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Abstract

Face perception in adults depends on skilled processing of interattribute distances (‘configural’ processing), which is disrupted for
faces presented in inverted orientation (face inversion effect or FIE). Children are not proficient in configural processing, and this
might relate to an underlying immaturity to use facial information in low spatial frequency (SF) ranges, which capture the coarse
information needed for configural processing. We hypothesized that during adolescence a shift from use of high to low SF infor-
mation takes place. Therefore, we studied the influence of SF content on neural face processing in groups of children (9–
10 years), adolescents (14–15 years) and young adults (21–29 years) by measuring event-related potentials (ERPs) to upright
and inverted faces which varied in SF content. Results revealed that children show a neural FIE in early processing stages (i.e.
P1; generated in early visual areas), suggesting a superficial, global facial analysis. In contrast, ERPs of adults revealed an FIE
at later processing stages (i.e. N170; generated in face-selective, higher visual areas). Interestingly, adolescents showed FIEs in
both processing stages, suggesting a hybrid developmental stage. Furthermore, adolescents and adults showed FIEs for stimuli
containing low SF information, whereas such effects were driven by both low and high SF information in children. These results
indicate that face processing has a protracted maturational course into adolescence, and is dependent on changes in SF process-
ing. During adolescence, sensitivity to configural cues is developed, which aids the fast and holistic processing that is so special
for faces.

Introduction

Faces are processed as a whole rather than as a collection of inde-
pendent features (e.g. Sergent, 1984; Goffaux & Rossion, 2006).
This ‘configural’ processing (based on interattribute distances) is
specific for faces, given that its disruption by presenting stimuli
upside down strongly hampers the recognition of faces compared
with other object types (the so-called ‘face inversion effect’ or FIE;
Yin, 1969). It is unclear how this configural, global processing abil-
ity develops across childhood. Although newborns are already
drawn toward faces, configural face processing skills develop rela-
tively slowly until adulthood (e.g. Mondloch et al., 2002; Cohen-
Kadosh, 2011) and the FIE is not reliably shown across studies in
children below 10 years (e.g. Carey & Diamond, 1977; Schwarzer,
2000).

This inadequate configural processing in children is reflected at
the neural level by the lack of a neural FIE around 170 ms (N170
FIE) in the event-related potential (ERP), which only emerges from
early adolescence on (Itier & Taylor, 2002, 2004a). Instead, children
show a neural FIE at the earliest cognitive processing stage (around
100 ms; P1 FIE). In line with the weak behavioural FIE in children,
this early neural FIE probably reflects a disruption of a superficial
global analysis, akin to the holistic face processing observed in new-
borns (Farroni et al., 2000), rather than a disruption of the mature
configural face processing based on interattribute distances (Taylor
et al., 2004).
Importantly, these developmental changes in face processing

might be influenced by coincidental changes in processing spatial
frequency (SF) content of faces. Studies by Goffaux and colleagues
(Goffaux et al., 2005; Goffaux & Rossion, 2006) have provided evi-
dence that configural face processing is mediated by low (< 8
cycles-per-face-width or cpfw) SF (LSF), whereas local, feature
information is extracted from high (> 32 cpfw) SF (HSF; but see
Gaspar et al., 2008; Willenbockel et al., 2010). Interestingly,
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Goffaux et al. (2003a) showed that in adults the N170 FIE effect is
only shown when LSF information is present, which is in line with
the hypothesis that global information is needed for configural pro-
cessing of faces.
It is unclear whether the neural reflection of the FIE is also driven

by LSF in children and adolescents. LSF and HSF are processed via
different visual channels (De Valois & De Valois, 1988) that mature
at a different speed. Although LSF processing is present in new-
borns, sensitivity for LSF is only fully matured in preadolescence
(9–12 years), much later than the maturation of HSF processing at
3–4 years (Adams & Courage, 2002). The present ERP study exam-
ines the development of the role of SF on the neural FIE, by com-
paring neural responses in children, adolescents and adults to
upright and inverted faces in which all SF information is available,
or only in LSF or HSF ranges. In adults, we expect only an N170
FIE for faces containing LSF information (Goffaux et al., 2003b).
In contrast, the P1 FIE in children (probing superficial processing)
might not be affected by SF content. Finally, we expect a shift of
superficial (i.e. SF-independent P1 FIE) to configural (LSF-depen-
dent N170 FIE) processing during adolescence.

