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Since the pioneering work of Wiesel and Hubel in the
1960s and 1970s, we have known that the primary visual
cortex shows evidence of postnatal development and is
susceptible to effects of visual experience during an
early critical period. It was therefore widely assumed
that the maturation of striate cortex presented an
important limit on the development of visual function
(Wiesel, 1982). However, despite substantial investiga-
tion over the past 50 years into the anatomical and
physiological processes that take place postnatally in
the primate visual system, it remains unclear what
neural mechanisms limit the development of vision. In
nonhuman primates, where we have the strongest data
across levels of analysis—from cellular to behavioral—it
is clear that early postnatal changes at the level of the
retina pose no important limit on performance (Kiorpes
et al., 2003). Similarly, for spatial vision, development
of neuronal response properties at the level of the
lateral geniculate nucleus (LGN) and striate cortex are
insufficient to account for behavioral development of
spatial resolution and contrast sensitivity (Kiorpes &
Movshon, 2004a; Movshon et al., 2005; Zheng et al.,
2007). Conversely, temporal resolution, as represented
by the high temporal frequency cutoft of the temporal
modulation transfer function, is well matched to the
temporal frequency response properties of magnocel-
lular LGN neurons (Stavros & Kiorpes, 2008). Thus,
although the striate cortex has long been thought to be
the likely site of limitations on vision in infants, develop-
ment of neuronal response properties at this level of
the visual system does not seem to account for behavior-
ally measured visual function (Kiorpes & Movshon,
2004a). This chapter will evaluate the idea that later,
hierarchical development of extrastriate visual areas is
permitting the progress of visual development and will
address additional hypotheses regarding the quality of
information available to the behavioral output in
infants.

It is well accepted that the cortical visual system is
organized in a hierarchical fashion, with dominant
extrastriate pathways emerging from primary visual
cortex (Felleman & Van Essen, 1991; see chapter 17,
this volume) and with higher-level visual areas involved
in ever more complex visual processing. Although there
is good evidence to suggest that the brain develops
hierarchically as well (Guillery, 2005), with subcortical
development preceding cortical, and primary sensory
cortices preceding secondary and higher areas, there
has to date been no full analysis of this process at the
functional level. The basic organization of striate cortex
is laid down prenatally, with ocular dominance and ori-
entation domains essentially adult-like at birth in non-
human primates (Blasdel, Obermayer, & Kiorpes, 1995;
Horton & Hocking, 1996; Wiesel & Hubel, 1974). Cyto-
chrome oxidase organization—blobs, patches, and
stripes—is also quite mature in areas V1 and V2 in neo-
natal macaques (Baldwin et al., 2012; Horton &
Hocking, 1996) and humans (Burkhalter, Bernardo, &
Charles, 1993). Visual experience is not required for
this organization to develop although abnormal visual
experience can disrupt its maintenance (Horton &
Hocking, 1996, 1997; Wiesel & Hubel, 1974). As
reviewed by Kennedy and Burkhalter (2004), the orga-
nization of feedforward and feedback interareal con-
nections is also largely laid down prenatally, linking
areas that are hierarchically related in the adult monkey.
Topographic specificity of feedforward projections is
relatively adult-like near birth and undergoes relatively
little refinement postnatally. Feedback projections are
in general more diffuse and exuberant initially and
require substantial postnatal refinement. Nevertheless,
they are apparently fully mature by 2-4 months after
birth (Baldwin et al., 2012; Kennedy & Burkhalter,
2004). A similar pattern of cortical maturation is found
in human visual cortex although in humans refinement
of feedback projections continues until 18-24 months



(Burkhalter, 1993). The types of changes described at
the anatomical level could support a modest decrease
in the size of receptive field centers and more substan-
tial development or reorganization of receptive field
surround mechanisms, similar to what has been
reported previously based on electrophysiology in V1
and V2 of macaques (Baldwin et al., 2012; Chino et al.,
1997; Kiorpes & Movshon, 2004a; Zheng et al., 2007).
However, even basic visual functions measured behav-
iorally are still quite immature in nonhuman primates
at 16 weeks when these structural and electrophysiologi-
cal processes are found to be completely mature. This
suggests that the important limitations lie downstream
from V1 and V2. Therefore it is of interest to evaluate
the development of visual functions that may depend
on higher-level visual areas.

