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A B S T R A C T

Faces convey an assortment of emotional information via low and high spatial frequencies (LSFs and HSFs).
However, there is no consensus on the role of particular spatial frequency (SF) information during facial fear
processing. Comparison across studies is hampered by the high variability in cut-off values for demarcating the SF
spectrum and by differences in task demands. We investigated which SF information is minimally required to
rapidly detect briefly presented fearful faces in an implicit and automatic manner, by sweeping through an entire
SF range without constraints of predefined cut-offs for LSFs and HSFs. We combined fast periodic visual stimu-
lation with electroencephalography. We presented neutral faces at 6 Hz, periodically interleaved every 5th image
with a fearful face, allowing us to quantify an objective neural index of fear discrimination at exactly 1.2 Hz. We
started from a stimulus containing either only very low or very high SFs and gradually increased the SF content by
adding higher or lower SF information, respectively, to reach the full SF spectrum over the course of 70 s. We
found that faces require at least SF information higher than 5.93 cycles per image (cpi) to implicitly differentiate
fearful from neutral faces. However, exclusive HSF faces, even in a restricted SF range between 94.82 and 189.63
cpi already carry the critical information to extract the emotional expression of the faces.
1. Introduction

Human faces contain a large and varied set of sources of information,
conveyed by a spectrum of spatial frequencies (SFs) – i.e. the basic
components of visual information, characterized by their spatial distri-
bution of luminance variations (De Valois and De Valois, 1980). This
information needs to be extracted fast and efficiently during social
interaction in order to be able to act appropriately in every situation
(Ruiz-Soler and Beltran, 2006). It has been suggested that the informa-
tion represented by the various SFs in a face is processed in a
coarse-to-fine sequence: the coarse and more global low SF (LSF) infor-
mation is being processed first, with subsequent processing of the fine
and more local higher SFs (HSF), for robust and precise categorization
(De Cesarei and Codispoti, 2013; Goffaux et al., 2011; Goffaux and
Rossion, 2006; Hegd�e, 2008; Quek et al., 2018). However, other authors
have argued in favour of a more flexible use of spatial frequencies rather
- box 7001, 3000, Leuven, Belgi
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than a fixed one, based on task demands and stimulus properties (de
Gardelle and Kouider, 2010; Morrison and Schyns, 2001; Ruiz-Soler and
Beltran, 2006; Schyns and Oliva, 1999).

To better understand how the visual system processes faces, several
studies have aimed at pinpointing the range of SFs that play the most
crucial role in (different aspects of) face processing. Very roughly, SFs <
8cpi can be considered as LSFs, 8 cpi < SFs < 24 cpi as middle-range SFs
(MSFs), and SFs > 24 cpi as HSFs (Morrison and Schyns, 2001; Schyns
and Oliva, 1999; Vuilleumier et al., 2003; Wang et al., 2015). Some
studies emphasize the importance of LSF information for face discrimi-
nation or face recognition, suggesting the redundancy of HSF informa-
tion (Can�ario et al., 2016; Goffaux et al., 2003a). On the other hand, the
importance of both LSF and HSF information for face recognition has also
been reported (Fiorentini et al., 1983; Flevaris et al., 2008; Halit et al.,
2006). Finally, while either LSFs or HSFs may enable face recognition,
the optimal SF range for face recognition has been suggested to comprise
um.

2020

rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:stephanie.vanderdonck@kuleuven.be
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2020.117151&domain=pdf
www.sciencedirect.com/science/journal/10538119
http://www.elsevier.com/locate/neuroimage
https://doi.org/10.1016/j.neuroimage.2020.117151
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.neuroimage.2020.117151


S. Van der Donck et al. NeuroImage 221 (2020) 117151
MSFs (Collin et al., 2012; Costen et al., 1996; Leonard et al., 2010;
Morrison and Schyns, 2001; Ruiz-Soler and Beltran, 2006). This partic-
ular tuning of the visual system towards MSFs for face processing, may
align with the fact that most physical face information is present in this
MSF range, with facial amplitude maxima occurring around 10 cpf,
particularly in horizontal orientation (Collin et al., 2014; Keil, 2008).