Methods

Participants

Healthy participants with (self-reported) normal or corrected-to-nor-
mal visual acuity were divided into three groups according to their
age: children between 9 and 10 years (n = 20; 10 males; median
age = 10.2 years; range 9.0–10.9 years), adolescents between 14
and 15 years (n = 20; 7 males; median 15.0 years; range 14.0–
15.8 years) and young adults (university students) between 21 and
29 years (n = 10; 5 males; median age = 22.1 years; range 21.3–
29.2 years). Participants in these three groups were recruited from a
primary school, high school and university in Zuid-Limburg (The
Netherlands), respectively.
Each child and adolescent was in the normal cognitive range

(i.e. IQ > 90) for their age, as assessed by the block design and
vocabulary test of the WISC-III (Wechsler, 1991). Note that the esti-
mated total IQ score derived from these subtests has a mean reliabil-
ity of 0.94 and a mean validity of 0.91 compared with the complete
WISC-III (Spreen & Strauss, 1998). In addition, none of the chil-
dren or adolescents had emotional or behavioural problems as indi-
cated by scores on the Child Behaviour Checklist (Achenbach,
1991). Data of one adolescent were excluded due to technical prob-
lems. Participants (adolescents and adults) and parents (children and
adolescents) gave their written informed consent to participate. All
procedures were approved by the ethics committee of the Faculty of
Psychology and Neuroscience of Maastricht University and were
carried out in accordance with the European Communities Council
Directive of 24 November 1986 (86/609/EEC) and the Code of Eth-
ics of the World Medical Association (Declaration of Helsinki).

Stimuli and task design

Sixteen greyscale front-view photographs of Caucasian male (n = 8)
and female (n = 8) faces with a neutral expression served as stimuli.
Stimuli were selected from the NimStim Face Set (Tottenham et al.,
2002) and trimmed to remove neck and hairline. Furthermore, all
stimuli (6.3° 9 4.5°) were equal in mean luminance (48 cd/m2) and
root mean square contrast (29) and were presented on a homoge-
neous grey background (48 cd/m2). The SF content of each face
was unfiltered (broad-pass SF or BSF), or filtered with a high-pass

(HSF; � 6 cycles/degree of visual angle = 27 cpfw) or low-pass
(LSF; � 2 cycles/degree of visual angle = 9 cpfw) cut-off. These
cut-offs were chosen to exclude most of the intermediate frequencies
(8–16 cpfw) necessary for adequate face recognition (Costen et al.,
1994, 1996; Fiorentini et al., 1983; Gold et al., 1999), in line with
our previous studies (Boeschoten et al., 2007; Vlamings et al.,
2009) and those of Goffaux et al. (2003a). However, recent studies
(Gaspar et al., 2008; Willenbockel et al., 2010) showed that infor-
mation in the range of 6–10 cpfw is also used for face recognition,
which implies that LSF faces might be easier to recognize than HSF
faces. However, because all faces were unfamiliar to the participants
and the task (i.e. detection of animation) was unrelated to the face
stimuli, face recognition effects are unlikely to influence ERP
effects. Faces were presented in an upright or inverted (180° rota-
tion) orientation, resulting in six stimulus conditions as defined by
SF content (BSF, LSF, HSF) and orientation (upright, inverted;
Fig. 1). In addition, a seventh stimulus condition consisting of 16
different animation figures was included in the experiment to ensure
subjects paid attention to the presented faces throughout the mea-
surement. During the task, subjects were instructed to press a button
as soon as an animation was shown on the screen. Stimuli from dif-
ferent conditions were randomly presented for 400 ms (except for
animation figures, which were presented until response with a maxi-
mum of 4 s), with an interstimulus interval of 1100 (� 200) ms.
Subjects were comfortably seated in front of a 21-inch LCD mon-

itor (Dell Inc., Round Rock, TX, USA) (60-Hz refresh rate) in a
dimly lit room. They were instructed to maintain a fixed viewing
distance from the monitor and experimenters monitored this
throughout the measurements. They received 96 randomized trials of
each face stimulus condition (six repetitions of each stimulus). In
addition, 48 trials of the animation stimulus condition were pre-
sented (three repetitions of each stimulus), resulting in 624 trials in
total. These trials were divided into three blocks, in between which
subjects rested for short periods. Participants were instructed to fix-
ate on the middle of the screen and to press the button of a button-
box as fast and as accurately as possible, when they detected a
coloured animation.