A number of higher-order visual functions have been
studied in young macaques. These more complex visual
functions are generally integrative in nature, requiring
combination of information across space or space-time
to yield a coherent or global percept. Some integrative
functions are thought to reflect the processing of par-
ticular extrastriate visual areas. For example, the middle
temporal area MT/V5 in the dorsal stream is well-
known to be involved in the processing of global motion
stimuli and provides signals that support the perception
of motion (Britten et al., 1992; Newsome & Pare, 1988).
On the other hand, perception of static global form
stimuli, such as Glass patterns, and figure—ground seg-
mentation tasks are thought to depend on processing
in ventral stream areas like V4 or lateral occipital
complex (Altmann, Bulthoff, & Kourtzi, 2003; Ostwald
etal., 2008). Thus, examination of the development of
sensitivity to integrative stimuli should provide a window
into the role of extrastriate areas in the vision of young
primates.

One of the best-documented correlations between
neuronal activity and perception is that of the electro-
physiological properties of neurons in area MT and the
perception of motion. In adult macaques and human
patients, damage to area MT results in changes in per-
ception of global motion (Newsome & Pare, 1988;
Rudolph & Pasternak, 1999; Shipp et al., 1994; Vaina et
al., 2005). Also, electrical stimulation of selected popu-
lations of MT neurons biases perceived motion direc-
tion in a predictable fashion (Salzman et al., 1992).
Naturally, then, one would expect a close correlation
between the development of neural function in this
area and development of motion sensitivity. Behavioral
development of motion sensitivity has been described
in infant macaques (Hall-Haro & Kiorpes, 2008; Kiorpes
& Movshon, 2004b; Kiorpes et al., 2012; Mikami
& Fujita, 1992). With either 1-D grating stimuli or
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integrative motion stimuli based on random dot kine-
matograms (RDKs), infant macaques are able to detect
visual motion and discriminate its direction shortly after
birth. However, motion sensitivity in infants is substan-
tially reduced compared with thatin adults and improves
over a long, slow developmental time course that com-
prises the first 2-3 years after birth (see figure 99.1A).
Interestingly, the perception of 2-D pattern motion
diverges from this profile. Perception of coherent
motion of a plaid pattern develops comparatively late.
Infants under the age of 12 weeks failed to identify the
direction of plaid motion while they had no difficulty
discriminating the direction of 1-D grating motion on
a comparable task (Hall-Haro & Kiorpes, 2008). This
ability was evident in all animals by 18 weeks after birth
and, although individuals varied greatly in absolute sen-
sitivity, pattern motion sensitivity reached asymptotic
levels around the end of the first postnatal year (see
figure 99.1B). Clearly the developmental time course
for motion perception depends on the type of motion
under test, and the neural processes supporting percep-
tion of motion in RDKs and plaids are not the same.
To investigate the relative maturity of neurons in area
MT of infant macaques, our group recorded single-
neuron response properties in 1-, 4-, and 16-week-old
infants and in adults (Movshon et al., 2003). We found
infant MT neurons to be well tuned for speed and direc-
tion of 1-D motion similar to those of adults. However,
there were some immaturities. As noted in earlier corti-
cal areas (V1 and V2) (see Kiorpes & Movshon, 2004a;
Zheng et al., 2007), infant MT neurons were compara-
tively weakly responsive with longer latencies and lower
spike rates than found in those of adults. Unlike earlier
cortical areas, these properties were not fully adult in
MT at 16 weeks. One striking difference between infant
and adult MT was a dearth of pattern direction selective
(PDS) neurons, those that signal the direction of
motion of complex patterns, such as plaid patterns
(Movshon et al., 1985; Rodman & Albright, 1989). PDS
responses emerge from the elaboration of specific feed-
forward projections from cells in V1 to MT, and the late
development of these cells may reflect the delayed
refinement of that pattern of connections (Rust et al.,
2006). The proportion of PDS cells in 16-week-olds was
only one-half that of adults and was substantially smaller
at younger ages (see figure 99.1C). While it is not
straightforward to make a direct comparison between
behavioral and electrophysiological results, these neural
data suggest that infant macaques have the neural
machinery to detect and discriminate simple motion
but, based on the dearth of PDS cells, the youngest
infants may not have the ability to appreciate complex
pattern motion. These predictions are borne out by the
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FIGURE g9.1 Development of “dorsal stream” motion mech-
anisms. (A) Development of sensitivity to random dot motion.
Coherence represents the strength of the motion signal in the
random dot kinematogram (RDK) stimulus. Filled symbols
are data from individual infant monkeys plotted as a function
of age (data from Kiorpes & Movshon, 2004b). The Xs and
dashed line show the estimated sensitivity of the population
of middle temporal visual cortex (MT) neurons recorded at
each age, based on a pool size of 50 neurons. (B) Develop-
ment of sensitivity to the direction plaid pattern motion. The
filled symbols are data from individual monkeys plotted as a
function of age. The horizontal bar along the abscissa delimits
the range of ages over which infants failed to demonstrate
the perception of plaid motion. The line fit to the data is
a Michaelis—-Menton function which captures the rate of
development and the age at which sensitivity reaches 50% of
adults levels (after Hall-Haro & Kiorpes, 2008). (C) Propor-
tion of pattern direction cells in MT recorded at each age
(mean * SE).
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behavioral data (see figure 99.1A, B) showing early
onset of RDK motion discrimination but delayed devel-
opment of pattern motion discrimination. What then
explains the comparatively poor performance of infants
shown in figure 99.1A and the extended developmental
profile? As mentioned above, although MT neurons are
well tuned in the youngest infants, they are only weakly
responsive, and overall responsivity changes with age.
To capture neuronal coherence thresholds as a func-
tion of age, we performed a pooling analysis similar to
that used by Shadlen et al. (1996). An estimate of pop-
ulation-level coherence sensitivity at each age revealed
parallel improvement between neuronal sensitivity and
behavior up to 16 weeks when adultlevel neuronal sen-
sitivity was reached (Xs and dashed line in figure 99.1A).
The correlation between neural and behavioral devel-
opment at the early ages is appealing although this
leaves the remaining extended developmental period
for RDK motion sensitivity unexplained.