1.1. Spatial frequencies and emotional face perception

In addition to identity information, faces can also convey an assort-
ment of emotional information. Compared to facial identity recognition,
facial emotion recognition requires more details (Gao and Maurer, 2011)
and has a greater sensitivity to changes in SF (Goren and Wilson, 2006).
Depending on the displayed facial expression, different SF information is
preferentially used during processing. For example, when categorizing
fearful versus neutral expressions, a LSF bias has been observed, both at
the behavioural (Holmes et al., 2005) and at a neural level (Pourtois
et al., 2005; Vlamings et al., 2009; Vuilleumier et al., 2003). The LSF bias
for behavioural fear categorization has also been demonstrated when
compared to faces displaying happiness (Morawetz et al., 2011).
Fig. 1. A. Visualization of the square wave presentation of the experimental stimuli f
step: four neutral faces (base stimulus), followed by a fearful face (oddball stimulus)
content is identical. The placement of the fixation cross is not visualized. B. Examples
Each SF step comprises 10 s of stimulus presentation, i.e. neutral faces periodically int
in both continua are identical, as they encompass the same SF range of 1.48–189.63 c
1998) and adapted for experimental purposes.
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However, other studies reported an advantage of HSF information for the
detection of fearful versus neutral faces (Stein et al., 2014), and the
recognition of fear as opposed to other facial expressions, including
anger, happiness and disgust (Smith and Merlusca, 2014). Moreover, as
for identity perception, the importance of MSFs has also been demon-
strated for expression recognition (Gao and Maurer, 2011).

Overall, and irrespective of the particular emotion being presented,
conflicting results have been found on the role of SFs in emotional face
processing (for reviews, see De Cesarei and Codispoti, 2013; Jeantet
et al., 2018). The methodological variability across studies, in terms of
the emotion processes being measured, the methods to modulate the SF
availability at the stimulus level, and the experimental parameters (e.g.
stimulus size, viewing distance, duration of stimulus presentation),
contribute to these inconsistencies (De Cesarei and Codispoti, 2013;
Jeantet et al., 2018). In addition, also the behavioural task that is per-
formed may influence the preferential use of specific SFs for (emotional)
face processing, as diverse task demands may call for specific diagnostic
cues, enveloped in certain SF ranges (Goffaux et al., 2003b; Schyns and
Oliva, 1999; Smith and Merlusca, 2014). Furthermore, comparison
across studies is also hampered by the use of different units to express the
or a full SF spectrum face (i.e. SF 7). The stimulus sequence presented in each SF
. The base and oddball stimuli only differ in terms of facial expression; their SF
of the seven logarithmic SF steps of the LSF-to-HSF and the HSF-to-LSF continua.
erleaved with fearful faces (every 5th image, i.e. 1.2 Hz). The stimuli of SF step 7
pi. The original images were acquired from the KDEF database (Lundqvist et al.,
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SF content of the stimuli, as well as the use of highly variable cut-off
values for demarcating the SF spectrum into LSFs, MSFs or HSFs (Jean-
tet et al., 2018). To move the field forward, ideally, the role of SF content
on facial expression processing should be investigated in an implicit and
automatic manner, without particular task demands that may modulate
the impact or importance of particular SF content and without predefined
and limited SF cut-offs, as explained next.

1.2. Present study

With the present study, we investigate the impact of SF content on the
implicit neural detection of fearful faces among a series of rapidly pre-
sented neutral faces. We determine the minimally required SF informa-
tion by systematically sweeping through a low-to-high and high-to-low
SF space and employing a fast periodic visual stimulation (FPVS) oddball
paradigm in combination with scalp electroencephalography (EEG). As
in previous studies (Dzhelyova et al., 2017; Van der Donck et al., 2019),
we present neutral faces at a fast periodic rate of 6 Hz, interleaved with
expressive faces every 5th image, thus at 1.2 Hz oddball rate (see
Fig. 1A). Here, we focus on fear detection, because of its evolutionary
importance and its potential to elicit large neurophysiological responses
(Nuske et al., 2014; Smith, 2012; Van der Donck et al., 2020). The pe-
riodic presentation at predefined, yet different, base and oddball fre-
quency rates allows the direct quantification of the implicit neural
responses, indicating the discrimination of fearful faces amongst neutral
faces. In addition, the rapid presentation of the facial stimuli during this
paradigm promotes automatic processing. By combining this implicit
neural measure with an additional explicit fear-discrimination task (at
the same presentation rate), we can investigate a possible differential use
of SF information when processing facial expressions implicitly versus
explicitly (Langner et al., 2012; Rohr and Wentura, 2014).

Based on a similar sweep paradigm addressing face categorization
(Quek et al., 2018), we progressively increased the SF content of an
image stream during 70 s, starting from a face image containing either
only LSFs or only HSFs, until reaching the full spectrum with clearly
recognizable neutral and fearful faces (see Fig. 1B/movies 1 and 2). The
progressive changes of the SF filter cut-offs allow us to vary the SF con-
tent across a broad range throughout one stimulation sequence, without
decomposing the images into discrete SF bands, thereby enabling the
quantification of cumulative integration of facial expression information
(Quek et al., 2018). Accordingly, this paradigm might allow us to
pinpoint the threshold of optimal SF information for the rapid detection
of fearful facial expressions, without prior assumptions about SF
preferences.

Supplementary video related to this article can be found at https://d
oi.org/10.1016/j.neuroimage.2020.117151

Based on previous studies that demonstrated activity in higher-level
face processing regions (e.g. fusiform gyrus) in response to LSF
(Can�ario et al., 2016; Goffaux et al., 2011; Winston et al., 2003) as well as
HSF faces (Goffaux et al., 2011; Rotshtein et al., 2007), we generally
expect to see most brain activation over the left and right
occipito-temporal regions.

As one may wonder to what extent our findings on preferred SF
content are specific for facial fear detection and not merely for change
detection in general (Morawetz et al., 2011), we added a control exper-
iment where we inverted all the faces. While this manipulation preserves
all low-level perceptual features, it has been well documented that face
inversion typically disrupts holistic or configural face processing (Ros-
sion, 2013; Tanaka and Farah, 1993; Vettori et al., 2019). Accordingly,
we hypothesize that oddball responses will be lower for the inverted as
compared to the upright faces. Previous studies have reported inversion
effects for facial fear processing using FPVS oddball paradigms with full
scale SF images (Dzhelyova et al., 2017; Van der Donck et al., 2019), but
the inversion effect has also been observed in SF filtered faces. Most
often, this face inversion effect has been reported in LSF faces (Flevaris
et al., 2008; Goffaux, 2009; Goffaux and Rossion, 2006; Jeantet et al.,
3

2018), suggesting that LSFs specifically contain the holistic or configural
face information (Goffaux et al., 2005). Against this background, and
given that HSFs comprise the facial features which are preserved during
face inversion, we may expect a larger face inversion effect (i.e. lower
fear-discrimination responses for inverted faces) for LSF versus HSF facial
images. However, as configural relations between facial features can also
be extracted on the basis of exclusive HSF information (Collin et al.,
2014; Goffaux et al., 2005), we might also find a significant (but smaller)
face inversion effect when only HSF information is present.

2. Methods

2.1. Participants

In the main experiment, twenty right-handed healthy young adults
(10 females) aged between 18 and 35 years old (mean age¼ 21.61 years,
SD ¼ 1.59) participated. One participant reported colour blindness, yet,
because this did not affect the processing of the greyscale facial images or
the detection of the colour-changes of the fixation cross, this participant
was not excluded. In the control experiment, we included a new group of
ten healthy young adults (5 females; mean age¼ 26.48 years, SD¼ 3.21).

All participants reported normal or corrected-to-normal visual acuity.
Given the “own-culture advantage” of emotion processing (Elfenbein and
Ambady, 2002; Gendron et al., 2014), participants had to be living in
Belgium or Europe for at least 5 years. An exclusion criterion was the
diagnosis of epilepsy or autism spectrum disorder in the participant or in
a first-degree relative. The Medical Ethical Committee of the university
hospital approved this study. Written informed consent according to the
Declaration of Helsinki was gathered from the participants prior to
participation.

2.2. Stimuli

Full-frontal images of a neutral and fearful face of two male and two
female actors were acquired from the Karolinska Directed Emotional
Faces (KDEF) database (AF07, AF22, AM05, AM11 (Lundqvist et al.,
1998)). Consulting the KDEF ratings, the most expressive faces were
chosen in terms of reported arousal and intensity. All images were sized
to 450 � 450 pixels and we removed the shoulders and stray hair, made
the background transparent and centred the images on the nasion (i.e.
the nose bridge). External features (e.g. hair and ears) were not removed,
since this did not have an impact on the SF filtering. The stimuli were
displayed subtending 6.01� visual angle at 80 cm viewing distance.

The broadband butterworth SF filtering (second order) of the images
was performed using Matlab R2017b (The MathWorks, Inc.) and was
based on the study of Petras et al. (2019). The full-spectrum neutral and
fearful faces were first converted to greyscale and then bandpass filtered
(i.e. by multiplying the Fourier amplitude of each image with the chosen
SF filters, before transforming the stimuli back into image space) with
seven logarithmic cut-offs (i.e. SF steps). This enabled us to investigate an
entire range of SFs between 1.48 and 189.63 cpi (corresponding to
approximately 0.66 and 84.46 cycles per face width (cpf), based on the
mean cut-off estimate across the faces of the four actors). In two separate
continua, we started from a stimulus with isolated LSF content or HSF
content, where SF information was incrementally added throughout the
seven SF steps, towards a stimulus containing the full spectrum (Fig. 1B).
Henceforth, we will refer to these continua as the LSF-to-HSF continuum
and the HSF-to-LSF continuum, respectively.

The resulting spatially filtered greyscale images were placed against a
grey background (RGB ¼ 128, 128, 128; alpha ¼ 255) and equalized for
contrast and luminance to match the mean values of the full-spectrum
images. Consequently, per condition, all images had equal contrast and
luminance, both within and across the seven SF steps, to ensure that only
the facial expression differed between the base and oddball stimuli.

https://doi.org/10.1016/j.neuroimage.2020.117151
https://doi.org/10.1016/j.neuroimage.2020.117151
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2.3. Design and procedure

Participants were seated in a dimly lighted room at 80 cm viewing
distance of a LCD 24-in. computer screen. A custom application software
written in Java was used to display the stimuli through square wave
presentation, because the display time of the full contrast stimulus is
much longer with a square wave presentation than sinusoidal contrast
modulation. The 100% contrast stimulus presentation was approximately
167 ms (see Fig. 1A). To avoid detection of the fearful face due to low-
level repetition effects, the stimuli varied randomly in size between
80% and 120% of the original size.

To guarantee attentiveness of the participants, an orthogonal task was
implemented. A fixation cross, presented on the nasion of the face, briefly
(300 ms) changed colour from black to red 10 times within every
sequence. The participants had to press a button as soon and accurately as
possible when noticing the colour changes of the fixation cross.

2.3.1. Implicit fear discrimination
In themain experiment, the fear detection sweep paradigm consisted

of 32 sequences in a randomized order with a sequence duration of 70 s.
SF information was progressively added in seven logarithmic steps (10 s
per SF step) within one sequence towards a stimulus containing the full
SF-spectrum of 1.48–189.63 cpi (Fig. 1B). In the LSF-to-HSF continuum,
the sequences started with a stimulus exclusively encompassing LSF in-
formation and each SF step added supplemental higher SF information.
In contrast, the sequences of the HSF-to-LSF continuum started with a
stimulus solely containing HSF information, adding lower SF information
with each SF step. The sequence started and ended with a pre- and
postlude step that functioned as a fade-in and a fade-out. This gradual
start and end of each sequence was implemented to minimize artefacts
due to the stimuli appearing or disappearing abruptly.

The 32 sequences comprised 16 LSF-to-HSF sequences (4 for each
facial identity) and 16 HSF-to-LSF sequences (4 for each facial identity).
This implies that every SF stimulus step was presented 16 times during a
10 s segment, totalling up to 160 s stimulation time, which is identical to
the stimulation time used in previous (non-sweep) FPVS fear detection
oddball paradigms (Dzhelyova et al., 2017; Van der Donck et al., 2019).

Within each sequence and within each SF step, neutral faces of one
individual are presented at a base rate frequency of 6 Hz, periodically
interleaved every fifth stimulus with a fearful face (oddball frequency of
1.2 Hz, i.e. 6 Hz/5) of the same individual. The only difference between
the base (neutral faces) and oddball (fearful faces) stimuli is the facial
expression; the SF content of the base and the oddball stimuli are iden-
tical (Fig. 1B). All images are presented upright.

In the control experiment, we implemented a control condition
where we, in addition to the sequences with the upright faces, also pre-
sented sequences with inverted faces. All other experimental parameters
remained identical to the main experiment. Given that the main experi-
ment showed that reliable fear-discrimination responses could already be
obtained with half the number of stimulation sequences (i.e. 8 LSF-to-
HSF and 8 HSF-to-LSF sequences), the control experiment only
comprised 8 sequences per condition, resulting again in 32 sequences in
total (based on both SF-continua and both orientations of the faces).

2.3.2. Explicit fear discrimination
Task demands have been found to modulate the use of particular SF

information to enable fast stimulus processing (Awasthi et al., 2011; De
Cesarei and Codispoti, 2013), while spontaneous SF processing without a
specific visual task may shed light on the default SF components involved
in implicit emotional face detection (Ruiz-Soler and Beltran, 2006). To
investigate the mapping between implicit and explicit fear discrimination
thresholds, we also administered an explicit behavioural fear detection
task at the end of the test session.

For this task, again two sequences of the aforementioned fear detec-
tion sweep paradigm were shown: one sequence of the LSF-to-HSF con-
tinuum and one sequence of the HSF-to-LSF continuum, both displaying
4

an individual of the same gender. Sequences displaying males or females
were alternated for every participant. Here, participants had to press the
response button once per sequence as soon as they detected a face with a
fearful expression. Images were presented without a fixation cross,
allowing the participants to look anywhere they wished on the computer
screen.

2.4. EEG acquisition

We recorded EEG activity using a BIOSEMI Active-Two amplifier
system with 64 Ag/AgCl electrodes and two additional electrodes as
reference and ground electrodes (Common Mode Sense active electrode
and Driven Right Leg passive electrode). Vertical eye movements were
recorded via one electrode above and one below the right eye. One
electrode was placed at the corner of both eyes to record horizontal eye
movements. We recorded EEG and electrooculogram at 512 Hz. The
electrode offset was kept under 30 μV.

2.5. EEG data analysis

Preprocessing. Similar to Quek et al. (2018), we processed all EEG data
using Letswave 6 (http://www.nocions.org/letswave/) in Matlab
R2017b (The Mathworks, Inc.). We cropped the data into segments of 75
s (3 s before and 2 s after each sequence), applied a fourth-order But-
terworth bandpass filter (0.1–100 Hz) and resampled the data to 256 Hz.
For four participants who blinked on average more than 15 times (based
on robust Z-scores > 2.5 (Rousseeuw and Hubert, 2018)) within one
sequence, we applied independent component analysis via the runica
algorithm (Makeig et al., 1995) and removed the component that
accounted for most of the variance. We re-estimated noisy or
artifact-ridden channels through linear interpolation of the three
spatially nearest, neighboring electrodes; on average across all partici-
pants, 1.42 electrodes were interpolated. All data segments were
re-referenced to a common average reference and we averaged each
participant’s sequences for the LSF-to-HSF and HSF-to-LSF continua
separately. The preprocessed data segments were then cropped according
to each SF step (7 � 10 s segments).

Frequency-domain processing. Then, a fast Fourier transformation
(FFT) was applied, yielding a spectrum between 0 and 127.84 Hz with a
spectral resolution of 0.1 (¼1/10s). In addition to the signal at the
oddball and base frequencies, signals at frequencies corresponding to
integer multiples (harmonics) of these base and oddball frequencies are
also present in the spectrum. Only the amplitudes at the oddball fre-
quency and its harmonics (i.e. n*F/5 ¼ 2.4 Hz, 3.6 Hz, etc.) are consid-
ered as an index of facial expression discrimination (Dzhelyova et al.,
2017). We used signal-to-noise ratio (SNR) and baseline-corrected am-
plitudes to describe these measures. SNR is calculated by dividing the
amplitude value of a specific frequency bin by the average amplitude of
the 8 surrounding frequency bins (Rossion et al., 2012).
Baseline-corrected amplitudes are calculated by subtracting the average
amplitude level of the 8 surrounding bins from the amplitude of the
frequency bin of interest (Retter and Rossion, 2016). For both measures,
these 8 surrounding bins are the 4 bins on each side of the target fre-
quency bin, excluding the immediately neighboring bins and the two bins
with the most extreme values, corresponding to a frequency range of 0.4
Hz. We used SNR spectra for visualization (see Fig. 2) because responses
at high frequency ranges may be of small amplitude, but with a high SNR.
Baseline correction expresses responses in amplitudes (μV) that can be
summed across significant harmonics to quantify the overall base and
oddball response (Retter and Rossion, 2016).

To estimate the number of informative oddball harmonics, we
assessed the significance of the responses at different harmonics by
calculating Z-scores – using the mean and standard deviation of the 8
frequency bins surrounding the bin of interest (Liu-Shuang et al., 2014) –
on the FFT grand-averaged data across all electrodes and across elec-
trodes in the relevant regions of interest (ROIs; cf. infra). Harmonics were

http://www.nocions.org/letswave/


Fig. 2. SNR-spectra visualizing the fear-discrimination responses during SF step 7 in both continua, for the three ROIs separately. The significant first four harmonics
are displayed.
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considered significant and relevant to include as long as the Z-score for
two consecutive harmonics was above 1.64 (p < .05, one-tailed) (Retter
and Rossion, 2016). Following this principle, we quantified the oddball
responses of the main and the control experiment as the sum of the
oddball harmonics until the sixth harmonic following the first harmonic
(i.e. 1.2 Hz), and the first four harmonics, respectively, excluding the
harmonics corresponding to the base rate frequency.

Determination of ROIs. Visual inspection of the topographical maps
and identification of the most responsive regions for emotional oddball
stimulation (Dzhelyova et al., 2017; Van der Donck et al., 2019) led to
three ROIs, identical for all paradigms. The left and right
occipito-temporal (LOT and ROT) ROI were defined by averaging for
each hemisphere the three channels with the highest summed
baseline-corrected oddball response (i.e. channels P7, P9 and PO7 for
LOT, and P8, P10 and PO8 for ROT). The medial-occipital ROI (MO) was
defined by averaging the four channels with the largest common
response at 6 Hz (i.e. channels Iz, Oz, O1 and O2).
2.6. Statistical data analysis

For statistical analyses of the baseline-corrected oddball amplitudes
in each ROI, we applied a linear mixed-model (LMM) (function ‘lmer’ in
R (Bates et al., 2015)), fitted with maximum likelihood. For both the
main and the control experiment, a LMM was applied to the two SF
conditions (LSF-to-HSF and HSF-to-LSF continua) separately, because
main or interaction effects with this factor would not be of interest given
the nature of the filtering parameters (Watier et al., 2010). SF content
(seven SF steps) and ROI (LOT, ROT and MO) were included as fixed
within-subject factors and a random intercept per participant to account
for repeated testing. For the analysis of the control experiment, also
Orientation (upright versus inverted) was included as a fixed
within-subject factor. Degrees of freedom were calculated using the
Kenward-Roger method. Posthoc contrasts were tested for significance
using a Bonferroni correction for multiple comparisons, by multiplying
the p-values by the number of comparisons. Cohen’s d effect sizes were
calculated by dividing the least square means difference by the pooled
standard deviation. All assumptions in terms of linearity, normality and
constant variance of residuals were verified and met for all LMMs.

For all analyses with EEG data, extreme outlying data points (based
on a Cook’s distance of more than six times the mean) were removed
(Christensen et al., 1992). For one participant from the main experiment,
data collection only included the LSF-to-HSF continuum. Consequently,
analyses for the sweep FPVS oddball paradigm of the main experiment
were conducted with data from 20 and 19 participants for the LSF-to-HSF
continuum and HSF-to-LSF continuum, respectively.

Finally, a LMM was applied to ensure that the base and oddball re-
sponses for upright faces in the main and control experiment would not
differ significantly, hence, indicating that the results in the control
experiment can only be attributed to the orientation of the presented
faces and not to underlying differences in this sample’s response to
5

upright faces.
For the behavioural data of the orthogonal task, we performed a

Mann-Whitney U test.
17 of the 20 participants included in the main experiment performed

the explicit behavioural task. Due to a missing value from one participant
in each SF continuum, the data from 16 participants were analysed in
both continua.

2.6.1. Fear detection threshold
As we aimed at pinpointing a neural detection threshold for the rapid

discrimination of fearful faces amongst neutral faces, we evaluated the
amount of SF content necessary for significant fear detection by calcu-
lating the 95% confidence interval around the group average fear-
discrimination amplitude at each SF step (Quek et al., 2018). We inter-
preted the first SF step where the 95% confidence interval did not include
zero as the fear-detection threshold, that is, the step where the discrim-
ination response first emerged.

For the explicit fear discrimination task, we considered the SF step
where at least half of the participants could detect the fearful face (i.e. the
median value) as the most crucial cross-over point for behavioural fear
detection.

3. Results

3.1. Explicit behavioural task

Fig. 3 provides a histogram displaying the number of participants that
detected the fearful expression for each of the SF levels along the LSF-to-
HSF and the HSF-to-LSF continuum. For the LSF-to-HSF continuum, the
median detection level is situated at 3.5, which comprises SF3 and SF4
(max. range: 1.48 to 23.70 cpi, or 0.66 to 10.56 cpf). For the HSF-to-LSF
continuum, the median of SF2 (SF range: 47.41 to 189.63 cpi, or 21.12 to
84.46 cpf) indicates that these images contained sufficient information to
report detection of fearful faces.

3.2. Fixation cross change detection tasks

Results of the colour change detection tasks suggest similar levels of
motivation and attention to the screen throughout both the main and the
control experiment, across both continua and across upright and inverted
faces, with equal accuracies (all p > .22) and reaction times (all p > .44)
for all these conditions.

3.3. Fear-discrimination responses main experiment

The implicit, neural fear-discrimination responses, averaged across all
participants, are visualized per SF step in Fig. 4.

3.3.1. LSF-to-HSF continuum
The LMM demonstrated a significant main effect of SF content (F(6,



Fig. 3. The cumulative number of participants that explicitly detected the fearful expression for each of the SF levels along the LSF-to-HSF and the HSF-to-
LSF continuum.

Fig. 4. Fear-discrimination responses for both continua during the main experiment, represented by the three identified ROIs (left and right occipito-temporal (LOT
and ROT) and medial-occipital (MO) regions), with the corresponding topographies averaged across all participants.
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367) ¼ 45.07, p < .0001), with a significantly higher fear-discrimination
response for LSF4 (MLSF4 ¼ 0.19 μV) versus LSF2-3 (MLSF2 ¼ �0.02 μV,
MLSF3 ¼ 0.07 μV; t(367)LSF2-LSF4 ¼ �5.47, d ¼ �1,14; t(367)LSF3-LSF4 ¼
�3.16, d¼�0.59; all pBonferroni< .05) and for LSF5-6-7 (MLSF5 ¼ 0.35 μV,
MLSF6 ¼ 0.45 μV, MLSF7 ¼ 0.43 μV) versus LSF1-2-3-4 (MLSF1 ¼ 0.09 µV;
t(367)LSF1-LSF5 ¼ �6.40, d ¼ �1.18; t(367)LSF2-LSF5 ¼ �9.31, d ¼ �1.72;
t(367)LSF3-LSF5 ¼ �7.01, d ¼ �1.19; t(367)LSF4-LSF5 ¼ �3.88, d ¼ �0.62;
t(367)LSF1-LSF6 ¼�9.10, d¼�1.52; t(367)LSF2-LSF6 ¼�12.01, d¼�2.00;
t(367)LSF3-LSF6 ¼ �9.69, d ¼ �1.51; t(367)LSF4-LSF6 ¼ �6.56, d ¼ �0.97;
t(367)LSF1-LSF7 ¼�8.51, d¼�1.38; t(367)LSF2-LSF7 ¼�11.39, d¼�1.86;
t(367)LSF3-LSF7 ¼ �9.09, d ¼ �1.39; t(367)LSF4-LSF7 ¼ �6, d ¼ �0.87; all
pBonferroni � .01). No other main or interaction effects were present (all p
> .08, all d < 0.17).

3.3.2. HSF-to-LSF continuum
The LMM resulted in significant main effects of SF content (F(6,352)

¼ 2.50, p < .05) and ROI (F(2, 352) ¼ 48.22, p < .0001). Post hoc
pairwise comparisons revealed highest responses in the MO compared to
Fig. 5. Fear-discrimination responses for both continua during the control experimen
and ROT) and medial-occipital (MO) regions).
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the LOT and ROT region, and significantly higher responses in the ROT
versus LOT region (MMO ¼ 0.59 μV>MROT ¼ 0.38 μV>MLOT ¼ 0.28 μV;
t(352)LOT-MO ¼ �9.66, d ