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Abstract: During early infancy, visual capabilities are quite limited. Nevertheless, patterned visual input
during this period is necessary for the later development of normal vision for some, but not all, aspects of
visual perception. The evidence comes from studies of children who missed early visual input because it was
blocked by dense, central cataracts in both eyes. In this article, we review the effects of bilateral congenital
cataracts on two aspects of low-level vision — acuity and contrast sensitivity, and on three aspects of higher-
level processing of faces. We end by discussing the implications for understanding the developmental
mechanisms underlying normal perceptual and cognitive development.
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sensitivity

Newborns can see, but there are serious limitations
on their visual perception: their visual acuity is
30-40 times worse than that of adults (Atkinson
et al., 1977; Banks and Salapatek, 1978; Brown and
Yamamoto, 1986; van Hof-van Duin and Mohn,
1986; Courage and Adams, 1990; reviewed in
Maurer and Lewis, 2001a, b) and their processing
of faces is very limited (e.g., de Haan et al., 2001;
Cashon and Cohen, 2003, 2004; Bertin and Bhatt,
2004; Bhatt et al.,, 2005). There is rapid progress
during infancy, such that by 6-8 months of age,
visual acuity is only 6 times worse than that of
adults (Mayer et al., 1995; reviewed in Maurer
and Lewis, 2001a, b) and most types of face process-
ing have emerged. By 4-6 years of age, acuity
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is adult-like (Mayer and Dobson, 1982; Ellemberg
t al., 1999a), but some types of face processing con-
tinue to improve into adolescence (Carey et al,
1980; Bruce et al., 2000; Mondloch et al., 2002,
2003b). In this chapter, we will evaluate the role of
visual input in driving the postnatal changes in acu-
ity and in face processing by contrasting the per-
ceptual development of children with normal eyes to
that of children who were deprived of patterned
visual input at birth because they were born with
dense, central cataracts in both eyes.

Children treated for congenital cataract

In the patients we selected for our studies, the
cataracts were central and so dense that they
blocked all patterned visual input to the retina.
Inclusion criteria included that the infant did not
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fixate a light or follow it when it moved, that the
cataract blocked completely an ophthalmologist’s
view of the retina, and/or that the ophthalmologist
described the cataract as dense and central. In all
cases, the cataracts were present from the time of
the first eye examination, which always occurred
before 6 months of age. Because it is unlikely that
complete cataracts develop rapidly during infancy,
we have assumed that the deprivation was always
present from birth. Treatment involved surgical
removal of the cataractous lens and fitting the eyes
with compensatory contact lenses. We have mon-
itored the patients’ visual development from the
time when the visual deprivation ended, that is,
from the time the contact lenses allowed the first
focused patterned input to the retina.

Children treated for bilateral congenital cataract
afford an opportunity to evaluate the role of visual
input in driving the postnatal perceptual changes
seen in normal development. However, there are
limitations to this natural experiment that must be
kept in mind when interpreting any deficits. First,
before treatment, the retina may not be completely
deprived of visual input because changes from
bright light to complete darkness may be trans-
mitted through the cataractous lens sufficiently
well to cause small changes in the illumination of
the retina. Second, after treatment, the contact
lenses provide a fixed focus, such that objects at
some specific distance are in perfect focus, but ob-
jects closer to the child, or farther away, are in-
creasingly out of focus. Typically, the contact
lenses are fit to give the child perfect focus at arms’
length until the child begins to walk, at which
point the contact lens for one eye is changed to
focus perfectly farther from the child. In addition,
children treated for bilateral congenital cataract
often develop secondary eye problems such as
nystagmus (small, jiggly eye movements) or stra-
bismus (misaligned eyes). As a result of the fixed
focus and such secondary eye problems, children
treated for bilateral congenital cataract do not re-
ceive completely normal visual input at any point
in their lives. Thus, any deficits may arise from the
initial complete deprivation of patterned visual in-
put and/or from the continuing milder alterations
of visual input. In fact, however, control experi-
ments suggest that the deficits we have found arise

from the original deprivation caused by the cata-
racts and not from later perturbations.