A variety of visual abilities that are thought to rely on
ventral stream function have been studied in young
macaques. Ventral stream function is characterized by
perceptual challenges such as organization of static ele-
ments into a coherent form, figure—ground segmenta-
tion, object recognition, and object invariance, all of
which rely on global form perception. To segment ele-
ments of a scene into objects and background, it is
necessary to distinguish contours and textures that
define their boundaries. Orientation and texture per-
ception are apparent quite early in monkeys and
humans (Atkinson & Braddick, 1992; El-Shamayleh,
Movshon, & Kiorpes, 2010; Sireteanu & Rieth, 1992).
Orientation and texture discrimination ability are
evident in macaques as early as 5—6 weeks after birth
(El-Shamayleh, Movshon, & Kiorpes, 2010). Interest-
ingly, the ability to discriminate patterns based solely on
second-order textures cues matured earlier than first-
order spatial contrast sensitivity (see figure 99.2A, B).
Thus the building blocks for global form perception
develop quite early.

A canonical measure of global form perception is the
ability to appreciate global structure in Glass patterns
(Glass, 1969). Glass patterns are composed of oriented
dipoles, the global structure of which is perceptible
only by integration of dipole patterns across space. We
studied the development of sensitivity to Glass pattern
structure and found comparatively late onset of this
ability, which was followed by an extended developmen-
tal time course that was reminiscent of that for global
motion perception (see figure 99.2C) (Kiorpes et al.,
2012). Few monkeys were able to discriminate Glass
pattern structure from incoherent control patterns
before about 15 weeks; adult levels of sensitivity were
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approached 2-3 years after birth. This profile seems to
be fairly general for global form perception. Contour
integration requires both perceptual organization and
figure—ground segmentation skills. It is typically mea-
sured by the ability to link Gabor patches or other dis-
crete elements together to extract a global shape from
a background of randomly arrayed noise elements
(Field, Hayes, & Hess, 1993). This ability also develops
quite late compared to spatial contrast sensitivity, which
is measureable near birth in macaques and approaches
adult levels near the end of the first postnatal year (see
figure 99.2A) (El-Shamayleh, Movshon, & Kiorpes,
2010; Stavros & Kiorpes, 2008). Kiorpes and Bassin
(2003) reported a failure of contour integration ability
prior to about 16 weeks in young macaques followed by
development to adult levels over at least the succeeding
year (see figure 99.2D). Late development of contour
integration ability has been reported in human chil-
dren as well, with onset after 3 years of age and improve-
ment continuing into the teenage years (Kovacs et al.,
1999). Consistent with psychophysical measures of
global form development, several studies of object con-
cepts in young macaques show development over the
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first 4 or more months after birth (Diamond, 1990; Ha,
Kimpo, & Sackett, 1997; Hall-Haro et al., 2008).

The neural processes underlying global form percep-
tion in adults are a matter of ongoing debate. Second-
order orientation-defined texture discrimination of the
kind tested by El-Shamayleh, Movshon, and Kiorpes
(2010) is correlated with activity both in and down-
stream of early visual areas V1 and V2 in human visual
