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A B S T R A C T

Rapid decoding of emotional expressions is essential for social communication. Fast processing of facial ex-
pressions depends on the adequate (subcortical) processing of important global face cues in the low spatial
frequency (LSF) ranges. However, children below 9 years of age extract fearful expression information from local
details represented by high SF (HSF) image content. Our ERP study investigated at which developmental stage
this ineffective HSF-driven processing is replaced by the proficient and rapid LSF-driven perception of fearful
faces, in which adults are highly skilled. We examined behavioral and neural responses to high- and low-pass
filtered faces with a fearful or neutral expression in groups of children on the verge of pre-adolescence (9–10
years), adolescents (14–15 years), and young adults (20–28 years). Our results suggest that the neural emotional
face processing network has a protracted maturational course into adolescence, which is related to changes in SF
processing. In mid-adolescence, increased sensitivity to emotional LSF cues is developed, which aids the fast and
adequate processing of fearful expressions that might signal impending danger.

1. Introduction

Fast and adequate identification of emotional expression is essential
for daily functioning as it helps to evaluate the state and intentions of
others. Especially fearful or angry facial expressions, which may signal
impending danger requiring an immediate response, should be re-
cognized as fast as possible. Fearful expressions are primarily extracted
from information in the low spatial frequency (LSF) content of faces
(e.g., Méndez-Bértolo et al., 2016; Vlamings, Goffaux, & Kemner, 2009).
However, the proficient use of LSF cues for configural face processing
(i.e., relational processing of facial features) shows a slow development,
reaching only full maturation in young adulthood (Peters,
Vlamings, & Kemner, 2013). The present study investigates whether an
equally protracted development occurs for LSF processing of emotional
expressions.

In adult face perception, information carried by different SF bands is
combined following a coarse-to-fine sequence (Goffaux et al., 2011; see
Ruiz-Soler & Beltran 2006 for review). LSF conveys highly important
coarse information on emotional and configural aspects that is

extracted first, before more fine-grained high SF (HSF) information is
examined for further facial cues (related to for example facial age; cf.
LSF- and HSF-filtered faces in Fig. 1). LSF and HSF information is pri-
marily processed via different visual channels (e.g., Shoham, Hubener,
Schulze, Grinvald, & Bonhoeffer, 1997; De Valois & De Valois, 1988).
LSF information is mainly relayed through the magnocellular pathway.
This relatively fast pathway makes coarse information rapidly available
to not only the visual cortex, but also to the prefrontal cortex (Bar et al.,
2006) and amygdala (Vuilleumier, Armony, Driver, & Dolan, 2003) for
immediate responses to threats. The amygdala initiates instant reac-
tions to emotional events (LeDoux, 2000; Morris, Ohman &Dolan,
1999), such as when a fearful facial expression is detected in the visual
scene. However, the amygdala can only decode fearful expressions
adequately when LSF information is present (M& ndez-B & rtolo et al.,
2016; Vuilleumier et al., 2003). In contrast to LSF input, HSF in-
formation is conveyed by the parvocellular pathway, projecting solely
to visual cortex (Merigan &Maunsell, 1993). In visual cortex, LSF and
HSF appear to remain partly segregated: LSF information mainly travels
via the middle occipital gyrus to an area in the fusiform gyrus
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specialized in face processing (the so-called fusiform face area,
Kanwisher, Mc Dermott, & Chun, 1997), where it converges with HSF
information primarily coming from inferior occipital and temporal
areas (Rotshtein, Vuilleumier, Winston, Driver, & Dolan, 2007;
Vuilleumier et al., 2003; Winston, Vuilleumier & Dolan, 2003). Recent
neuroimaging studies have shown that these structures mature at a
much slower speed than previously assumed, and are not fully matured
till adulthood. Throughout adolescence, there is progressive neural
proliferation (Gomez et al., 2017; Golarai et al. 2007; Golarai,
Liberman, Yoon, & Grill-Spector, 2010) and functional tuning
(Passarotti, Smith, DeLano, & Huang, 2007) of the neural face network
(see Cohen-Kadosh & Johnson, 2007; Grill-Spector, Golarai, & Gabrieli,
2008 for reviews), including the amygdala (Guyer et al., 2008; Thomas
et al., 2001).

