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Cortical networks for face perception
in two-month-old infants

Tamami Nakano and Kazuko Nakatani

Dynamic Brain Network Laboratory, Graduate School of Frontiers Biosciences, Osaka University, 1—3 Yamadaoka,
Suita, Osaka 565-0871, Japan

Newborns have an innate system for preferentially looking at an upright
human face. This face preference behaviour disappears at approximately one
month of age and reappears a few months later. However, the neural mechan-
isms underlying this U-shaped behavioural change remain unclear. Here, we
isolate the functional development of the cortical visual pathway for face pro-
cessing using S-cone-isolating stimulation, which blinds the subcortical visual
pathway. Using luminance stimuli, which are conveyed by both the subcortical
and cortical visual pathways, the preference for upright faces was not observed
in two-month-old infants, but it was observed in four- and six-month-old
infants, confirming the recovery phase of the U-shaped development. By con-
trast, using S-cone stimuli, two-month-old infants already showed a preference
for upright faces, as did four- and six-month-old infants, demonstrating that the
cortical visual pathway for face processing is already functioning at the bottom
of the U-shape at two months of age. The present results suggest that the
transient functional deterioration stems from a conflict between the subcortical
and cortical functional pathways, and that the recovery thereafter involves
establishing a level of coordination between the two pathways.

1. Introduction

Neonates with an immature visual cortex prefer to look at an upright human
face and a schematic face immediately after a birth [1-4]. Although the
neural basis of this preference remains uncertain, Johnson proposed that a sub-
cortical visual pathway, including the superior colliculus and pulvinar, is
involved in this innate preference for face configuration [1,5]. This face prefer-
ence disappears around six weeks after birth, and it reappears at a few
months of age, accompanied by more sophisticated face-processing abilities
[1,2,6]. Cortical responses to the face inversion effect are also observed begin-
ning at three months of age [7]. Therefore, it has generally been hypothesized
that this U-shaped behavioural change reflects a hierarchical shift from the
innate subcortical network to the acquired cortical network during early
infancy [2]. According to this theory, the subcortical functions wane or are inhib-
ited by the cerebral cortex after one month of age. However, this theory contradicts
several lines of evidence supporting that the subcortical visual pathway still con-
tributes to face processing in human adults [8—10]. This issue raises the possibility
that the face-specialized neural network develops through interactions between
the subcortical and cortical visual pathways. Here, we propose that the transient
conflict between the two functional pathways produces the bottom of the
U-shaped change in face-preference behaviour, and that the recovery thereafter
reflects the establishment of coordination between the two pathways.

Visual information defined by luminance is conveyed to both the subcortical
and cortical visual pathways. Therefore, it is difficult to distinguish which brain
networks play a proactive role in infants’ face-preference behaviour. In contrast
to luminance information, stimuli activating only the short-wave sensitivity
cone (S cone) in the retina are exclusively conveyed through the geniculocortical
pathway [11-14]. By applying this stimulation method to facial information, we
previously showed that rapid facial detection in human adults, compared with
the detection of other objects, was achieved by the subcortical visual pathway,
but not by the cortical pathway [10]. Therefore, by using this method in this
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Figure 1. Preference rate for the upright face in young infants. (a) The face images taken from the video clip used in the study: the female face represented in the
luminance (left panel) and the S-cone stimuli (right panel). (b) The viewing rate for the upright face (versus the inverted face) with the luminance and the S-cone
stimuli of two-, four- and six-month-old infants. The dotted line represents chance (0.5).

study, we investigated the functional development of the sub-
cortical and cortical networks and their interaction during face
processing in early infancy.

Although the S-cone visual pathway is immature at birth,
two-month olds develop cone sensitivity that is comparable
to that of adults [15]. Brain responses to S-cone stimuli also
emerge at two months of age [16,17]. These facts suggest that
younger infants may not respond properly to the S-cone stimuli
per se. Therefore, this study examined infants’ preferences for an
upright female face compared with an inverted face using lumi-
nance and S-cone stimuli in two-, four- and six-month-old
infants (figure 1a). A preference for the S-cone-defined upright
face indicated that the face-specialized cortical network was
already functional, with no aid from the subcortical network,
at this age.

2. Material and methods

(a) Participants

The participants consisted of 50 healthy, full-term infants divided
into three groups based on age: 16 two-month olds (mean age:
79 days, range: 68—88 days; nine males), 17 four-month olds
(mean age: 135 days, range: 122-146 days; eight males) and
17 six-month olds (mean age: 202 days, range: 193-213 days; six
males). Informed consent was obtained from the parents. An
additional 14 infants were excluded from the final sample because
of gaze position bias (more than 85% of the viewing time; 9 two-
month olds, 1 six-month old) and fussiness (1 two-month old,
2 four-month olds, 1 six-month old).

