architecture at birth
that is molded by experience. This domain-general organization comprises a series of
retinotopic maps that carry with them low-level shape selectivity. Eccentricity-biased
looking behavior and/or low-level shape selectivity determine what parts of this prewired
architecture become specialized for different categories of objects. Thus, we propose, IT is
not a tabula rasa at birth but has a well-defined retinotopic architecture to which experience-
driven modifications adhere.
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JUST LOOK FOR THE BARE NECESSITIES

We considered subheadings, but felt it would arbitrarily break up the continuity of this
section (with the exception of the subcortical paragraph, but journal conventions want 2 or
more subheadings) Can a model of an intrinsic domain-general architecture emerging as an
activity-dependent self-organizing system that is then molded by early postnatal extrinsic
experience explain the observations that have been previously interpreted as evidence that
face processing must arise by some face-specific innate mechanism? There are three main
lines of evidence invariably given in support of the innate face domain hypothesis:(4) the
stereotyped location of face domains in humans and monkeys; () the optimal processing of
faces when they are intact and upright; and (¢) the very early preferential face looking in
human and monkey infants. We have already discussed how the stereotyped location of face
(and other category) domains can be explained by activity-dependent rules acting on a
protomap that carries with it an eccentricity-based shape selectivity: This proto-architecture
acts as a scaffolding on which environmentally driven looking behavior exerts activity-
dependent modifications. We do not know which—looking behavior or shape tuning—is
more important in localizing domains in relation to a retinotopic map. A recent study of
adult humans who played Pokémon extensively as children found that activity patterns to
this highly experienced stimulus set reflected retinal eccentricity (Gomez et al. 2018a),
suggesting that looking behavior plays a major role in localization. On the other hand, our
finding of stereotyped localization of trained-symbol domains in monkeys implicates a
shape-map effect. Given the intrinsic link between shape selectivity and retinotopy, it is
probable that both factors are crucial.

Yet a suitable neural architecture alone is not enough for our neural networks to develop face
domains; a specific training set is required. From the very first day of birth, our visual
experience is heavily biased toward seeing faces (Figure 13). When babies are not aimlessly
staring at the ceilings and backgrounds of their environments, most of their visual
experience over the first several months consists of faces of parents and caretakers
(Jayaraman et al. 2015). Such extensive experience with a small number of faces would
enable the visual system to build up a prototypical face across a wide range of viewing
angles and conditions. Over the course of the first few years, the variability of face
experience increases as babies experience more individuals, which could serve to strengthen
invariant representations and categorical learning of faces.

The second line of evidence considered to support the innate model is that faces are
processed differently from other kinds of objects. In particular, it is claimed that faces are
processed holistically, as intact upright wholes. Faces are recognized better when viewed
upright (Yin 1969) and face features are recognized better when they are viewed as part of
an intact face (Tanaka & Farah 1993, Young et al. 1987). These observations have been
interpreted to indicate that face domains must be innate neural structures specialized to
process faces in a specific orientation. However, the link between prioritized processing of
upright faces and the innateness of IT domains is tenuous: Our alternative interpretation of
prioritized processing is that faces are not a special category of objects except insofar as they
are a homogeneous stimulus set, compared with other objects (Dailey & Cottrell 1999) with
which we have extensive early experience, and the prioritized nature of upright, intact face
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processing arises because faces are recognized better when viewed in the same
configurations in which they have been extensively experienced starting at birth (e.g., Figure
13). In support of this, other categories for which we have IT domains, such as text (Cohen
et al. 2000), and even categories for which we lack specialized domains, such as cars
(Aguirre et al. 1999), are also recognized better when viewed as they are typically
experienced. Thus, specialized domain architecture may support, but is not necessary for, the
behavioral prioritization of processing faces or other stimuli in intact, upright configurations.