A final limitation is that the conclusions are lim-
ited to the variability in the duration of deprivation
found in our natural sample. No child in the studies
we will report here had visual deprivation lasting
less than the first month of life and, in most of our
studies, none had deprivation lasting more than the
first year of life. Thus, we do not know if the out-
come would be better with shorter deprivation, nor
if it would be as good after longer deprivation.

Visual acuity

Visual acuity in adults and children old enough to
read typically. is measured by having them read
letters on an eye chart containing letters of de-
creasing size. The smallest letters that can be read
accurately provide a measure of visual acuity.
Visual acuity in infants typically is measured by
determining the narrowest stripe width that the
infant can see. One method — Teller Acuity cards
— takes advantage of infants’ natural preference
to look at something patterned, like stripes, in
preference to a plain gray. Infants are shown cards
with a patch of stripes to one side (to the left or
right of center) on a gray background of matched
luminance. A peephole in the middle of the card
allows a tester, unaware of the size and side of the
stripes, to watch the infant’s reaction to each card
to determine if the child prefers looking to the
right or left. The tester then inverts the card 180°
to see if the infant’s looking preference switches to
the other side (e.g., from the left side of center to
the right side), and decides, based on the infant’s
reaction, where the stripes are located on the card
and, thus, whether the baby can see them. Over
trials, the size of stripe is decreased until the tester
observes that the baby is responding randomly.
The estimate of the baby’s grating acuity is the
smallest stripe size for which the baby shows a
preference. Based on this method, Mayer and col-
leagues (Mayer et al., 1995) provided normative
data for babies from birth to 4 years of age (see
Fig. 1). Adults with normal eyes have a grating
acuity slightly better than 1 min of arc (one-sixtieth
of a degree of visual angle). As shown in Fig. 1,
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Fig. 1. Grating acuity from birth to 4 years of age. Shown are
the normative values from the Teller Acuity Card procedure
described in the text (Mayer et al., 1995). Each dot represents
the smallest stripe size, in minutes of arc, for which infants at a
particular age showed a reliable looking preference. Adapted
with permission from Maurer and Lewis (2001b).

newborns’ acuity is more than 40 times worse
that that of adults. Acuity improves rapidly over
the first 6 months, followed by more gradual im-
provements over the next 4 years. Not until 4-6
years of age does grating acuity reach adult levels
(Mayer and Dobson, 1982; Ellemberg et al.,
1999a).

We have studied the acuity of children longitudi-
nally after treatment for bilateral congenital cata-
racts (Lewis et al, 1995; Ellemberg et al., 1999b;
Maurer et al., 1999; reviewed in Maurer and Lewis,
2001a, b). In one study, we measured the acuity of
12 patients on the day when they could first see —
the day when they received their first contact lenses,
which provided the first focused patterned visual
input to the retina after removal of the cataracts
(Maurer et al, 1999). The 1-week delay between
surgery and the fitting of the first contact lenses was
sufficient for the eyes to heal from the surgeries. On
the first measurement, which occurred within 10 min
of the end of visual deprivation, acuity in each eye
was like that of newborns, regardless of the patient’s
age, which ranged from 1 to 9 months. As a result,
those treated later had a larger deficit in acuity
compared to children with normal eyes (see Fig. 2).
These results indicate that patterned visual input
drives the rapid improvement in acuity evident

Acuity (mins)
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Fig. 2. Grating acuity of the right eye on the immediate test of
children treated for bilateral congenital cataract. Each dot rep-
resents the acuity of a treated eye plotted at the age when con-
tact lenses first allowed patterned visual input after surgery. The
solid line and stippled area represent the mean acuity and lower
95% prediction limit (95% confidence that acuity will be at
least as good as this value) for the normative group tested on
Teller Acuity cards. The dotted line represents the geometric
mean of the patients’ acuity values. The data from the left eye
are similar. Adapted with permission from Maurer et al. (1999).

during the first 6 months of normal development
(see Fig. 1). However, the visual system of the cat-
aract patients was not dormant during the period of
visual deprivation. This was evident when we re-
tested their visual acuity after just 1h of visual in-
put: there was an improvement in almost every case
(see Fig. 3), such that the mean acuity increased over
the hour of visual experience to that of a typical
6-week-old with normal eyes. No such change
occurred in an age-matched control group. Patients
continued to improve faster than normal over the
next week and month (see Fig. 4).