cortex (Larsson, Landy, & Heeger, 2006). Consistent
with that report, El-Shamayleh and Movshon (2011)
failed to find evidence for second-order texture coding
by neurons in macaque V2. Other studies have identi-
fied neural correlates of shape and texture processing
at the level of V4 (De Weerd, Desimone, & Ungerleider,
1996; Huxlin et al., 2000; Schiller, 1995). The ability to
extract a coherent percept from integration of ele-
ments imbedded in noise, as required for contour inte-
gration, appears to involve higher occipitotemporal
areas as well as contextual interactions in early visual
cortex (Altmann, Bulthoff, & Kourtzi, 2003; Kourtzi
etal., 2003; Li, Piéch, & Gilbert, 2006, 2008). The onset
of contour integration ability in macaques coincides
with maturation of feedback projections to V1 and V2
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FIGURE gg.2

Development of “ventral stream” form mechanisms. (A) Development of peak spatial contrast sensitivity (data

from Stavros & Kiorpes, 2008). (B) Development of sensitivity to second-order orientation defined texture (data from El-
Shamayleh, Movshon, & Kiorpes, 2010). (C) Development of sensitivity to global structure in concentric Glass patterns (data
from Kiorpes et al., 2012). (D) Development of contour integration ability (data from Kiorpes & Bassin, 2003). Filled symbols
in each panel are data from individual infant monkeys plotted as a function of age. The line fit to the data in each panel is a
Michaelis-Menton function which captures the rate of development and the age at which sensitivity reaches 50% of adults’

levels (indicated by the filled triangles along the abscissa).
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and the subsequent reorganization of receptive field
surrounds as described by Baldwin et al. (2012). Extrac-
tion of global form in Glass patterns seems to rely on
activity in higher-order extrastriate areas (Ostwald etal.,
2008); activity in early visual cortex in the presence of
Glass patterns can be attributed to local orientation
signals (Smith, Bair, & Movshon, 2002; Smith, Kohn, &
Movshon, 2007). Together with a preponderance of
evidence for shape processing in inferotemporal visual
areas, it is likely that global form perception depends
on the function of areas beyond V2. Unfortunately little
is known about the development of neuronal response
properties in areas beyond V2. Rodman and colleagues
recorded from inferior temporal (IT) neurons in
macaques ranging in age from 5 weeks to adult
(Rodman, Scalaidhe, & Gross, 1993). They found dra-
matically reduced responsiveness of IT neurons com-
pared with MT neurons recorded under the same
conditions in the same animals. However, IT neurons
that were responsive in young monkeys (6—8 weeks of
age) showed typical tuning for shapes, patterns, and
faces. It is important to note that they encountered a
substantially higher proportion of responsive neurons
in awake infant recordings compared with anesthetized
preparations, a distinction that was not found for MT.
As reported by Movshon et al. (2003) for MT neurons,
infant IT neurons were less responsive overall and
responded with longer latency compared with those of
adults regardless of state. These results suggest that
ventral stream areas may be somewhat less mature in
young monkeys than dorsal stream areas, which is con-
sistent with metabolic assays of maturation (Distler
etal., 1996). However they leave the late onset of global
form perception and its long developmental time
course unexplained.

