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Expert face processing requires visual input to the
right hemisphere during infancy

Richard Le Grand!, Catherine ] Mondloch!, Daphne Maurer!> & Henry P Brent?

Adult expertise in face processing is mediated largely by neural networks in the right hemisphere. Here we evaluate the
contribution of early visual input in establishing this neural substrate. We compared visually normal individuals to patients for
whom visual input had been restricted mainly to one hemisphere during infancy. We show that early deprivation of visual input
to the right hemisphere severely impairs the development of expert face processing, whereas deprivation restricted mainly to the
left hemisphere does not. Our results indicate that the neural circuitry responsible for adults’ face expertise is not pre-specified,
but requires early visual experience. However, the two hemispheres are not equipotent: only the right hemisphere is capable of

using the early input to develop expertise at face processing.

Adults can recognize thousands of faces at a glance and are thus con-
sidered ‘experts’ at processing faces'. This ability requires encoding
information about subtle differences among individual faces such as
the shape of facial features (featural processing), the shape of the face
(contour processing) and differences in the spacing among facial fea-
tures, such as the distance between the eyes (a type of configural pro-
cessing commonly referred to as second-order relational processing)?.
Although adults use all three types of information to recognize faces,
expertise in processing second-order relations is especially important?
and continues to improve past 14 years of age®.

The right hemisphere is critically involved in processing second-
order relations. In adults, areas of the occipito-temporal cortex
(including the ‘fusiform face area’) are more active when viewing
faces versus a variety of non-face objects with which adults do not
have the same expertise>®. This face-sensitive activation is typically
larger in the right than in the left hemisphere®®, especially when
the task encourages attending to the entire face rather than individ-
ual features”8. Lesions involving these areas in both hemispheres,
or just the right hemisphere, can lead to impairment in face recog-
nition (prosopagnosia)’, which becomes more severe when faces
must be recognized on the basis of second-order relational cues!.
By 9 months of age, babies show evidence of similar hemispheric
specialization. For example, only when face or non-face stimuli are
presented to the right hemisphere do they show sensitivity to spac-
ing information!b12, Perhaps as a result, infants learn to discrimi-
nate faces more rapidly if the stimuli are presented to the right
hemisphere than to the left!?.

Together, these results support the existence of a neural substrate
within the right hemisphere that is involved in processing spacing
among features from infancy, and that underlies adults’ expertise in
face processing. Some have argued for the existence of an innate face
module that is pre-specified in the genome!*. In a previous study,

however, we showed that early visual experience is necessary for the
development of expert face processing. Deprivation of early visual
input to both hemispheres, by dense bilateral congenital cataract,
severely impairs the later development of sensitivity to second-
order relations in faces'>.

In the present study, we evaluated the degree of plasticity in the lat-
eralization of networks underlying expert face processing by measur-
ing the effects of early visual deprivation to the right versus left
hemisphere. To do so, we took advantage of the fact that during
infancy, visual input to each eye is predominantly transmitted to the
contralateral hemisphere. During the first six months of life, the
monocular visual field expands from the center outward, and sensi-
tivity to stimuli in the temporal visual field develops much faster than
sensitivity to stimuli in the nasal visual field!®. Images from the tem-
poral visual field are cast on the nasal hemi-retina, and its fibers proj-
ect to the contralateral cerebral hemisphere. Unlike the adult nervous
system, there appears to be no functional integration of visual infor-
mation across the corpus callosum during early infancy. Cortically
mediated transfer of visual information between the hemispheres is
not evident before 24 months of age'®!7~1°. Therefore, during early
infancy, input to the right hemisphere comes primarily from the left
eye and input to the left hemisphere comes primarily from the right
eye. A similar contralateral bias has been documented in anatomical
and electrophysiological studies of infant kittens and ferrets?>?!. As a
consequence of this bias, a unilateral congenital cataract that blocks
all patterned input to the left eye causes deprivation of input mainly
to the right hemisphere, whereas a unilateral congenital cataract in an
infant’s right eye causes deprivation of input mainly to the left hemi-
sphere. After treatment by surgical removal of the cataract and fitting
with a compensatory contact lens, input to both hemispheres is
restored. Here we tested the developmental consequences of an initial
period of deprivation affecting mainly the right or left hemisphere.
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We tested 20 patients treated for unilateral congenital cataract that
blocked all patterned input to either the left eye (LE, n = 10) or the
right eye (RE, n = 10; see Table 1 for patient details). Testing occurred
later in life and after many (at least 8) years of visual experience to
allow for recovery from the initial monocular deprivation. Testing
was binocular; thus patients were able to use their unaffected eye
when performing the task. This design allowed us to evaluate whether
initial deprivation affecting the right hemisphere prevents the later
development of expert face processing, despite years of visual input
being available to both hemispheres beginning later in infancy, via
both the expanded visual field of the unaffected eye and the recovery
of the treated eye.

Patients made same/different judgments about pairs of faces that
were presented sequentially and that differed only in the shape of the
eyes and mouth (featural set), only in the shape of the external contour
(contour set) or only in the spacing among the internal features (spac-
ing set; Fig. 1). The three stimulus sets were presented in separate
blocks, with all sets first presented in an upright orientation, followed
by an inverted orientation (see Methods section). In previous research,
we showed that the three sets tap different aspects of face processing,
which develop at different rates»22, Moreover, inverting the stimuli
greatly disrupts visually normal adults’ ability to discriminate faces in
the spacing set, but not in the featural or contour sets'>?2. These
results are consistent with previous findings that inversion disrupts
second-order relational processing but has little or no effect on other
types of face processing?®. Because face processing skills continue to
improve through adolescence?, the mean accuracy and reaction time
for each patient for each condition were compared to the mean of a
group of 36 subjects of the same age with a normal visual history and
then converted to Z-scores (units of standard deviation (s.d.) above or

Table 1 Details of the two patient groups

Figure 1 The face stimuli. (a) Featural stimulus set: variation in individual
features (eyes and mouth). (b) Contour stimulus set: variation in the
external contour of the face. (c) Spacing stimulus set: variation in spacing
of the eyes and between the eyes and mouth.

below the age norm). Thus, normal performance by a patient is indi-
cated by a Z-score near zero. We found that early visual deprivation
affecting the right hemisphere impairs the later development of sensi-
tivity to second-order relational information in faces, but deprivation
affecting the left hemisphere does not. Visual deprivation to either
hemisphere had no apparent effect on the development of sensitivity
to the shape of the internal features or the external contour.

RESULTS

Accuracy

Mean accuracy Z-scores for each condition are shown in Fig. 2 (see
Supplementary Table 1 online for mean accuracy scores). To deter-
mine whether either patient group showed a deficit in any condition
(performed worse than an expected mean Z-score of zero), we con-
ducted one-sample t-tests. A Bonferroni correction was applied for
the number of comparisons (adjusted alpha = 0.008). For the feat-
ural and contour sets, both patient groups performed normally
whether the faces were upright or inverted (all, P > 0.1). For the
spacing set, patients in the RE (left-hemisphere deprivation) group
also performed normally on both orientations (both, P > 0.1). In
contrast, patients in the LE (right-hemisphere deprivation) group
were severely impaired on distinguishing faces from the upright
spacing set (tg = —4.94, P < 0.001; Fig. 2a). The LE group had a mean
Z-score of —1.78, a value equivalent to the performance of the lowest
4% of the normal population. The second-order relational deficit in
the LE group was manifested despite binocular testing (with the
non-deprived right eye available) and did not correlate with acuity
in either eye (both, P > 0.1). The deficit was evident even in cases
when the initial deprivation lasted as little as 2-3 months (Fig. 3).
The LE group also showed a small but significant impairment of
about 0.5 s.d. on the inverted spacing set (g = —3.45, P < 0.007;
Fig. 2b). We obtained similar results for the one-sample t-tests when
accuracy scores were converted to the sensitivity statistic d' (see
Supplementary Notes and Supplementary Fig. 1 online).