A control experiment with six additional infants
treated for bilateral congenital cataract confirmed
that the rapid improvement after treatment was
driven by visual input and not by non-visual fac-
tors such as adjusting to the contact lens. For the
control experiment, the immediate test occurred,
as before, within 10 min of the infant receiving the
contact lenses. Then, one eye was patched while
the other eye received 1h of visual input, after
which both eyes received the usual retest of acuity.
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Fig. 3. Change in grating acuity after the first hour of visual input for children treated for bilateral congenital cataract. Each connected
set of points represents the acuity deficit in octaves for one eye on the immediate test and the test after 1 h of visual input, plotted at the
age when contact lenses first allowed patterned visual input after surgery. The dotted line at zero represents no deficit, and negative
values represent deficits, with larger numbers representing larger deficits. Data for the right eyes are shown in Panel A and data for the
left eyes in Panel B. Adapted with permission from Maurer et al. (1999).

Acuity improved in the eye that received visual
input but not in the fellow patched eye that did not
(see Fig. 5), a result indicating that visual input
caused the rapid improvement in acuity. The
amount of improvement in the experienced eye
was similar to that observed in the main experi-
ment. Combined, the results indicate that pat-
terned visual input during infancy not only drives
the initial rapid improvement seen in infants with
normal eyes, but that it also allows accelerated
recovery after visual deprivation.

Despite the accelerated recovery immediately af-
ter treatment, children treated for bilateral congen-
ital cataract do not develop normal visual acuity.
The developmental progression is well illustrated by
our longitudinal studies of contrast sensitivity
(Maurer et al., 2006). The contrast sensitivity func-
tion represents the amount of contrast needed to see
stripes of various size, or spatial frequency — the
greater the sensitivity, the less contrast needed to
see the stripes. As shown in Fig. 6, adults are most
sensitive to. mid spatial frequencies (i.e., 3—5 cycles
per degree of visual angle): for those frequencies
they can still see the stripes when the contrast is
low. There is a decrease in sensitivity for higher
spatial frequencies up to the acuity cutoff, above
which adults cannot see stripes even of maximum

contrast (black and white). There is a smaller drop-
off for low spatial frequencies (wide stripes). As
shown in Fig. 6, contrast sensitivity is quite good by
4 years of age and reaches adult levels by age 7
(Ellemberg et al., 1999a).

The pattern was quite different in children treated
during infancy for bilateral congenital cataract
whose contrast sensitivity we measured longitudi-
nally beginning between 5 and 8 years of age. As
shown in Figs. 7 and 8, 1-2 years after the initial
test, contrast sensitivity for low spatial frequencies
(wide stripes) had improved more than in the con-
trol group so that an initial deficit had vanished or
decreased dramatically. Some of the improvement
occurred after 7 years of age, that is, after the age at
which development is usually complete. Contrast
sensitivity for mid spatial frequencies did not change

. between tests, while that of the control group in-
creased, leading the patients to have an increased
deficit. Contrast sensitivity for high spatial frequen-
cies (10-20 cycles per degree) was not measurable
because the patients could not see such thin stripes
at any age. Thus, visual input during middle child-
hood allows partial recovery from the effects
of early visual deprivation, but only at the low spa-
tial frequencies where vision began to recover rap-
idly immediately after treatment. The asymptotic
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Fig. 4. Mean improvement in acuity in octaves (1 s.e.) for children treated for bilateral congenital cataract from the immediate test
to the test after the first hour of visual input, 1 week later, and 1 month later (left side) and for children in the age-matched control
group (right side). Data for the right eye are shown in Panel A and data for the left eye in Panel B. Adapted with permission from

Maurer et al. (1999).

sensitivity leaves the patient treated for bilateral
congenital cataract with the contrast sensitivity of a
typical toddler with normal eyes (Gwiazda et al.,
1997). Complete recovery at higher spatial frequen-
cies may be possible if the deprivation is especially
short: a few patients treated at 6-8 days of age have
achieved normal letter acuity (Kugelberg, 1992), as
did 1 of 13 cases treated before 7 weeks of age in
another cohort (Magnusson et al., 2002).