(b) Apparatus

The infants sat on an adult’s lap at a distance of 50 cm from a
gamma-corrected liquid crystal 23-inch monitor (ColorEdge
(CS230, Eizo, Japan). The spatial resolution of the monitor screen
was 1920 x 1080 pixels (45° x 25°). The infant’s eye level was
aligned to the centre of the screen at the appropriate height. The
person holding the baby fixated at the centre of the upper side of
the monitor throughout the session. A video camera was mounted
just below the monitor and was masked from the infant. Magnified
videos of the infant’s face were recorded on the hard disk of the
video recorder (BDZ-ED2000, Sony, Japan). The infant’s eye move-
ments were later analysed frame by frame by two scorers who were
blinded to the presented stimulus and who were unaware of
the aim of this study. They assessed the infant’s gaze direction
according to four choices: left side, centre, right side or look
away. The mean agreement rate between the two scorers was
88%, and the data with incongruent judgements were excluded
from further analyses.

(c) Stimuli

Infants successively viewed four video clips with sound, which
each lasted for 18 s. Each video clip consisted of the upright and
inverted faces of a woman singing a Japanese nursery rhyme,
with one face on the left and the other face on the right side of the
screen (written informed consent to publish the photograph has
been obtained from the model). The original full-colour video clip
was first converted to greyscale (0-255, mean = 127) and resized
t010.5° x 14.6°. The greyscale video images were used as the lumi-
nance-defined stimuli (figure 1a). To prepare the S-cone-isolating
stimuli, the greyscale video clip was linearly converted on the S-
cone-isolating line over the range of S-cone excitation levels that
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the monitor was capable of producing (figure 1a). Applying the
same procedures as our previous study [10], the S-cone-isolating
line was calculated using the spectral absorptions of the human L,
M and S cones [18], and the spectral emissions of the red, green
and blue phosphors of the monitor were measured using a spectral
calorimeter (CS-2000, Konica Minolta, Japan). We used the spectral
absorptions of adult humans, because previous studies have
demonstrated that the S-cone sensitivity of two-month-old infants
has already developed to the same level as that of adults [15-17].

The face videos were presented on their respective sides at
a distance of 5.9° from the centre for four-month olds and
six-month olds and at a distance of 3.5° from the centre for two-
month olds. The distance between the two pictures was narrowed
for two-month olds because they did not show gaze shifts between
the two videos at a distance of 5.9° in preliminary tests. In each
infant group, half of the infants viewed the video clips in the fol-
lowing order: luminance stimuli with the upright face on the
right, S-cone stimuli with the upright face on the left, luminance
stimuli with the upright face on the left and S-cone stimuli with
the upright face on the right; the other half of the infants were
shown the videos in the order of: S-cone stimuli with the upright
face on the left, luminance stimuli with the upright face on the
right, S-cone stimuli with the upright face on the right and lumi-
nance stimuli with the upright face on the left. Checkerboard
reversal stimuli with mechanical sounds were presented at the
centre of the screen for 1.8 s before the presentation of each video
clip to attract the infant’s fixation to the centre.

3. Results

In all of the infant groups, the infants viewed the screen for a
duration of more than 70% of the total movie lengths (36 s)
on average, irrespective of whether the luminance-defined
(two-month olds: 78 + 4% [mean =+ 1 s.e.]; four-month olds:
90 + 2%; six-month olds: 83 + 3%) or S-cone-isolating stimuli
were presented (two-month olds: 74 + 3%; four-month olds:
84 + 3%; six-month olds: 72 4 4%). In addition, the two-
month olds switched their gaze positions between the left
and the right face stimuli with the luminance (the number
of switches 22.3 4 3.7 [mean + 1 s.e.]) and the S-cone stimuli
(17.6 + 2.6) as well as four-month olds (luminance: 9.2 + 1.3;
S-cone: 21.1 + 2.3) and six-month olds (luminance: 17.6 + 1.2;
S-cone: 28.5 + 1.5) while viewing the videos.

As shown in figure 1b, the viewing rate for the luminance-
defined upright face was not different from the chance level
(0.5) in the two-month olds (0.51 + 0.03; t;5 =04, p=0.7,
two-tailed Student’s f-test), but it was significantly greater
than the chance level in the four-month olds (0.68 + 0.05,
t1e=3.8, p <0.002) and in the six-month olds (0.56 + 0.03,
te=2.2, p<0.05). By contrast, the viewing rate for the
S-cone-defined upright face was significantly greater than
the chance level in all of the age groups: 0.64 + 0.05 for
the two-month olds (f;5 =2.7, p < 0.02), 0.64 £+ 0.03 for the
four-month olds (t;o =4.3, p <0.001) and 0.60 + 0.02 for
the six-month olds (t;4 = 5.9, p < 0.0001).