An analysis of variance (ANOVA) with group, stimulus set and orien-
tation as factors confirmed that the LE and RE groups differed only on
the spacing set. The ANOVA showed a significant interaction between
group and stimulus set (F, 35 = 3.83, P < 0.01) that did not interact with
orientation. Analysis of simple effects indicated that the two patient
groups did not differ on the featural and contour sets (both, P > 0.1).
They differed significantly only on the spacing set (F; ;3 = 10.58,
P < 0.01), with the LE (right-hemisphere deprivation) group perform-
ing worse than the RE (left-hemisphere deprivation) group. The same
results were obtained when we used standardized d' statistics as the
dependent measure (see Supplementary Notes online).

Group n Age at test (yrs.) Duration of deprivation (d) Acuity of non-deprived eye? Acuity of deprived eye? Patching® (h/d)
mean (range) mean (range) median (range) median (range) mean (range)

LE 10 17 (8-29) 199 (43-863) 20/20 (20/20-20/25) 20/200 (20/50-20/200) 4 (0.5-7)

RE 10 15 (9-23) 201 (56-483) 20/25 (20/16-20/32) 20/200 (20/32-20/200) 3 (0-5)

LE, left eye deprived group (right hemisphere deprivation); RE, right eye deprived group (left hemisphere deprivation).
aAcuity measured at time of test. PMean number of hours per day of patching the non-deprived eye until the age of 5 years.
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Figure 2 The effect of early left versus right hemisphere deprivation on
face processing. (a) Upright orientation and (b) inverted orientation. Plotted
are the mean accuracy Z-scores, which represent the difference between
patients and age norms, for detecting featural, contour and spacing
changes. Data are shown for the patient groups with deprivation affecting
mainly the right hemisphere (LE group) or mainly the left hemisphere (RE
group). A value of zero represents the normal mean, and negative values
indicate deficits in units of standard deviation (s.d.) from the normal mean.
The area outside the shaded portion (+ 1.3 s.d.) represents the highest and
lowest 10% of the normal population.

Previously, we documented a deficit in sensitivity to second-order
relations of faces in patients treated for bilateral congenital cataract!®.
To compare the effect of early visual deprivation to both hemispheres
versus that to the right hemisphere alone, we carried out a planned
comparison between a group of ten patients treated for bilateral
cataract (BE, both eyes group) and the LE group on Z-scores from the
spacing set for both orientations. The LE and BE groups were equally
impaired on the spacing set (Fig. 3), and both showed larger deficits
for the upright than the inverted orientation. This was shown by a sig-
nificant effect of orientation on the size of the deficit for the spacing
set (F) 13 = 22.76, P < 0.001), but no significant effect of group or
interaction (both, P > 0.1). The analyses showed similar results for
standardized d' scores (see Supplementary Notes online).

Reaction times

For each patient in each condition, median reaction times on correct
trials were calculated and converted to standardized Z-scores based
on age norms. One-sample ¢-tests revealed that both the LE and RE
groups had normal response times on the three stimulus sets for both
orientations (all, P> 0.2). These data demonstrate that the LE (right-
hemisphere deprivation) patients’ impairment on second-order rela-
tional processing (as shown by accuracy scores) cannot be attributed
to a speed—accuracy trade-off (Table 2).

DISCUSSION
Our findings indicate that neural networks in the right hemisphere are
not pre-specified for second-order relational processing: this expert
ability will not develop if patterned visual input is missing during early
infancy. Deprivation of early visual input to the right hemisphere (LE
group) led to impaired second-order relational processing that was as
severe as the deficit following early deprivation to both hemispheres
(BE group). In contrast, deprivation of early visual input to the left
hemisphere (RE group) had no apparent effect on expert face process-
ing. These results show that early visual input restricted mainly to the
right hemisphere is adequate to set up or maintain the neural substrate
responsible for expert face processing, whereas early input restricted
mainly to the left hemisphere is insufficient. Thus, the two hemi-
spheres are not created equal. Networks in the right hemisphere might
be affected by early visual input because (i) they are biased to respond
to stimuli that are more face-like (ii) relevant regions of the temporal
cortex become functional earlier in the right
hemisphere than do homologous regions in
the left hemisphere?* and/or (iii) they are bet-
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visual acuity because the size of the face processing deficit was not
correlated with visual acuity and because patients could use their
non-deprived eye, which had normal or nearly normal acuity, to do
the task (Table 1). It also cannot be attributed to patients in the LE
group performing poorly on any difficult perceptual task. There were
no baseline differences between the upright spacing and contour sets
for visually normal adults'>?? or in the normative groups to which
the patients were compared (see Supplementary Table 1 online). Both
patient groups were normal on the contour set, whereas only the RE
group performed normally on the spacing set (Fig. 2a).

Other results from the same cohort indicate that the deficit is not
in object perception per se nor in all higher level visual capabilities
that are mediated by the right hemisphere. Children treated for
bilateral congenital cataract perform normally when asked to make
judgments about the spacing among features in a simple pattern of
five shap6526, discriminations for which there is evidence of lateral-
ization favoring the right hemisphere in infants as young as
4 months old!'?. When tested monocularly with either eye, patients
treated for unilateral congenital cataract are normal at matching

Table 2 Deprived patients’ reaction time Z-scores for each stimulus set

ter tuned to the low spatial frequencies that Upright Inverted

the 1'nfant can percetve and that spf:CIfy.the Group Featural Spacing Contour Featural Spacing Contour

spacing among features but provide little

information about feature details°. LE -0.12(0.38) 0.43(0.39) -0.47(0.41) 0.09(0.40) 0.27 (0.42) -0.42(0.34)
Deficits in second-order relational pro- RE 0.02(0.52) -0.12(0.41) 0.27 (0.54) -0.09(0.48) 0.95(0.74) -0.15(0.49)

cessing following early right-hemisphere

deprivation cannot be attributed to poor

Z-scores given as mean (s.e.m.). LE, left-eye deprived group (right-hemisphere deprivation); RE, right-eye deprived
group (left-hemisphere deprivation).
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geometric shapes, even when the target and matching shape differ in
luminance, size, contour or the presence of masking lines?”. They do
have small deficits in linking local elements into a global form, but
unlike the results reported here, the deficit is only in the previously
deprived eye and does not depend on whether the left or right eye
was deprived?8. Regardless of which eye is tested, children treated
for unilateral congenital cataract perform normally on measures of
visual spatial attention?® (for methodological details, see
refs. 30,31), another function mediated largely by networks in the
right hemisphere333, Nevertheless, it is possible that early visual
input to the right hemisphere is necessary not only for the later
development of normal processing of second-order relations in
faces, but also for other types of expertise that depend on the same
or similar networks in the right hemisphere. For example, it may be
a prerequisite for the development of later expertise in differentiat-
ing among individual members of other homogeneous classes such
as car experts’ ability to differentiate among similarly shaped cars.
Visually normal adults show a large inversion effect for the spac-
ing set. This pattern is consistent with previous reports that inver-
sion disrupts second-order relational processing?>?3. However,
inversion does not completely eliminate sensitivity to the spacing
among features, as adults’ accuracy for the inverted spacing set is
low but above chance. This finding may account for the LE groups’
severe deficit on the upright spacing set (almost 2 s.d. below
normal), and slight impairment (0.5 s.d. below normal) on the
inverted spacing set. For the upright spacing set, the impairment
was pronounced compared to normal individuals with intact
second-order relational processing (Fig. 2a). For the inverted spac-
ing set, the LE patients’ deficits were minimal when compared to
visually normal individuals who also have difficulty processing
spacing information when these faces are inverted (Fig. 2b).
Clearly not all face-processing abilities require early visual experi-
ence. Featural processing of faces emerges early in life and becomes
lateralized to the left hemisphere by 9 months of age!!, yet our results
indicate that early deprivation to either or both hemispheres does not
prevent it from developing to a normal level. Contour face processing
is also spared following early visual deprivation?, although it too
emerges during infancy®. Individuals treated for bilateral congenital
cataract can lip-read, match facial expression and decode direction of
eye gaze®, These results suggest that many aspects of face processing
can develop normally, even when visual input is absent during early
infancy. They reinforce the conclusion that second-order relational
processing is unique—it continues to improve long after other face
processing skills are adult-like®??, but only if its development was ini-
tiated by visual input to the right hemisphere during early infancy.