In sum, visual deprivation prevents the normal
development of spatial vision. Although sensitivity
to low spatial frequencies (wide stripes) can recover
to normal levels, beginning with rapid improvement
immediately after treatment, sensitivity to mid and
high spatial frequencies does not. For those high
spatial frequencies, there is a sleeper effect: visual
deprivation during the first few months of life pre-
vents the development of normal sensitivity to high
spatial frequencies (10~20 cycles per degree) that

infants with normal eyes typically do not begin to
perceive until 2 years of age (Mayer et al., 1995).
Studies of binocularly deprived monkeys suggest
that the deficits are likely to arise at the level of the
primary visual cortex, V1, where cells are sluggish,
have abnormally large receptive fields, and reduced
acuity, unlike cells in the retina and lateral geniculate
nucleus, which respond normally (Crawford et al.,
1975; Hendrickson and Boothe, 1976; Blakemore
and Vital-Durand, 1983, 1986; Crawford et al.,
1991).

Face processing

The poor contrast sensitivity of infants with normal
eyes limits the information that they can perceive in
faces: they can readily see the oval contour, the
hair, and the basic layout of features but not the
details of the internal features. Nevertheless, our
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studies of children treated for bilateral congenital
cataract indicate that visual deprivation during this
period when input is normally so limited prevents
the later development of some, but not all, aspects
of face processing (reviewed in Mondloch et al.,
2003a). Here we report the ultimate deficit or ability
in such patients: what they were able to achieve
after removal of the cataract and contact lens fit-
ting, followed by many years of (nearly) normal
visual input (range 9 years to more than 20 years).
In each case, the results from patients (n = 11-17
depending on task) were compared to those from
controls matched on age, sex, handedness, and
race/ethnic group. o

Face detection

Adults can readily detect that a stimulus is a face
based on its first-order relations (the ordinal rela-
tions that position two eyes above a nose, which is
in turn above a mouth) (Diamond and Carey,
1986). They do so rapidly even when some of the

individual features are missing (e.g., a line drawing
with eyes and nose but no mouth) and even when
the normal facial features are-replaced by an
arrangement of fruit or vegetables forming the
correct first-order relations for a face (Moscovitch
et al., 1997). Similarly, they can detect a face in an
upright two-tone Mooney face (see Fig. 9) in
which the perception of individual features has
been degraded by transforming all luminance val-
ues to black or white (Kanwisher et al., 1998).
Patients treated for bilateral congenital cataract
develop normal face detection (Mondloch et al.,
2003a). To test face detection, we gave them a task
consisting of brief presentations (100 ms) of either
a Mooney face or a scrambled Mooney face (see
Fig. 9 for examples) and asked them to indicate
whether the stimulus was a face or nonface.
We chose Mooney faces because they cannot be
classified as faces based on individual features. As
shown in Fig. 10, patients’ accuracy and reactions
times were normal. Thus, early visual deprivation
does not prevent the later development of normal
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Fig. 6. Development of normal contrast sensitivity. Shown is the mean contrast sensitivity (+1s.e.) of adults and four age groups of
children for various spatial frequencies. When not shown, standard error bars are smaller than the symbols. Adapted with permission

from Ellemberg et al. (1999a).