The third line of evidence given to support the hypothesis that face domains are innate is
how early face prioritization appears in development (McKone et al. 2012). Within minutes
after birth human infants will turn their heads to follow a schematic face more than a
scrambled face (Goren et al. 1975, Johnson et al. 1991). Such studies of newborns have
engendered the idea that babies are born predisposed to gaze at and to bond with their
mother, and therefore there must be some kind of innate face template. By 3 months of age,
infants already exhibit several behavioral signatures of adult face processing, such as
sensitivity to configurational properties (Turati et al. 2010) and recognition across views
(Pascalis et al. 1998). While such early behavior could be taken as evidence for an intrinsic
bias in face processing, experience has a significant effect on behavior very early in
development. Three-month-old infants show perceptual narrowing, such as a decreased
ability to recognize other-race faces (Kelly et al. 2007, Sangrioli & de Schonen 2004), which
is not present at birth (Kelly et al. 2005) and is anticorrelated with the amount of ethnic
diversity in the infant’s community (Bar-Haim et al. 2006). Further, infants look
preferentially at faces of the same gender as the primary caregiver, for both male and female
caregivers (Quinn et al. 2002). Thus, even before face-selective domains develop in IT,
behavioral signatures of adult face processing are present and reflect the effects of
experience.

Early face-viewing bias is stipulated by an innate model of face processing but is also
consistent with a model positing that experience drives the development of face domains.
Even within hours of birth and with relatively little visual experience, a mother’s face is
recognized and preferred over a stranger’s face (Bushnell 2001, Bushnell et al. 1989,
Pascalis et al. 1995). However, this preferential looking is correlated with the amount of
visual exposure in newborns (Bushnell et al. 1989) (Figure 14a). Further, brain activity even
within the first day of life can adapt to structure in the environment from minimal experience
(1 hour) (Teinonen et al. 2009). These studies illustrate that our brains are statistical learning
machines, even at birth. Thus, studies of newborns establish the presence of early looking
biases, but these biases do not necessitate an innate face template.

If looking behavior acting on a retinotopic proto-architecture drives domain development,
what is driving looking behavior? While preferential face looking in newborns has been
demonstrated many times, some studies have shown that what may drive this preferential
looking behavior are nonspecific structural and geometric properties, such as the relative
density of small dark things in the upper half of a light disk compared to the lower half
(Cassia et al. 2002, 2004; Simion et al. 2002a; Turati et al. 2002). Given the poor visual
acuity of newborns at birth, such early preferences realistically could not amount to much
more than a preference for a top-heavy image. A contrast polarity preference for dark in the
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eye region may also be present early in life (Farroni et al. 2005). However, the degree to
which this finding reflects eye-specific features versus a low-level contrast saliency has been
challenged (Simion & Di Giorgio 2015). Moreover, this contrast polarity template does not
match many nonhuman primate faces and the degree and often sign of contrast vary across
ethnicities, both of which challenge any face-specific evolutionary explanation. Further, in
naturalistic settings, a model of low-level image saliency captures looking behavior of 3-
month old infants better than does the location of faces, whereas looking behavior at 6
months reflects actual face location (Frank et al. 2009). Thus, preferential looking toward
faces and face-like images in newborns may reflect intrinsic biases in the processing of
structural features that are common but not exclusive to faces.