LSF HSFBSF

Upright

Inverted

Spatial frequency

Orientation

Fig. 1. Example of an unfiltered (BSF), low-pass filtered (LSF) and high-
pass filtered (HSF) face in upright (upper row) and inverted (lower row) ori-
entation. As can be seen, coarse, global information can be extracted from
images in which only the LSF range is preserved, whereas fine, local infor-
mation is present in images with HSF content. In the unfiltered image (with
broad-pass spatial frequencies or BSF), both types of information are present.
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Electrophysiological recording and data analysis

The electroencephalogram (EEG) was recorded (sampling rate
500 Hz; band-pass filter of 0.01–200 Hz; Brain Products amplifier,
Munich, Germany) from 35 AgCl scalp electrodes (extended Inter-
national 10/20 system) with reference electrodes placed at the mas-
toids. Signals were collected using the left mastoid as reference and
re-referenced off-line to the average activity of all electrodes. Hori-
zontal and vertical electrooculograms (EOGs) were recorded with
bipolar electrodes placed at the external canthii and above and
below the left eye. Electrode impedance was kept below 20 kΩ for
all electrodes.
EEG data were epoched (�200 to 600 ms, relative to stimulus

onset), band-pass filtered (0.01–30 Hz) and baseline corrected
(200 ms pre-stimulus interval) using Vision Analyser (Brain Prod-
ucts GmbH., Munich, Germany). Artefacts from horizontal eye
movements and blinks were reduced with the algorithm of Gratton
et al. (1983). Trials with artefacts (samples exceeding � 75 lV)
were excluded from subsequent analyses. The median number of tri-
als per subject after artefact rejection of upright BSF, LSF, HSF and
inverted BSF, LSF, HSF were 359 (min. 204 – max. 398), 299 (221
–302), 312 (210–437), 358 (284–367), 325 (187–397) and 316 (238

–391), respectively. The median number of trials per subject did not
depend on age group or condition (all P > 0.4). As previous studies
(e.g. Vlamings et al., 2010) showed that P1 influences might be dis-
played on different electrode sites across development, we analysed
both P1 at occipital (O1, O2; Fig. 4) as well as at temporo-occipital
(PO7, PO8; Fig. 5) electrodes. For each subject-specific averaged
EEG epoch of a condition, latencies and amplitudes were automati-
cally extracted at global peak-maximum at each individual channel
in the P1 interval (100–190 ms for children and 70–160 ms for ado-
lescents and adults) and N170 interval (140–240 ms for children
and 130–200 ms for adolescents and adults). Peak amplitudes and
latencies of the P1 and N170 were submitted to separate repeated-
measures ANOVAs with Spatial Frequency (LSF, BSF, HSF), Orienta-
tion (upright, inverted) and Hemisphere (left, right) as within-subject
factors and Age Group (children, adolescents, and adults) as
between-subject factor. Results are Greenhouse–Geisser corrected
when necessary. Note that main effects are not discussed when they
interact with other factors. Instead, subsequently performed ANOVAs
and/or paired t-tests are reported. Furthermore, effect sizes of
reported effects were estimated using partial eta squared (g2). This
is a standard metric in repeated-measure designs that estimates the
magnitude of a given effect by quantifying the percentage of vari-
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ance explained by a given factor when excluding the contribution of
inter-subject variance. Finally, inter-subject variability was assessed
by plotting subject-specific peak amplitudes and latencies for the dif-
ferent estimated effects (see Figs. S1–S11).

Results

Subjects performed the detection task very well (accuracy > 95%).
Furthermore, there were no performance differences between age
groups (P = 0.15).

Age effects

As can be seen in Fig. 2, the morphology of both the P1 as well as
the N170 changes across development. Both the amplitude
(F2,46 = 47.3, P < 0.0001, g2 = 0.67) and the latency (F2,46 = 41.3,
P < 0.0001, g2 = 0.64) of the P1 at occipital sites decreased
strongly with increasing age. All age groups differed significantly,
indicating a continuous modification of the P1 across development.
For the P1 at temporo-occipital sites, similar decreases were
observed. Along the same line, the N170 amplitude became more
negative with increasing age (F2,46 = 13.2, P < 0.0001, g2 = 0.36;
note that the N170 peak has a positive sign in children), whereas
latency (F2,46 = 13.7, P < 0.0001, g2 = 0.37) decreased.

Spatial frequency effects

Across age groups, we observed both faster as well as higher P1
and N170 peaks for LSF and BSF faces than for HSF faces (Fig. 3).
This main effect of SF was influenced by age as well as face rota-
tion, which will be further specified for each component in the sec-
tions below. An overview of the observed effects can be found in
Table 1.