- sensitivity to the first-order relations that underlie
- face detection. Preliminary data from longitudinal
. studies using a simpler task during infancy suggest
that the ultimately normal performance may rep-
. resent recovery from an earlier deficit (Mondloch
et al., 1998). We are currently using ERP and
fMRI to determine whether patients treated for
bilateral congenital cataract use the normal neural
- networks for face detection or whether the plas-
i ticity extends to the recruitment of a different
system that can, nevertheless, achieve normal ac-
curacy and reaction time.

| Recognition of facial identity

Adults can recogmze thousands of individual faces
* rapidly and accurately and do so despite changes in

the appearance of individual features caused by
alterations in other cues that they must monitor
such as head and eye orientation, emotional expres-
sion, or sound being spoken (Bahrick et al., 1975;
see Bruce and Young, 1998, for a review). The re-
liable cues to individual identity (those that do not
change with a trip to the hairdresser) are the shape
of the head contour, the shape of individual internal
features (e.g., eyes, nose, mouth, eyebrows), and the
metric distances among the features, a configural
cue called second-order relations. Although adults
use all of these cues to decode facial identity, there is
considerable evidence that their expertise in face
recognition comes primarily from exquisite sensitiv-
ity to second-order relations (reviewed in Maurer
et al., 2002). For example, adults are better at rec-
ognizing individual upright faces than at recognizing
individual objects, but the superiority diminishes if
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the stimuli are inverted (Yin, 1969), just as their
sensitivity to second-order relations in faces plum-
mets with inversion, much more than their sensiti-
vity to facial features (Leder and Bruce, 1998; Freire
et al., 2000; Mondloch et al., 2002; Malcolm et al.,
2005; Leder and Carbon, 2006; Rhodes et al. 2006;
but see Riesenhuber et al.,, 2004; Sekuler et al.,

2004; Yovel and Kanwisher, 2004, 2005; see also
Collishaw and Hole, 2000).

Our first study of face processing in children
treated for bilateral congenital cataract indicated
that they have deficits in recognizing the identity
of a face they saw about one-half second earlier
if the orientation of the head changed (e.g., from
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Fig. 7. Continued.

looking up to turned 45° toward the side) (Geldart
et al., 2002). Good performance on this task de-
pends on sensitivity to second-order relations be-
cause as the head is rotated, the shape of features
and the external contour appear to change or are
occluded, but the basic layout of the face deter-
mined by bone structure — the second-order rela-
tions — remains constant. As would be expected,
the accuracy of adults with normal eyes on this task
drops dramatically if the stimuli are inverted
(Mondloch et al., 2003b). Therefore, we suspected
that early visual deprivation might interfere with
the development of sensitivity to second-order
relations. Because the patients were normal on
our measures of lip-reading, matching emotional
expression, and matching direction of eye gaze
(Geldart et al., 2002) — all of which could be solved
by attending to specific features and none
of which were impaired by inversion (Mondloch
et al., 2003b) — we suspected that the patients
might have normal featural processing.

To test these predictions directly, we created a
task (which has come to be called the “Jane” test
of facial identity) in which subjects make same/
different judgments about pairs of faces presented
sequentially that differ only in the shape of the
external contour, only in the shape of the eyes and
mouth, or only in the spacing between the eyes and
between the eyes and mouth (Mondloch et al.,
2002). Figure 11 illustrates the faces used. Changes
of each type are presented in separate blocks in
order to encourage reliance on contour processing,
featural processing, and processing of second-
order relations, respectively. Control experiments
with normal adults confirmed that, as expected if it
is a valid measure of sensitivity to second-order
relations, inversion decreased accuracy for the
spacing set much more than it did for the other
two sets (Mondloch et al., 2002). Studies of chil-
dren with normal eyes indicate that accuracy for
the feature and contour sets is (nearly) adult-like
by 6 years of age but that accuracy for the spacing
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Fig. 9. An example of a Mooney face (A) and a scrambled Mooney face (B) of the type used to test face detection in children treated
for bilateral congenital cataract. All luminance values are set to white and black, a manipulation that eliminates veridical facial
features. Nevertheless, adults can detect the first-order relations that define a face when the stimuli are upright.
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Fig. 10. Mean accuracy (+1s.e.) (left panel) and mean reaction time (right panel) for determining whether a Mooney image was a face
or non-face in patients treated for bilateral congenital cataract and in the age-matched control group.

set improves even after 14 years of age (Mondloch
et al., 2002, 2003a). This is despite the fact that
accuracy for the contour and spacing sets is iden-
tical in adults with normal eyes, that adults’ accu-
racy for the featural set is in the typical range that
we have found with a much larger set of faces
(Mondloch et al., unpublished data), and that the
spacing differences cover most of the variance in
the normal population of adult Caucasian female
faces (Farkas, 1981).