What neural structures could facilitate early preferred looking at top-heavy salient features?
Given that preferential face looking is apparent well before IT domains develop (i.e.,
selective responses to faces versus inanimate objects) (Arcaro et al. 2017, Deen et al. 2017,
Livingstone et al. 2017), it is implausible to us that early looking behavior is driven by a
face-specific cortical template at birth. A subcortical template specific to faces has been
proposed to explain early face-looking behavior (Morton & Johnson 1991), though direct
evidence for such an early template is lacking; for example, neither our study of infant
macaques (Livingstone et al. 2017) nor recent human infant imaging (Deen et al. 2017)
found subcortical face-selective regions. However, it seems plausible that subcortical
structures guide early preferential looking. Infants look preferentially at whatever is visually
salient. Infants will look at checker patterns they can distinguish in preference to spatial
frequencies too high for them to resolve (Banks & Ginsburg 1985). Such general processes
may be driven by the superior colliculus (Sprague et al. 1973), an evolutionarily old part of
the brain that drives eye movements to salient stimuli. The colliculus has a map of the visual
field in the superficial layers, and stimulation of the deeper layers produces eye movements
toward the corresponding part of the visual field. It is visually responsive in neonatal
monkeys (Figure 15a) (unpublished data from M.S. Livingstone and J.L. Vincent), and in
adult monkeys there are stronger responses to visual stimuli presented in the upper field
compared to the lower field (Hafed & Chen 2016) (Figure 15b). Something as simple as an
upper-visual-field bias in the colliculus could account for early face-looking behavior in
primate infants (Atkinson et al. 1992). The evolutionary driving force may be that in ground-
dwelling animals’ visual input from above is often critical for survival (Wallace et al. 2013).
The upper visual field is overrepresented in mice, whose eyes point upward (Figure 15c), as
do the eyes of many animals. In animals with forward pointing eyes, an enhancement in the
neural machinery for attending to the upper visual field could serve a similar purpose. Thus,
an evolutionarily old bias for detecting things in the upper visual field, in combination with
the saliency of small, round, dark things, may underlie the seemingly social behavior of
human infants orienting toward faces or eyes.

6. CHILDHOOD MATURATION

At what age are face domains adult-like? In contrast to IT domains in adults, at 4 to 6
months in humans (Deen et al. 2017) and 1 month in monkeys (Livingstone et al. 2017), IT
domains are not selectively responsive to faces as compared to inanimate objects. At
approximately 3 months, face domains in monkeys are selective for faces compared with
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objects, scrambled faces, and scenes. The magnitude of selectivity and areal extent of face
domains at 3 months were comparable to those in older monkeys. Given that only a limited
number of categories were probed and modulations such as adaptation were not tested, it
remains unclear whether these IT face domains are truly adult-like at this age. Further, face-
selective responses were not consistently identified in the AM nor in the frontal face
domains during the first two years. These regions are commonly face selective in adults
(Tsao et al. 2008), suggesting that development of the macaque face domain system
continues into adolescence.

Development of face domains in humans also appears to continue into adolescence. Several
human fMRI studies have reported an increase in the size and/or selectivity of face domain
FFA with age (Aylward et al. 2005; Cantlon et al. 2011; Golarai et al. 2007, 2010a; Scherf et
al. 2007, 2011). Changes in selectivity and microstructure of face domains between children
and adults are correlated with performance on face recognition tasks (Golarai et al. 2007,
Gomez et al. 2018b), suggesting that experience continues to shape face domains throughout
adolescence. Maturation of face domains includes refinement of the underlying retinotopic
organization. A recent fMRI study found that the visual field coverage of fusiform face
domain (pFus/ FFA) in the right hemisphere and the text domain in the left hemisphere had a
larger foveal bias in adults (22—28 years) as compared to children (5-12 years) (Gomez et al.
2018b). The changes in visual field coverage were correlated with fixation patterns during a
free-viewing task. These findings suggest that the foveal bias, which is present at birth
(Arcaro & Livingstone 2017a), increases in adults to reflect changes in the viewing patterns
of faces and text. Thus, behaviorally relevant changes in the functional and anatomical
architecture of face domains continue well beyond the initial detection of face selectivity and
are dependent on experience.

7. PLASTICITY

There is a final set of results that have been interpreted as supporting the innateness of
category-specific IT domains, namely, demonstrations of cross-modal correlations in
category selectivity in IT. For example, congenitally blind adults show a mediolateral
distinction in the ventral visual pathway between animate and inanimate auditorily presented
objects (Mahon et al. 2009). Congenitally blind adults presented with sounds characteristic
of faces, bodies, objects, and scenes show a similar category organization as is typically
found in sighted controls for visually presented stimuli (van den Hurk et al. 2017). Lastly,
the visual word form area (VWFA) is activated by Braille reading in both blind and Braille-
literate sighted subjects and by finger spelling in deaf subjects (Buchel et al. 1998, Reich et
al. 2011, Siuda-Krzywicka et al. 2016, Waters et al. 2007). We would like to suggest again
that there may be an alternative, map-based explanation for these observations. Given that
humans have been reading and writing for at most 5,000 years, and literacy has been
common for only the last few hundred years, there is no way humans have evolved an area in
the brain specialized specifically for reading. These cross-modal plasticity results have been
interpreted as demonstrating that these areas must have some innate predisposition to
represent certain categories irrespective of modality; i.e. the face domain has innate
connectivity to some social network (Powell et al 2018) or the VWFA has innate preferential
connectivity with grammatical/speech/language areas (Mahon & Caramazza 2011).
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We suggest again that there may be an alternative, map-based explanation for these
observations. We propose that the observed cross-modal plasticity results could reflect map-
based connectivity biases that support the interlinking of general processes across
modalities, rather than connectivities that support specific functions. Much of the primate
brain consists of maps of the world, in various modalities (Figure 16a). These maps share
developmental gradients (O’Leary et al. 1999, Tessier-Lavigne & Goodman 1996; Flanagan
2006) that lead to a similar topographic organization of sensory space, including inversion of
space and expansions of regions with high resolution -- acuity in the visual system, touch
discrimination in somatosensation, and fineness of motor control. With cross-modal
topography-preserving links point-specific connectivity naturally follows. This reduces the
daunting challenge of interlinking seemingly discrete points within a high-dimensional
space to a more tractable transformation of low-dimensional spaces (Figure 16b). Indeed, it
is well established that the spatially specific interconnectivity between individual sensory
maps (e.g., V1 and V2) arises from topography-preserving self-organizing processes , not
point-to-point pre-specification (Figure 16c, left). Similarly, seemingly specific functions
come to be linked across modalities based simply on the co-alignment of broad topographic
gradients. For example, reading, irrespective of modality, requires high-resolution
discrimination - recognizing learned patterns of many small elements. Evolutionary
pressures may have promoted the interlinking of general computations (e.g., fine
discrimination in one modality to fine discrimination in another) thereby allowing a
biological system to remain flexible and adaptive to the environment rather than a large-
scale rewiring to support a limited number of specific functions (e.g., reading or face
recognition). In section 4 we described how a retinotopic map carries with it a map of
sensitivity to scale and curvature and how such non-specific tuning may underlie the
development of differential selectivity to more complex shapes. It should be no surprise that
complexity from simple principles emerges naturally in other modalities as well and that
such complex tuning systematically maps onto the underlying topography (Aflalo &
Graziano 2006). In this framework what is interlinked is general features across maps, not
specific functions. Indeed, cross-modal plasticity adheres to the intrinsic topographic
organization of visual cortex; nonvisual category representations are spatially differentiated
within IT in blind subjects along the medial-lateral axis (van den Hurk et al. 2017), which
differentiates eccentricity representations and low-level shape tuning of the topographic
architecture. We therefore propose that these results on cross-modal plasticity indicate
commonalities in general computational requirements rather than commonalities in what the
computations are used for.

8. CONCLUSION

In conclusion, we advocate caution and parsimony in interpreting features of the brain as
being innately optimized to process abstract, cognitive, or social behaviors, extrapolating
from suggestions that cortical columns serve no particular purpose but are instead an
epiphenomenon of a self-organizing mapping strategy (Horton & Adams 2005, Law &
Constantine-Paton 1981, Livingstone et al. 1995). We are not questioning the utility of
studying face domains. Even as an epiphenomenon, face domains hold tremendous value for
understanding the neural correlates of face processing and broader computations within IT.
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However, as scientists wanting to understand the primate brain, we often ask what a brain
region is good for, assuming that a brain region is for something—that it has a purpose.
Instead, we favor asking how universal rules could lead to circuits that, along with
environmental reinforcements, could come to underlie complex, adaptive behaviors.
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Figure 1.
Behavioral and neural correlates of object processing. (&) Different kinds of visual agnosias