P1 amplitude

Occipital site (O1, O2)

Several interactions between P1 amplitude factors were significant
(Fig. 4). There was an interaction between hemisphere and age
group (F2,46 =3.3, P = 0.04, g2 = 0.13) and between SF and age
group (F4,92 = 3.4, P = 0.02, g2 = 0.13). Therefore we analysed
results per group. Inverted faces elicited a higher P1 amplitude than
upright faces in both children (F1,19 = 16.1, P = 0.0008, g2 = 0.46)
and adolescents (F1,18 = 14.5, P = 0.001, g2 = 0.45). Furthermore,
a main effect of SF was obtained for adolescents (F2,36 = 20.1,
P < 0.0001, g2 = 0.53) and adults (F2,18 = 5.9, P = 0.01,
g2 = 0.39). In both groups, P1 amplitudes were larger for BSF (ado-
lescents: t18 = 3.0, P = 0.009; adults: t9 = 3.4, P = 0.08) and LSF
(adolescents: t18 = 5.1, P < 0.0001; adults: t9 = 2.7, P = 0.02) faces
compared with HSF faces.

Temporo-occipital site (PO7, PO8)

The P1 amplitude at PO7 and PO8 showed similar effects to the P1
amplitude at occipital sites (Fig. 5). We analysed results per age
group because there was an interaction between orientation and age
group (F2,46 =3.8, P = 0.02, g2 = 0.14) and between SF and age
group (F4,92 = 4.9, P = 0.02, g2 = 0.18). Inverted faces elicited a
higher P1 amplitude than upright faces in both children
(F1,19 = 30.8, P < 0.0001, g2 = 0.62) and adolescents (F1,18 = 19.4,
P = 0.0003, g2 = 0.52). Furthermore, a main effect of SF was
obtained for children (F1,19 = 9.4, P = 0.0005, g2 = 0.33), with lar-
ger P1 amplitudes for BSF (t19 = 2.4, P = 0.03) and LSF (t19 = 3.7,
P = 0.001) faces compared with HSF faces. In adults, the SF effect
interacted weakly with orientation and hemisphere (F2,18 = 3.5,
P = 0.05, g2 = 0.28), but none of the post hoc comparisons sur-
vived Bonferroni correction.

P1 latency

Occipital site (O1, O2)

Analyses on P1 peak latency revealed a three-way interaction
between orientation, hemisphere and group (F4,92 = 4.3, P = 0.02,
g2 = 0.16), as well as an interaction between SF and group
(F4,92 = 9.3, P < 0.0001, g2 = 0.29). When analyses were per-
formed per age group (Fig. 4), only a main effect of SF for children
was observed (F2,38 = 17.5, P < 0.0001, g2 = 0.48). In this group,
P1 latencies were shorter for BSF (t19 = 2.3, P = 0.03) and LSF
(t19 = 7.7, P < 0.0001) faces than for HSF faces.

Temporo-occipital site (PO7, PO8)

The P1 latency at PO7 and PO8 showed similar patterns to the
latency of the occipital P1. We analysed results per age group
because there was an interaction between hemisphere, SF and age
group (F4,92 = 3.6, P = 0.01, g2 = 0.13) and between SF and group
(F4,92 = 3.3, P = 0.02, g2 = 0.13). A main effect of SF for children
(F2,38 = 29.2, P < 0.0001, g2 = 0.61), adolescents (F2,36 = 56.2,
P < 0.0001, g2 = 0.78) and adults (F1,19 = 7.9, P = 0.003,
g2 = 0.47) was observed. In adults, there was a significant interac-
tion between SF and hemisphere (F2,18 = 5.5, P = 0.04, g2 = 0.38),
as SF effects became only significant at PO8. P1 latencies were
shorter for BSF faces (children: t19 = 5.0, P < 0.0001; adolescents:
t18 = 11.0, P < 0.0001; adults [PO8]: t9 = 5.7, P = 0.0003) and
LSF faces (children: t19 = 7.3, P < 0.0001; adolescents: t18 = 8.1,

Table 1. Overview of the effects (+, P < 0.05; �, P > 0.05) for P1 (upper
part) and N170 (lower part) amplitude and latency from the repeated-mea-
sures ANOVAS with Spatial Frequency (SF), Face Orientation (ORI) and
Hemisphere as within-subject factors and Age Group as between-subject fac-
tor; for clarity, main factors or interactions that are not significant in any of
the groups are not shown, and significant main effects are not reported if
they interact with one of the other factors