Taken together, electrophysiological data on neuro-
nal response properties and anatomical studies of corti-
cal organization show that visual brain areas linked with
higher-order perception in adults are substantially
more mature than would be expected based on behav-
ioral assessment of visual function in infants. Therefore,
stimulus information is available to the infant—encoded
with reasonable fidelity—that is not being used or is not
sufficient to support appropriate behavior. A number
of possibilities exist to explain the comparatively poor
performance of infants. One obvious candidate is a
limitation on the behavior itself or on the ability of the
animal to understand the task. These explanations are
unlikely since behavioral ability has been clearly dem-
onstrated by success on tests of basic visual function at
very young ages (e.g., Kiorpes & Bassin, 2003; Stavros
& Kiorpes, 2008) or under comparable task demands
(Hall-Haro & Kiorpes, 2008). Another possibility is the
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weak responsiveness of infant neurons: Although the
tuning properties of most infant neurons appear to be
adultlike at very young ages, they respond at quite low
rates, with long latency. The weaker responses could
translate to lower signal-to-noise ratio in infants or
greater response variability. Curiously, an analysis of the
reliability of infant VI neurons concluded that in fact
their responses are more reliable, not less so (Rust,
Schultz, & Movshon, 2002). However, there is good
evidence that the infant visual system is “noisier” than
that of the adult and that developmental changes in
contrast sensitivity parallel a decrease in signal-to-noise
ratio which may reflect improved signaling by cortical
neurons (Brown, 1994; Kiorpes & Movshon, 1998;
Norcia, 2004).

Up to this point, we have primarily considered the
maturation of single-neuron properties as a substrate
for visual development. As we have seen, those proper-
ties provide a partial account of the changes during
visual development, but not a complete one. Of course,
it is unlikely that behavioral performance depends on
the output of individual neurons; rather it must reflect
the activity of a large number of neurons active together.
Thus, it is instructive to consider how the properties of
infant neurons might impact the response of the popu-
lation. The rather weak responses of infant neurons
combined with their broader latency distribution (as
noted in MT and IT) might result in a less coherent
population output from extrastriate areas to their
downstream targets, even though individual neuron
responses reflect stimulus attributes quite well. As
responsivity increases and the latency distribution
narrows with age, the population of neurons in a given
area would generate a stronger and more coherent
readout pattern of activity for downstream areas to
decode, allowing performance on visual tasks to improve
disproportionately more than the properties of indi-
vidual neurons. Equally plausible, it might be the rules
for how neuronal responses are combined to formulate
a population response—such as pool size or identity of
neurons in the pool—that change with development.
Changes in pooling rules could result in a population
response that becomes stronger with maturation,
driving an improvement in the quality of information
available to the behavioral output.