according to Konorski (1967; reproduced with permission). (&) Face, body, object, and scene
domains in inferior temporal cortex of macaques (/eff) and humans (righ?). Image adapted
with permission from Bell et al. (2009). Abbreviations: as, arcuate sulcus; cs, central sulcus;
ios, inferior occipital sulcus; ips, intraparietal sulcus; lats, lateral sulcus; Is, lunate sulcus; ps,
principal sulcus; sts, superior temporal sulcus.
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Figure 2.
Topological organization of sensory maps. (&) Primary sensory areas lie adjacent to each

other in lower mammals but spread apart over evolution; areas between comprise increasing
numbers of mirror-image maps (reproduced with permission from Krubitzer 2007). (4)
Representation of contralateral visual space in V1 (Tootell et al. 1988; adapted with
permission). (¢) Mirror-image maps cover almost the entire macaque visual system. Moving
up the visual hierarchy from V1 to IT, receptive field size (black dots) increases.
Abbreviations: IT, inferotemporal cortex
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Figure 3.
Self-organizing patterns. (&) Spontaneous stable Turing patterns in a chlorine dioxide—

iodine—malonic acid reaction (Pefia et al. 2003; reproduced with permission). (&) Ocular
dominance stripes in macaque V1 run perpendicular to the VV1/VV2 border (Sincich & Horton,
2002; reproduced with permission) (¢) Ocular dominance stripes in human V1 run
perpendicular to the V1/V2 border (Adams et al. 2007; modified with permission). (a) Self-
organizing rules lead to ocular dominance columns in a three-eyed frog, even though the
frog tectum is normally innervated entirely by only the contralateral eye; scale bars 400
micrometers (Constantine-Paton & Law 1978; reproduced with permission).
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Figure 4.
Self-organization of macaque V1 by activity-dependent clustering of inputs with similar

response properties. (4) Map of orientation selectivity in macaque V1. (/eft adapted with
permission from Tootell et al. (1988); large orientation map reproduced with permission
from (Blasdel 1992). (6) The input layer of V1 is segregated into domains for left and right
eyes as well as ON and OFF and, more globally, comprises a map of visual space (Kremkow
et al. 2016; reproduced with permission). (¢) Different locations of ON and OFF inputs lead
to orientation selectivity in layers above and below L4 (Kremkow et al. 2016; reproduced
with permission).

Annu Rev Vis Sci. Author manuscript; available in PMC 2020 October 17.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arcaro et al.

caudal

o O w>»

rostral

TN
L&ty
3

L

1y
S r)’;:,,
G

Figure5.
Synaptic plasticity is so strong during early postnatal development that the cortex comes to

respond to stimuli it experiences early in development and to not respond to stimuli it does
not experience. (&, fop) Normal pattern of contralateral (b/ack) and ipsilateral (white) inputs
to macaque V1 after late monocular deprivation and (a, bottorn) loss of contralateral inputs
after early contralateral monocular deprivation. The cortex responds almost entirely to the
seeing eye. The monocular crescent (MC) is the far peripheral part of the visual field with
input from only the contralateral eye, the view of the ipsilateral eye being blocked by the
nose (Horton & Hocking 1997; reproduced with permission). (6) Effects of wearing
orientation-selective lenses on kitten orientation tuning. ( 7op) Normal map of orientation
selectivity after lens rearing. (Middle) Map of effects of early exposure to only right-oblique
orientations. (Bottom) Map of cortex after early exposure to only horizontal orientations.
Cortex responds only to stimuli the animal experienced; scale bars 2mm (Tanaka et al. 2006;
adapted with permission). (¢, fop) Effects of whisker removal on primary somatosensory
cortex in mouse (Van der Loos & Woolsey 1973; reproduced with permission). (Middle)
Normal pattern five rows of barrels (A-E), each barrel corresponding to an individual
whisker. (Bottom) Cortex missing middle row (C) of barrels (arrows) after removal of
middle whisker row (Datwani et al. 2002; modified with permission).
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Figure 6.
Increasing scale of domains moving from V1 to V2, VV3 and anterior areas. (&) V2 stripes run

perpendicular to the V1/V2 border in a (left) macaque, (right) squirrel monkey (Livingstone
& Hubel 1984; reproduced with permission). Note that the V2 stripes are coarser than the
V1 blob pattern. (6) Color, luminance, and orientation domains are similarly interdigitated in
macaque V4 (Tanigawa et al. 2010; modified with permission). (¢) Composite of ocular
dominance, color, and disparity domains in human VV1-V3 (Nasr et al. 2016; modified with
permission). (g, fop) Surface area relative to macaque V1 for the central 10° of eight
retinotopic areas (Arcaro & Livingstone 2017b; reproduced with permission). Surface area
systematically decreases moving up the visual hierarchy. (Bottom) Domain scale moving
from V1 to IT. Abbreviations: A, anterior; D, dorsal; IT, inferotemporal cortex; lu, lunate
sulcus; LUM, luminance; PITd, peripheral inferotemporal cortex ddorsal; RG, red vs green.
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Figure7.
Domains in IT are distributed along the anterior—posterior extent of the STS in three stripe-

like clusters, but they are huge compared to stripes in V1 and V2. (a) fMRI activation of face
vs object domains in macaque IT (Srihasam et al. 2012; reproduced with permission); ()
fMRI activation of face vs color domains in macaque IT (Lafer-Sousa & Conway 2013;
reproduced with permission). Abbreviations: IT, inferotemporal cortex; STS, superior
temporal sulcus
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Figure 8.
Domains that develop as a consequence of intensive early-life training form in stereotyped

locations. The locations of these artificial domains did not depend on degree of expertise or
age of learning. The stereotyped locations indicate the existence of some kind of shape-
based proto-architecture on which experience exerts plasticity (Srihasam et al. 2014;
reproduced with permission).
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Figure.
Face-selective regions map to central parts of the visual field and respond more to curvy

than to straight stimuli. But the correlation between eccentricity and curvature extends to
early visual areas too, indicating that eccentricity-based shape selectivity may be a more
fundamental organizing principle than category selectivity (Srihasam et al. 2014; reproduced
with permission). Abbreviations: A, anterior; C, central; D, dorsal; P, posterior; V, ventral;
STS, superior temporal sulcus.
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Figure 10.
Face activity in human and monkey infants. (&) Group-average fMRI activity maps for

human (#op) adults and (bottom) infants (Deen et al. 2017; modified with permission). (6)
ROI analysis of data from panel a for OFA and FFA in infants and adults]. Infant data have
been rescaled to match adult data. (¢) fMRI activity maps for face movies versus scene
movies and face images versus object static images in (fgp) infant macaques and (bottom)
juvenile macaques. Selective responsiveness to faces and objects appears around 3 months of
development (Livingstone et al. 2017; reproduced with permission). (g, top) Developmental
timecourse of face and object d-primes in face and object domains in macaque IT. (Bottorm)
Regions of IT that will become face and object selective are nonselectively responsive to
both categories before domains appear. Abbreviations: A, anterior; D, dorsal; FDR, false
discovery rate; FFA, fusiform cortex; fMRI, functional MRI; IT, inferotemporal cortex; M,
xI dont see an M in this figurex; OFA, lateral occipital; P, posterior; PPA, parahippocampal
place area; R, rostral; ROI, region of interest; TOS, transverse occipital sulcus; V, ventral.
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Figure 11.
Retinotopic organization is present at birth (Arcaro & Livingstone 2017a; reproduced with

permission). (&) Retinotopic organization mapped in newborn monkey using functional
connectivity with a V1 eccentricity-map template. (6) Eccentricity organization mapped in
the same monkey at 2 years of age using conventional expanding ring stimuli. (¢) Spatial
frequency mapped in a newborn monkey. Mean spatial frequency shifts from fine to coarse
both with eccentricity and up the visual hierarchy. Abbreviations: DP, xdorsal prelunatex;
CIP, caudal intraparietal; EVC, early visual cortex; FST, XFST is just a name, not an
abbreviationx; IT, inferotemporal complex; LIP, just a name; MST, just a name; MT, it’s a
name; MTc, MT complex; OTd, xjust a namex; OTS, occipitotemporal sulcus; PITd, PIT
dorsal; PITv, XxPITventralx; PPC, posterior parietal cortex.
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Figure 12.
Free-viewing looking behavior in control and face-deprived monkeys. Control monkeys look

at faces in various images but face-deprived monkeys do not, indicating that face-looking
behavior is unlikely to be innate (Arcaro et al. 2017; reproduced with permission).
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Figure 13.
Early visual experience. (&) Primate infants look at faces early in development. Photos

provided by (/ef?)) J. Gamble and (righ?) M.S. Livingstone. (6) Early visual experience of
faces (red) and hands (6/ue) by human infants (Fausey et al. 2016; reproduced with
permission). While early visual experience comprises primarily a limited number of faces
(i.e., caregivers), overall visual human experience shifts to include hands as babies become
more mobile and interact with the environment. The prominence of hands in early
experience of human infants parallels our finding that face-deprived monkeys preferentially
look at hands in the absence of visually experiencing faces. It remains to be resolved
whether a comparable shift of visual experience from faces to hands is present in normally
reared monkeys.

Annu Rev Vis Sci. Author manuscript; available in PMC 2020 October 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Arcaro et al.

Preference for Mother (%)
& 8 ¢ & & 8 3 ¥

a
[

Page 39

180

F o—O0HEAD TURNING
—x EY

rols E TURNING

Ik
ol \

150 —

140

\

\\\.
///
=
B | ER ) B

\
DEGREES

5 S
130 \ :
® 1201~ 140

7 :
e . . $o=
L . L g0
. . e 100 I

I T S
FACE MODERATELY SCRAMBLED BLANK

.
.
.
>
s o
s 5
" T
Total fixation
o 8 &5 88

2 3 4 5 6 7 8 9 SCRAMBLED wpright upside-down
View Mother (Hours) STIMULY STIMULUS ORIENTATION

Figure 14.
Face-looking behavior in human infants. (&) Newborn human infants will preferentially turn

their heads toward their mothers versus strangers with as little as 6 hours of visual
experience of the mother (Bushnell et al. 1989; reproduced with permission). () Newborn
human infants turn their heads farther to follow face-like images compared to scrambled
images. Image (Goren et al. 1975; reproduced with permission). (¢) Newborn human infants
look longer at images with more things in the upper part than in the lower part (Simion et al.
2002b; reproduced with permission).
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Figure 15.
The superior colliculus and upper-visual-field bias. (&) Visually evoked activity in a 7-day-

old macaque. The lateral geniculate is visually responsive (large bilateral activations) as is
the superior colliculus (smaller bilateral activations) (M.S. Livingstone & J.L. Vincent,
unpublished data). (&) In the superior colliculi of adult macaques, stimuli in the upper visual
field evoke larger responses than do stimuli presented in the lower visual field (Hafed &
Chen 2016; reproduced with permission). (¢) Many animals have eyes that tilt upward,
favoring detection of things that appear from above. Photo provided by A. Sugden.
Abbreviation: LFP, local field potential.
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Figure 16.
Maps, maps, maps. (a) Most of the primate cortical surface comprises topographic gradients

of sensory space. Group average retinotopic (polar angle, n=6) and somatotopic (whole
body, n=8) maps are differentiated by black dashed lines. Magenta dashed circle illustrates
the cortical region comprising tonotopic maps. Arcaro and Livingstone unpublished data. (b,
left) Topographic gradients systematically vary across the cortical surface. (Middle) The
intersection of these gradients leads to 2-dimensional topographic maps along the cortical
surface. The (x,y) coordinates of these gradients leads to unique features. (Right)
Contrasting features within this topographic space can give the illusion of discreteness and
high dimensionality (e.g., contrasting faces and objects with fMRI) while the ground truth is
a continuum within a low-dimensional space. (c, left) Point-to-point connectivity between
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areas is not pre-determined, but arises from ubiquitous activity-dependent wiring rules. (c,
right) Likewise, point specific links (direct or indirect) between modalities that each
comprise topographic representations of space may emerge naturally from alignment of low-
dimensional maps based on similarity of general computation requirements such as coarse-
to-fine resolution and/or configural processing.
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