Sensitivity to second-order relations not only de-
velops more slowly than sensitivity to other cues to
facial identity, it also emerges later in development.
A simpler version of the Jane task indicated that
4-year-olds are able to recognize the faces of chil-
dren they learned from a storybook and a picture of
their own face when tested with foils with contour
or feature differences. In contrast, they perform at
chance when tested with foils with spacing differ-
ences, even though the spacing differences captured
most of the variability among children’s faces
(Mondloch et al.,. 2006b; but see McKone and
Boyer, 2006, for evidence of earlier sensitivity to
spacing differences as a cue to typicality). Note,
however, that when the spacing differences exceed
natural limits, sensitivity to spacing differences in
faces is apparent in infants as young as 5 months
(but not 3 months) of age (Bertin and Bhatt, 2004;
Bhatt et al., 2005).

As indicated in Fig. 12, patients treated for bi-
lateral congenital cataract performed normally on

the contour and featural sets but had significant
impairments on the spacing set, even when the in-
itial deprivation had ended by 2 months of age (Le
Grand et al., 2001, 2003; Mondloch et al., 2003a).
Subsequent studies with children treated for unilat-
eral cataract suggested that it is specifically input to
the right hemisphere during early infancy that is
necessary to set up the system so that it can later
gain expertise in recognizing faces based on second-
order relations (Le Grand et al., 2003). Thus, visual
input during early infancy, at a time when the in-
fant demonstrates no sensitivity to second-order
relations, is necessary to set up the neural substrate
— presumably in the right hemisphere — that will
allow the later development of normal sensitivity to
second-order relations.

Holistic face processing

One reason for the patients’ deficit in processing
second-order relations might be that they never
learned to process faces holistically. Unlike objects,
adults process faces as a holistic Gestalt, gluing the
features together into a whole that is difficult to
parse into individual features. One measure of ho-
listic processing is the composite face effect (e.g.,
Young et al.,, 1987; Hole, 1994). When adults are
asked to judge the identity of faces from just the top
half, they have difficulty doing so if the top half is
aligned with the bottom half of another person’s




Fig. 11. Faces from the Janc task. Jane is shown as the left-most image in each row. Faces in the top row (the Feature Set) differ from
Jane only in the shape of the eyes and mouth. Faces in the middle row (the Contour Set) differ from Jane only in the shape of the
external contour. Faces in the bottom row (the Spacing Set) differ from Jane only in the spacing between the eycs and between the eyes

and mouth. Adapted with permission from Le Grand et al. (2003).

face, presumably because holistic processing glues
the features in the top and bottom halves together
so tightly that it makes it difficult to attend to just
one half. Misaligning the two halves to break ho-
listic processing, or inverting the stimuli, makes the
task much easier (see Fig. 13). Children as young as
4-6 years of age show an adult-like composite face
effect: just like adults, they are 20-25% less accu-
rate in seeing that the top halves of two unfamiliar

faces are the same when they are aligned with the
confusing bottom halves of other faces than when
the two halves are misaligned (de Heering et al.,
2007; Mondloch et al., in press). Such early devel-
opment of holistic face processing may facilitate the
development of sensitivity to second-order relations
by forcing the child to pay attention to the pro-
portions of the face and to relate them to the pro-
portions of an average face at the center of an
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face, presumably because holistic processing glues
the features in the top and bottom halves together
so tightly that it makes it difficult to attend to just
one half. Misaligning the two halves to break ho-
listic processing, or inverting the stimuli, makes the
task much easier (see Fig. 13). Children as young as
4-6 years of age show an adult-like composite face
effect: just like adults, they are 20-25% less accu-
rate in seeing that the top halves of two unfamiliar

faces are the same when they are aligned with the
confusing bottom halves of other faces than when
the two halves are misaligned (de Heering et al.,
2007; Mondloch et al., in press). Such early devel-
opment of holistic face processing may facilitate the
development of sensitivity to second-order relations
by forcing the child to pay attention to the pro-
portions of the face and to relate them to the pro-
portions of an average face at the center of an
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n-dimensional face space (Rhodes et al., 1987, 2003;
Valentine, 1991; Rhodes and Jeffery, 2006).

Patients treated for bilateral congenital cataract
do not show normal holistic processing of faces,
even when the deprivation ended by 3 months of age
(Le Grand et al., 2004). Importantly, they demon-
strated this deficit by superior performance on the
composite face task. Unlike the control group, their
accuracy in judging that the top halves of the two
sequential faces were the same was as high when
the two tops were aligned with different bottom
halves as when they were misaligned. In fact, their
accuracy in the critical condition (same/aligned)
where holistic processing impairs normal perform-
ance was significantly Aigher than that of the control
group. .

Cashon and Cohen (2003, 2004) have tested for
the first signs of holistic processing during infancy
by testing whether babies treat a switched face with
the internal features of one familiar face and the
external features of another familiar face like a
novel face (as it would be if the internal and external
features are integrated holistically) or as a familiar
face (as it would be if the features are processed
separately). The results indicate that 4-month-olds,
but not 3-month-olds, process the internal and ex-
ternal features holistically. Combined, the results
indicate that visual input during the first 3 months
of life — before the first manifestations of holistic

processing — is necessary to set up the system for its
later development.

Summary and developmental implications

In summary, early visual deprivation from con-
genital cataract prevents the later development of
normal visual acuity, contrast sensitivity for mid
and high spatial frequencies, and two aspects of
configural face processing: holistic face processing
and decoding of identity based on second-order
relations. It does not prevent the development (or
more, likely, allows recovery) of normal contrast
sensitivity for low spatial frequencies, normal face
detection, and normal featural processing. The
deficits described here are all examples of sleeper
effects: visual deprivation during a period in nor-
mal infancy before the first manifestations of func-
tional ability prevents their later development
(Maurer et al., 2007).

Because the cataracts blocked all patterned vis-
ual input to the retina, we do not know if specific
types of input are necessary for each visual capa-
bility; for example, whether it is specifically input
from faces that is necessary for the normal devel-
opment of face processing. However, the fact that
holistic processing and sensitivity to second-order
relations later become refined for the types of faces
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Fig. 13. Examples of faces used on same trials in the composite face task. Subjects are asked to indicate whether the top halves of the
two faces are the same when the bottom half is different and misaligned (top panel) or aligned (bottom panel). Holistic processing
makes the top halves of the aligned faces look different. Adapted with permission from Le Grand et al. (2004).

the individual typically observes (own race; own
species) indicates that it is likely that face input per
se plays some role (Michel et al., 2006; Mondloch
et al., 2006a; Rhodes et al., 2006).

One possible explanation of such sleeper effects is
that visual input during early infancy is necessary to
set up or preserve the optimal neural architecture
for the visual capability. In the absence of visual
input, the requisite cells and/or connections may fail
to develop or be lost through competitive interac-
tions from inputs from other sensory modalities, as
suggested by the specialization of the visual cortex,
including the primary visual cortex, for touch, hear-
ing, and perhaps even language in the congenitally
blind (Kujala et al., 1995; Cohen et al., 1999; Roder
et al., 2000; Bavelier and Neville, 2002; Burton

et al., 2002a, b; Sadato et al., 2002; Amedi et al.,
2003; Burton et al., 2003; Gizewski et al., 2003; re-
viewed in Maurer et al., 2005). By this account, the
visual capability cannot develop normally at a later
point in development because the optimal neural
architecture to support it is not available.
Alternatively, the optimal architecture may be
preserved and the needed connections formed, but