Electrodes Factor
Effect
children

Effect
adolescents

Effect
adults

P1 Amplitude O1 & O2 SF � + +
ORI + + �

PO7 &
PO8

SF + � �
ORI + + �

Latency O1 & O2 SF + � �
PO7 &
PO8

SF + + +*
ORI + + �

N170 Amplitude PO7 &
PO8

SF + � �
ORI 9 SF � + +
Hemisphere � � +

Latency PO7 &
PO8

SF + + �
ORI 9 SF � � +

Observed effects per factor: SF, BSF and LSF faces had a higher amplitude/
shorter latency than HSF faces (*: effect was only observed for the right
hemisphere); ORI, inverted faces had a higher amplitude/longer latency com-
pared with upright faces; Hemisphere, higher N170 amplitude in the right
than left hemisphere; ORI 9 SF, inverted faces had a higher amplitude/
longer latency compared with upright faces, but only for BSF and LSF faces.
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P < 0.0001; adults [PO8]: t9 = 7.2, P < 0.0001) than for HSF faces.
Finally, children (F1,19 = 14.0, P = 0.01, g2 = 0.42) and adolescents
(F1,18 = 12.8, P = 0.002, g2 = 0.42) showed a significant FIE, with
delayed P1 latencies for inverted compared with upright faces.

N170 amplitude

There were significant interactions between orientation and group
(F2,46 = 7.9, P = 0.01, g2 = 0.26), between SF and group
(F4,92 = 5.5, P = 0.001, g2 = 0.19), and between orientation and
SF (F2,4 = 6.1, P = 0.04, g2 = 0.12; Fig. 5). Children showed a
main effect of SF (F2,38 = 13.2, P = 0.0002, g2 = 0.41), with lar-
ger amplitudes for LSF (t19 = 5.0, P < 0.0001) and BSF faces
(t19 = 3.0, P = 0.008) compared with HSF faces. They did not
show an effect of orientation, or an interaction between orientation

and SF. In contrast, orientation was influenced by SF in the group
of adolescents (F2,36 = 9.4, P = 0.0005, g2 = 0.34) and adults
(F2,18 = 4.6, P < 0.05, g2 = 0.34). As suggested by the grand
averages for adolescents and adults, the N170 response was
enhanced for inverted compared with upright faces, but only for
LSF faces. This difference was confirmed by statistics: both ado-
lescents and adults showed an FIE (i.e. higher amplitudes for
inverted compared with upright faces) for BSF (adolescents:
t18 = 4.0, P = 0.01; adults: t9 = 3.6, P = 0.006) and LSF (adoles-
cents: t18 = 2.8, P = 0.01; adults: t9 = 3.4, P = 0.008) faces, but
not for HSF faces (adolescents: t18 = 0.4, P = 0.7; adults: t9 = 1.3,
P = 0.2). Finally, orientation interacted with hemisphere in adoles-
cents (F1,18 = 7.1, P = 0.02, g2 = 0.28), as inverted faces elicited
a higher amplitude at PO8 (t18 = 3.0, P = 0.01), but not at
PO7 (P = 0.4). In adults, there was a main effect of hemisphere
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(F1,9 = 5.7, P = 0.04, g2 = 0.39) but which did not interact with
other factors.

N170 latency

There was a significant effect of SF (F2,92 = 33.0, P < 0.0001,
g2 = 0.42). HSF faces elicited an N170 peak with a longer latency
than LSF (t48 = 7.0, P < 0.0001) and BSF (t48 = 7.9, P < 0.0001)
faces (Fig. 3). In addition, the interaction between group and orien-
tation was significant (F2,46 = 4.0, P = 0.02, g2 = 0.15), and group
and SF tended to interact (F4,92 = 2.2, P = 0.08, g2 = 0.09). Further
explorations of these interactions revealed main effects of SF in all
three groups, and a weak tendency towards an FIE in adolescents
(F1,18 = 3.0, P = 0.1, g2 = 0.14). In adults, the orientation effect
was influenced by SF (F2,18 = 4.2, P = 0.03, g2 = 0.32). Post hoc
tests in adults showed that the expected FIE (i.e. delayed peak for
inverted compared with upright faces) was present for BSF
(t9 = 4.3, P = 0.02) and LSF (t9 = 5.0, P = 0.01) faces, but not for
HSF faces (P = 0.8).
Figure 6 shows the neural development of FIEs in more detail.

The differential responses elicited by upright and inverted faces (at
PO7 and PO8) containing either high or low SF content are plotted
per age group. An FIE appears already in early processing stages
(P1), but this effect is not influenced by SF content. In the subse-

quent processing stage (N170), only adolescents and adults show an
FIE. Importantly, this N170 FIE was only present when LSF infor-
mation was available in the image (i.e. there was an FIE for BSF
and LSF but not for HSF faces). Finally, Fig. 7 provides more infor-
mation on the inter-subject variability per group, which is plotted
around the difference waves of the ERPs depicted in Figs 4 and 5.
More information about inter-subject variability is also available in
the Supporting Information, which provides scatterplots of peak
latency and amplitude values per subject (Figs. S1–S12).