We know that the tuning properties of infant neurons
are quite mature, so let’s suppose that the population
output from midlevel extrastriate areas in fact faithfully
represents the encoded visual stimulus. If so, then it
may be that the neural “decoder”—the downstream
process responsible for translating this encoded infor-
mation into a perceptual decision—is untuned or inef-
ficient in young infants. For instance, an accurate
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readout from an upstream visual area may be incor-
rectly interpreted or inappropriately weighted by the
decision process, with the result that behavioral perfor-
mance is poor. In this case, the developmental time
course reflected by behavioral assay might be defined
by a process of “tuning” or learning by the decoder to
correctly interpret the sensory readout rather than by
arefinement of neuronal response properties. One can
imagine a developmental process that is analogous to
perceptual learning in the adult, but on a more dra-
matic scale. Law and Gold (2008) recorded simultane-
ously from MT and lateral intraparietal area (LIP) while
adult monkeys practiced a motion direction discrimina-
tion, with an eye movement as the behavioral output.
They found substantial modification of responses in
LIP with extended practice but observed no concurrent
changes in MT. Their interpretation was that improve-
ment in the animals’ performance was related to more
efficient decoding of the upstream information. A
similar change might take place during normal devel-
opment as the animal interacted with the visual world.

In reality, the processes by which downstream areas
decode their inputs to form perceptual decisions may
not in fact differ from those used to combine inputs for
the creation of more elaborate receptive field proper-
ties. The construction of linear likelihood-based decod-
ers for the outputof MT as used in motion discrimination
tasks reveals that a feedforward pattern of connections
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involving summation of signals from nearby directions
and suppression by signals from remote directions is
optimal for coarse discrimination tasks like the ones we
study (Graf etal., 2011; Jazayeri & Movshon, 2006). This
decoding theory also provides a very accurate account
of the perceptual learning results of Law and Gold
(2008). Consider figure 99.3. On the left is the deduced
pattern of output connections from a population of V1
neurons inferred by a likelihood decoding model from
the recordings of Graf et al. (2011). This is an optimal
connection pattern for identifying orientation on the
basis of VI activity. Note the excitatory feedforward
output from neurons tuned near the direction of choice
and the suppressive output from neurons tuned to
more remote directions. On the right is shown the con-
nectional architecture deduced by Rust et al. (2006) for
the computation of pattern motion by MT neurons.
According to this account, pattern selective responses
emerge in large part from the particular pattern of
feedforward connections. The similarity of that pattern
to the architecture required for decoding is obvious.
Thus it may be that the connections that are responsi-
ble for the computation of a more elaborate response
property—for example, one that permits the analysis of
higher-order motion signals—are the same ones needed
for the computation of sensory decision variables.
Perhaps these can be achieved in the same type of corti-
cal circuits using the same algorithms. Note also that,
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F1GURE 99.3 Computing an optimal linear decoder may involve the same circuits and computations as higher-order receptive
field properties. The left panel shows results from Graf et al. (2011), showing the average connection weights (top) for the
optimal estimation of orientation from a population response of V1 neurons (schematically illustrated at the bottom); mean
positive weights for one set of data (+ 1 SEM) are shown in the solid black band and negative weights as an open band. The
right panel shows the feedforward connectional architecture inferred by Rust et al. (2006) for the V1 inputs to an example
pattern selective neuron in MT. Positive weights are again filled, negative ones open. The pattern of connections for decoding
orientation (left) is essentially identical to that for encoding pattern motion (right) (x axes in degrees).
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as shown above, the computation of pattern motion by
MT neurons develops relatively late (see figure 99.1);
similarly the delayed onset of performance at integra-
tive visual tasks suggests that the precision of V1 decod-
ing might also develop late.

A parsimonious account of a large amount of data is
that visual development depends on two separate pro-
cesses: The age of onset of a particular visual function
may reflect the maturation of a limiting underlying
neural substrate while the subsequent development to
adult levels may reflect the learning or tuning of a per-
ceptual template by the decoder. These two processes
are intertwined and can be achieved by the same archi-
tecture. The delayed development of higher-order stim-
ulus selectivity in downstream cortical areas could be
the result of the late establishment of this pattern of
functional connections, and as a consequence perfor-
mance—which depends on optimal decoding—might
be similarly delayed even though the signals carried by
input neurons are quite adultlike. Substantiation of
these ideas will require a combination of population-
level assessment of neural activity at multiple stages of
the visual system hierarchy and direct evaluation of
decoding principles in play during development.
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