‘those connections may be silenced or visual neu-

ronal responses may be actively inhibited because
of stronger input from other modalities during the
initial deprivation and perhaps even subsequently.
This possibility is suggested by evidence that the
visual cortex can become responsive to tactile and
auditory inputs even when blindness begins as late
as adolescence (Cohen et al., 1999; Sadato et al.,
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set up or preserve the optimal neural architecture
for the visual capability. In the absence of visual
input, the requisite cells and/or connections may fail
to develop or be lost through competitive interac-
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including the primary visual cortex, for touch, hear-
ing, and perhaps even language in the congenitally
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viewed in Maurer et al., 2005). By this account, the
visual capability cannot develop normally at a later
point in development because the optimal neural
architecture to support it is not available.
Alternatively, the optimal architecture may be
preserved and the needed connections formed, but

‘those connections may be silenced or visual neu-

ronal responses may be actively inhibited because
of stronger input from other modalities during the
initial deprivation and perhaps even subsequently.
This possibility is suggested by evidence that the
visual cortex can become responsive to tactile and
auditory inputs even when blindness begins as late
as adolescence (Cohen et al., 1999; Sadato et al.,




2002) and, to a lesser extent, even in adulthood
(Burton ét al., 2002a, 2004). Further support comes
from evidence that a blind adult, who had been
born without natural lenses, slowly became able to
perceive unified objects when he was first given
compensatory glasses at age 29 (Mandavilli, 2006;
but see Fine et al., 2003). Such evidence suggests
that there are multimodal connections to the visual
cortex that can develop or be preserved even in the
absence of sensory input and that can be revealed in
adulthood.

A third — and not mutually exclusive — possi-
bility is that early visual deprivation leads to the
recruitment of alternative pathways to support
vision that bypass the primary visual cortex and
that send input to higher visual centers via the su-
perior colliculus, pretectum, and pulvinar. That
possibility is suggested by evidence from cats that
were deprived of early visual input by hoods cov-
ering their heads who later are able to learn to make
visual discriminations, although it takes much more
than the normal number of trials (Zablocka et al.,
1976, 1980; Zernicki, 1979; Zablocka and Zernicki,
1996). Subsequent selective lesions indicate that the
deprived cats use an alternative pathway to perform
the task: lesions to the primary visual cortex im-
paired the performance of the normal cats in the
control group but not the deprived group, whereas
lesions of the pretectum or superior colliculus im-
paired performance of the deprived group but not
the normal group. If -children treated for bilateral
congenital cataract use such an alternative pathway,
then the pattern of recovery and deficit may simply
reflect the limits on the functions that the alternative
pathway can support.

Future research using neuroimaging techniques
may help to distinguish among these hypotheses. It
is also possible that training with feedback in the
areas of deficit might lead to improved or even
normal visual capabilities, as it has for contrast
sensitivity deficits in adults with anisometropic
amblyopia, a reduction in vision caused by une-
qual refractive errors in the two eyes during early
childhood (Zhou et al., 2006). Additional evidence
for the likely benefit of training comes from studies
indicating that the vision of adults with normal
eyes improves after playing action video games
(Green and Bavelier, 2003, 2006, 2007) and from
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studies that have effectively trained adults to re-
duce the other-race disadvantage in face recogni-
tion (Elliott et al., 1973; Goldstein and Chance,
1985). Training studies with adults and children
with a history of early visual deprivation from bi-
lateral cataracts may help to elucidate whether the
deficits reflect permanent changes in the neural
architecture or whether there is sufficient residual
plasticity to allow additional recovery. Whatever
the outcome, our results indicate that early visual
input shapes the nervous system of the infant with
normal eyes in ways that permit the child to later
develop the acute sensitivity to the details of pat-
tern that is needed for reading and sensitivity to
the configural properties of faces that is vital to
social interactions.
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