Discussion

The present study investigated the differential role of information in
the low vs. high SF ranges in the early stages of facial processing,
during childhood, adolescence and adulthood. Results show that the
morphology of the P1 and N170 strongly changes across develop-
ment, as do the cognitive factors influencing them. Importantly, our
results show that the FIE occurs in different processing stages for
children, adolescents and adults. Moreover, the role of different SF
ranges in face processing appears to change during development.
There was a clear change in morphology across the age groups,

showing a smaller P1 but more pronounced N170 with increasing
age (see also Itier & Taylor, 2004a). More interestingly, these age
effects interacted with our experimental manipulations. On the
whole, these interactions confirmed our hypotheses (see Table 1 for
an overview).
SF content of faces had a clear effect in all age groups. LSF and

BSF faces elicited in general faster and higher P1 and N170 peaks
than HSF faces. This effect cannot be driven by low-level stimulus
differences, as contrast and luminance were equalized between LSF,
BSF and HSF faces. Rather, this effect indicates that facial informa-
tion in LSF ranges is processed faster than those in HSF ranges, cor-
roborating previous findings in studies using similar stimuli matched
for low-level visual features (Vlamings et al., 2010). Neuroimaging
studies in adults suggest that LSF content in faces is not only pro-
cessed faster, but also processed via different neural pathways than
HSF content (Vuilleumier et al., 2003; Rotshtein et al., 2007). LSF
information travels via the middle occipital gyrus to an area in the
fusiform gyrus specialized in face processing (the so-called fusiform
face area; Kanwisher et al., 1997), where it converges with HSF
information coming from inferior occipital and temporal areas
(Rotshtein et al., 2007). Visual processing in newborns is solely
based on LSF information (Slater & Sykes, 1977; de Heering et al.,
2007), due to immaturity of the visual system at several levels
(reviewed by Ellemberg et al., 2001; Hammarrenger et al., 2003; see
also Johnson, 2005). However, although LSF processing is present in
newborns, sensitivity for LSF is only fully matured in preadolescence
(9–12 years), much later than the maturation of HSF processing at 3–
4 years (Adams & Courage, 2002). Thus, although in young children
there is a strong dependence on LSF processing (as also shown by
the faster and stronger LSF ERP responses in the present study), the
sensitivity to facial cues provided by LSF content might be still
rather low during late childhood.
The effect of face inversion strongly differed between age groups.

Children only showed an FIE at the earliest stages of processing (i.e.
around 100 ms; P1). In contrast, adults only showed an FIE at a later
processing stage (around 170 ms; N170). These results corrobarate
earlier findings by Itier & Taylor (2002, 2004a,b) showing a gradual
developmental change from early to later FIEs. They (Itier & Taylor,
2002, 2004c) and others (e.g. Boutsen et al., 2006) suggested that P1
could reflect more holistic face processing (such as detecting global
face orientation) whereas the N170 indexes configural processing
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Fig. 6. Boxplots of the median FIE on (A) amplitude and (B) latency of the
P1 (left) and N170 (right) averaged across PO7 and PO8. Each box shows
the minimum, first quartile, median, third quartile and maximum value. FIE
for low-pass (LSF) and high-pass (HSF) filtered faces is computed by sub-
tracting upright from inverted responses, except for N170 amplitude (where
inverted is subtracted from upright) to compensate for the negative N170
sign. Asterisks indicate a significant main effect of orientation (P < 0.05),
whereas plus signs on top of connecting lines indicate a significant interac-
tion between orientation and SF (P < 0.05). Note that tests are based on the
average of electrode PO7 and PO8 and can therefore differ from the results
in Fig. 5. See also Supporting Information Fig. S12.
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(i.e. relational processing of facial features), two processes that are
both disrupted by face inversion. The stronger disruptive effects of
inversion on P1 in children and N170 in adults respectively corre-
sponds to behavioural findings suggesting that children use more
external features (such as hair) for face recognition (Ellis et al.,
1979) and are less skilled in configurational processing (Maurer
et al., 2002; Mondloch et al., 2002). The response in adolescents
was hybrid, as face inversion affected both the P1 as well as the
N170. This is in line with neuroimaging studies showing a progres-
sive growth (Golarai et al., 2007, 2010) and tuning (Passarotti et al.,
2007) of the neural face network during adolescence. There is not
much known about face processing during this developmental stage,
although recent functional magnetic resonance imaging studies
revealed that the neural face network of adolescents is still in full
development (Passarotti et al., 2007; Peelen et al., 2009; for reviews
see Grill-Spector et al., 2008; Cohen-Kadosh & Johnson, 2007).
Importantly, the FIE was modified by SF content in adolescents