4. Discussion

With the luminance-defined stimuli, two-month-old infants did
not show any preference for the upright face, but the preference
was recovered in four- and six-month olds. According to pre-
vious studies, neonates are born with a preference for upright
faces [1-3], but this responsiveness to facial configuration is
transiently lost at approximately one to two months of age

[1,6]. Collectively, the results of both our study and previous
studies indicate that the preference for upright faces changes
in a U-shaped manner, with the bottom occurring at one
to two months of age, as long as luminance-defined stimuli
are used.

By contrast, when the S-cone-isolating stimuli were
presented, the two-month-old infants already showed a pref-
erence for the upright face, despite being at the bottom of the
U-shaped curve for luminance-defined stimuli. The differ-
ence between the luminance and S-cone stimuli is that the
S-cone stimuli are not conveyed by the retinotectal subcortical
pathway [11]. One might argue that the subcortical visual
pathway is involved in colour processing, because the pulvi-
nar in monkeys receives direct projections from all types of
colour-opponent ganglion cells [19,20]. However, previous
behavioural and fMRI studies on patients who underwent
hemispherectomies clearly refute this possibility, because
blindsight is mediated by the S-cone-independent subcortical
pathway [21,22]. These findings indicate that the S-cone stimuli
are exclusively conveyed by the cortical visual pathway
in humans. Thus, the preference for upright faces using the
S-cone stimuli demonstrates that the cortical network is already
functioning to process facial orientation with no aid from the
subcortical system two months after birth.

This raises the question of why the two-month-old infants
failed to show any preference for face orientation when pre-
sented with the luminance-defined stimuli, which activate
both the subcortical and cortical visual pathways. As dis-
cussed, the innate subcortical network is able to discriminate
face orientation at birth [1-3]. Many previous studies
have shown that the subcortical pathway for face orientation
survives into adulthood [10,23-26]. Thus, the subcortical path-
way should maintain its ability to discriminate face orientation
even at two months of age. The transient loss of this preference
for upright faces at two months of age may result from a con-
flict between the subcortical and cortical pathways, each of
which would be functional if the other system were blinded.
Accordingly, the subsequent recovery of the preference for
upright faces by four and six months of age can be interpreted
as an establishment of coordination between the two systems.

U-shaped changes in a given behaviour, i.e. where there is
a transient loss and subsequent recovery of the behaviour, are
observed in many behaviours such as reaching [27], sound
orientation [28,29] and cross modal integration [30]. These
U-shaped changes in behaviour are generally believed to
reflect a shift in the neural basis from the innate subcortical
network to the postnatally acquired cortical network [5].
Against this hierarchical developmental view, we suggest
that the lack of coordination between the subcortical and cor-
tical networks produces a transient functional deterioration,
and the recovery thereafter reflects the process of establishing
coordination between the two pathways, both of which are
then functional into adulthood (figure 2).

One might argue that the upright face preference demon-
strated with the S-cone stimuli resulted from a domain-general
perceptual bias rather than from a face-specific bias. Indeed,
previous studies clearly show that the upright face preference
in neonates is driven by a domain-general perceptual bias
towards top-heavy patterns [3,31]. However, this general
mechanism could not explain the upright face preference at
three months of age, because the infants preferred the upright
normal face, but not the top-heavy unnatural face [32]. Consist-
ently, face-specific cortical responses emerge in two- to
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Figure 2. Schematics of brain developmental views underlying the U-shaped
behavioural change during early infancy.

three-month olds [33,34]. These facts suggest that the cortical
network is already specialized for processing the human face
by this age. Because the S-cone stimuli are exclusively con-
veyed by the cortical visual pathway, the upright face
preference demonstrated for the S-cone stimuli is likely
driven by the face-specific perceptual bias.

One limitation of this study is that our paradigm may not
be optimal for eliciting collicular responses, which primarily
mediate the act of orienting to peripheral stimuli, resulting in
the disappearance of the upright face preference when the
two-month-old infants were presented with the luminance-
defined stimuli. This study showed faces in foveal positions
for two reasons. First, S cones are distributed in the foveal
areas of the retina. Second, we examined the preference behav-
iour by comparing the looking duration, but not the number of
orienting responses across all age groups. When the pairs of
stimuli are separated by a wide distance, the young infants
could not shift their gaze between them. However, it might
be necessary to examine whether the disappearance of the
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