Figure 3 The effect of duration of visual deprivation on second-order
relational processing. Individual Z-scores for accuracy on the upright
spacing set for patients with deprivation affecting mainly the right
hemisphere (LE group) are plotted as a function of the duration of visual
deprivation from birth. For comparison, Z-scores are shown for patients
(n=10) with deprivation affecting both hemispheres (BE group). Negative
scores represent deficits in units of standard deviation from the norm for
the patient’s age.

METHODS

Participants. Visually deprived patients. The two patient groups consisted of
ten patients treated for left-eye (LE) unilateral congenital cataract (2 male;
10 Caucasian) and ten patients treated for right-eye (RE) unilateral congenital
cataract (2 male; 9 Caucasian). Patient details are summarized in Table 1. All
patients were right-handed and were at least 8 years of age at testing. Patients
were included in the sample only if they had a dense central cataract that
blocked all patterned visual input to the affected eye on their first eye exam,
which was always before 6 months of age. Duration of deprivation was defined
as the period extending from birth until the age of first optical correction fol-
lowing surgery to remove the cataract (i.e., the first time the infant received
focused visual input onto the retina of the affected eye). From this point, input
to the treated eye was only nearly normal because the contact lens focused
input perfectly for only one distance, and the eye could not accommodate for
other distances. The amount of patching of the non-deprived eye (from treat-
ment until age 5) did not differ significantly between the groups and was not
correlated with accuracy in any condition. Detailed inclusion and exclusion
criteria for the patients have been described elsewhere3®37.

Bilateral patients. To compare the effects of unilateral deprivation to bilat-
eral deprivation, the 10 bilateral patients that most closely matched the two
unilateral patient groups on age, race and duration of deprivation were cho-
sen from among a larger group of 14 bilateral patients whose results have
been reported previously!>.

Normative group. Norms were based on five groups of 36 right-handed
Caucasian subjects: 8-year-olds (+ 3 months), 10-year-olds (+ 3 months),
12-year-olds (3 months), 14-year-olds (+ 3 months) and adults (aged 18-28
years). Half of the participants in each group were female. None of the normal
participants had a history of eye problems, and all met our criteria on a visual
screening exam??. Results for each normative age group are reported else-
where®?2, Patients aged 17 years and older were compared to the normal
adults; patients under 17 years were compared to the closest normative group
of a younger age.

Stimuli and procedure. A detailed description of the stimuli and procedure
has been reported elsewhere??. Briefly, a single face was modified to create
three sets of face stimuli with four faces in each set (Fig. 1). Faces in the fea-
tural set were created by replacing the original female’s eyes and mouth with
the features of different females (Fig. 1a). Features of the same length were
chosen to minimize changes in the spacing among features. Faces in the
contour set were created by combining the internal portion of the original
face with the outer contour of four different females (Fig. 1b). Faces in the
spacing set were created by moving both the eyes and mouth relative to the
original face (Fig. 1c). The eyes were moved 4 mm up, down, closer together
or farther apart, and the mouth was moved 2 mm up or down. On 14 of 15
different trials in the spacing set, the two faces differed in both the spacing
of the eyes and the mouth; on the one remaining different trial, the two
faces differed in the spacing of the eyes but shared the same mouth position.
All stimuli were 10.2 cm wide and 15.2 cm high (5.8 % 8.7 visual degrees
from the testing distance of 100 cm).

This study was approved by the research ethics boards of McMaster
University and The Hospital for Sick Children. Before testing, the procedures
were explained and informed written consent was obtained from each partici-
pant or from a parent in the case of children. Children’s assent was also
obtained. Participants sat 100 cm from a monochrome Radius 21-GS monitor
on which the faces were presented by a Macintosh LC-475 computer and
Cedrus Superlab software. When necessary, patients wore an additional optical
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correction so that the eyes were focused at the testing distance. Testing was
binocular. Participants judged whether two faces presented sequentially were
the same or different. The first face appeared for 200 ms, and after an inter-
stimulus interval of 300 ms, the second face appeared until the subject signaled
a response with a joystick. The correct response was ‘same’ for half of the
30 trials within each of the three blocks. The three blocks were presented in the
same order (spacing—featural-contour) to all patients, with the upright condi-
tion tested first. Previous work has shown that accuracy is not affected by the
order in which the face sets are presented?2.

Note: Supplementary information is available on the Nature Neuroscience website.
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