It is unclear how this adolescent neural reorganization affects the
spatial frequency pathways running through the face network. Previous
studies provide some indications that the LSF- and HSF pathways ma-
ture at different speeds. Visual processing in newborns is solely based
on LSF information (De Heering et al., 2008; Slater & Sykes, 1977), due
to immaturity of the visual system at several levels (Hammarrenger,
Lepor & , Lipp & , Labrosse, Guillemot & Roy, 2003; Johnson, 2005).
However, although LSF processing is present in newborns, sensitivity
for LSF is only fully matured in preadolescence (12/13-year-olds;
Madrid & Crognale, 2000). This is much later than the maturation of
HSF processing at 3–4 years (Adams & Courage, 2002). Further research
suggests that it takes even longer time to proficiently use LSF in-
formation for the fast, holistic processing of faces, in which we humans
are so uniquely skilled. For example, adolescents show an immature
neural processing of the LSF information needed for configural face
perception (Peters et al., 2013). It is yet unknown whether adolescents
also have a suboptimal LSF processing for emotional expressions.

Previous ERP studies of our lab investigated the influence of SF
content on the processing of facial expressions in children between 3
and 8 years old (Vlamings, Jonkman, Kemner, 2010) and young adults
(Vlamings et al., 2009), and observed an interesting developmental
change in the use of SF information. In children, the detection of fearful
expressions affected the earliest stages of cortical processing: the P1, an
ERP component generated in occipital cortex around 100 ms after sti-
mulus onset, was higher for faces with a fearful compared to neutral
expression. Importantly, this effect was only present when faces con-
tained HSF information. In contrast, adults showed a higher N170 re-
sponse for fearful than neutral expressions, but only for faces with LSF
content. The N170 is generated in fusiform and temporal gyri (Henson

et al., 2003) around 170 ms after stimulus onset. Unlike the early and
rather unselective P1, the N170 is face-selective and associated with in-
depth configural face processing (Itier & Taylor, 2004). In sum, children
showed a HSF-driven, superficial processing of facial expressions,
whereas adults showed advanced configural processing driven by LSF
content. This suggests that in (pre-) adolescence, a qualitative devel-
opmental change in SF use takes place. The present ERP study ex-
amined this developmental shift by measuring P1 and N170 responses
to emotional expressions in 1) children on the verge of pre-adolescence
(9–10-year-olds) 2) adolescents (14–15-year-olds), and 3) young adults
(20–28-year-olds). We compared neural responses to faces with fearful
and neutral expressions, in which only LSF or HSF information was
available (Fig. 1). To facilitate direct comparisons between our results
and findings in 3–8-year-olds and adults, we used an identical experi-
mental paradigm (same stimuli, stimulus paradigm, EEG electrodes,
and EEG setup) as, respectively, Vlamings, Jonkman, Kemner, 2010 and
Vlamings et al. (2009). Furthermore, our adult dataset largely over-
lapped with Vlamings, Jonkman, and Kemner (2010). Finally, we could
track behavioral development of expression identification from child-
hood to adulthood, by measuring children’s and adolescent’s behavioral
responses in an additional emotional categorization task, employing the
same paradigm as our previous studies.

Our ERP and psychophysical results suggest that the neural network
involved in perception of fearful expressions has a protracted matura-
tional course into early adolescence. In adolescence, sensitivity to the
important facial expressions conveyed by LSF content is developed,
which aids the fast and adequate processing of fearful expressions es-
sential for the detection of impending danger.

2. Methods

2.1. Participants

Sixty-one healthy participants with (self-reported) normal or cor-
rected-to-normal visual acuity were divided in three groups according
to their age: children between 9 and 10-year-olds (n = 20; 10 males;
median age = 10.2-year-olds; range 9.0–10.9-year-olds), adolescents
between 14 and 15-year-olds (n = 20; 7 males; median 15.0-year-olds;
range 14.0–15.8-year-olds), and young adults (university students)
between 20 and 28-year-olds (n = 21; 10 males; median age = 22.2-
year-olds). Note that originally 21 adolescents were included, but data
of 1 adolescent was eliminated due to technical problems with EEG
recording. Furthermore, the data of 20 adults in our dataset were pre-
viously obtained and published by Vlamings et al. (2009). We re-
analyzed this adult dataset using the same EEG analysis procedure as
applied to the set of children and adolescents to achieve a fair com-
parison between age groups. 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 its age, as assessed by the block design and vocabulary
test of the WISC-III (Wechsler, 1991). Note that the estimated total IQ
score derived from these subtests has a mean reliability of 0.94 and a
mean validity of 0.91 compared to the complete WISC-III
(Spreen & Strauss, 1998). In addition, none of the children or adoles-
cents had emotional or behavioral problems as indicated by scores on
the Child Behaviour Checklist (Achenbach, 1991). Participants (ado-
lescents, 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.

2.2. Stimuli and task design

Sixteen grayscale front-view photographs of Caucasian faces with a
fearful (n = 8; 4 males) or neutral (n = 8; 4 males) expression served

Fig. 1. Example of low-pass (LSF), and high-pass filtered (HSF) face with a fearful or
neutral expression.
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