and adults, but not in children, which implies that the use of SF
content in face processing changes across development. Sergent
(1984, 1986) was the first to suggest that processing a face based on
configural or featural cues depended on information from distinct SF
ranges: configural processing depends on LSF information, whereas
extraction of face parts is based on HSF. Indeed, several studies
have underlined the role of LSF in the fast integration of face fea-
tures into a united representation and the use of HSF for interpreting
face details (e.g. Schyns & Oliva, 1999; Goffaux et al., 2005; Goff-
aux & Rossion, 2006). In adults, N170 amplitude and latency were
solely affected by face inversion when LSF information was avail-
able in the face stimulus, replicating the results of Goffaux et al.
(2003a). This confirms the hypothesis that global information pro-
vided by LSF information supports configural face processing, and
that configural processing is disrupted by face inversion (e.g. Yin,
1969). Behavioural studies have shown that configural processing
develops slowly and is not fully matured in 10-year-olds (e.g.
Mondloch et al., 2002). The 9–10-year-old children in our study did
not show a differential neural FIE for LSF, BSF or HSF faces, sug-
gesting that the configural processing that mainly depends on LSF
information is not fully developed at this age. Interesting comple-
mentary findings can be observed for expertise in other object cate-

gories than faces: for example, experts can better identify pictures of
their object-of-expertise when only LSF information is present (Vig-
giano et al., 2006), and show a stronger inversion effect (Diamond
& Carey, 1986; Rossion & Curran, 2010) compared with novices.
Most interestingly, adolescents showed a hybrid pattern: similar

to children, they showed FIEs in early (P1) processing stages. How-
ever, they also had face-specific modulations in late (N170) process-
ing stages, resembling face processing in adults. This hybrid pattern
was also revealed for the role of SF information: the adolescent FIE
in the P1 interval was not affected by SF content, matching the
results in children. However, similar to adults, the FIE in the N170
period was only present when the faces contained low SF informa-
tion. Yet, the adolescent N170 appeared not yet to be fully matured,
as reflected in the morphology of the N170 (Fig. 2). The N170
shows a bifid morphology in children below 10 (Itier & Taylor,
2004a). It has been suggested that these two apparent subcompo-
nents seen in children may reflect two different functional sources in
temporo-occipital and lateral temporal cortices, which might be
involved in more global and configural aspects of face processing,
respectively (Itier & Taylor, 2004a). The change of N170 morphol-
ogy in adolescence has been related to neural changes in face-selec-
tive cortex during this period (Passarotti et al., 2003, 2007). In our
study, orientation effects tended to be stronger in the right than left
hemisphere for adolescents and adults but not for children (see also
Itier & Taylor, 2004a), which might be related to the right laterized
tuning of the fusiform face area during adolescence (Passarotti
et al., 2007).
In summary, the present study shows that face perception still

undergoes important changes during adolescence. Our ERP findings
reveal that more efficient configural face processing skills are
acquired during adolescence and that this acquisition depends on the
neural maturation of LSF processing in face-selective visual cortex.
Children show face-specific effects in early processing stages (i.e.
P1 around 100 ms after stimulus onset), whereas ERPs of adults
reveal face-specific effects at a later processing stage (i.e. N170
around 170 ms), suggesting a qualitatively different mode of facial
analysis. Adolescents show face-specific effects in both processing
stages, suggesting a hybrid developmental stage. Importantly, the
use of SF content in face processing changes across development.
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Children showed neural FIEs regardless of SF content in faces. In
stark contrast, adults only had an FIE when information in the LSF
ranges was available. This SF effect is in line with the temporal pre-
cedence of the FIE in children compared with adults, as face pro-
cessing in the P1 interval (linked to processing in early visual
cortex; Rossion et al., 1999; Itier & Taylor, 2002) is suggested to
be more superficial than the skilled LSF-dependent configural pro-
cessing occurring in the N170 period (linked to processing in higher
visual cortex; Sagiv & Bentin, 2001; Rosburg et al., 2009). Most
interestingly, adolescents again showed a hybrid pattern: similar to
children, the FIE in the P1 interval was not affected by SF content.
However, similar to adults, the FIE in the N170 period was only
present when the faces contained LSF information. Our results thus
suggest that in adolescence, sensitivity to configural cues is devel-
oped by increased use of LSF information, which aids the fast and
holistic processing that is so special for faces.
Psychophysical developmental studies might encounter non-trivial

methodological issues when age ranges are compared on the same
task. Differences in task difficulty between age groups often result
in floor- and ceiling-effects, distorting developmental effects inferred
from behavioural studies (Crookes & McKone, 2009). This study
circumvents such methodological pitfalls in two ways. First, we use
an orthogonal attention task (detection of animations) that is unli-
kely to affect face processing differently across age groups. Sec-
ondly, we infer maturation processes from direct neural changes
rather than from behavioural results. This might be a better measure
for fast, automatic configural processes, as behavioural measures
such as face-identification accuracy do not always reflect the degree
of holistic processing (Konar et al., 2010). Moreover, we were inter-
ested in development of face processing in everyday life, which
might be more akin to attentive viewing of faces such as in the pres-
ent study, compared with the categorization or detection tasks most
often used in psychophysics. Face processing is influenced by the
task at hand and especially when studying the role of SF in face
processing, the influence of the task on the bias to specific SF
ranges should be taken into account (Schyns & Oliva, 1999; Goff-
aux et al., 2003a; Sowden & Schyns, 2006). Finally, influencing
configural processing by manipulating interattribute distances (e.g.
Haig, 1984) makes face stimuli unnatural, which influences face
processing strategies (Taschereau-Dumouchel et al., 2010). Instead,
we study configural processing by comparing natural faces with
their inverted counterparts in the present study. By inverting the
face, configural processing is disrupted, while all perceptual input is
similar to the upright version – serving as an adequate control in
which interattribute distances do not have to be artificially manipu-
lated. Future research could investigate the role of subcortical areas
in maturation of LSF-dependent face processing (Johnson, 2005) by
applying the present paradigm in a functional magnetic resonance
imaging study. In addition, studying how SF availability differen-
tially affects face processing in individuals with a typical develop-
ment and those with a pervasive developmental disorder might
provide more insights into face processing difficulties in autism
spectrum disorder, which might be related to specific deficits in LSF
processing (Deruelle et al., 2004, 2008; Johnson, 2005; Boeschoten
et al., 2007).

Supporting Information

Additional supporting information can be found in the online ver-
sion of this article:
Fig. S1. Scatterplot of mean peak latency and amplitude of the P1
on electrode O1 & O2 (left) and of the N170 on electrode PO8

(right) per subject.
Fig. S2. Scatterplot of P1 Latency (left) and Amplitude (right) for
low-pass (LSF) and high-pass (HSF) filtered faces on electrode O2
per subject.
Fig. S3. Scatterplot of N170 Latency (left) and Amplitude (right) for
low-pass (LSF) and high-pass (HSF) filtered faces on electrode PO8
per subject.
Fig. S4. Scatterplot of P1 amplitude on electrode O2 for inverted
and upright faces that were low-pass (LSF; left) or high-pass (HSF;
right) filtered.
Fig. S5. Scatterplot of P1 latency on electrode O2 for inverted and
upright faces that were low-pass (LSF; left) or high-pass (HSF;
right) filtered.
Fig. S6. Scatterplot of P1 amplitude on electrode PO8 for inverted
and upright faces that were low-pass (LSF; left) or high-pass (HSF;
right) filtered.
Fig. S7. Scatterplot of P1 latency on electrode PO8 for inverted and
upright faces that were low-pass (LSF; left) or high-pass (HSF;
right) filtered.
Fig. S8. Scatterplot of N170 amplitude on electrode PO8 for
inverted and upright faces that were low-pass (LSF; left) or high-
pass (HSF; right) filtered.
Fig. S9. Scatterplot of N170 latency on electrode PO8 for inverted
and upright faces that were low-pass (LSF; left) or high-pass (HSF;
right) filtered.
Fig. S10. Scatterplot of P1 Latency (left) and Amplitude (right) dif-
ferences for inverted - upright LSF (x-axis) and HSF (y-axis) faces
on electrode PO8 per subject.
Fig. S11. Scatterplot of N170 Latency (left) and Amplitude (right)
differences for inverted - upright LSF (x-axis) and HSF (y-axis)
faces on electrode PO8 per subject.
Fig. S12. Boxplot of P1 and N170 Amplitude (left) and Latency (right)
differences for the differential face inversion effect between LSF and
HSF (i.e., FIE LSFminus FIE HSF) averaged across PO7 and PO8.
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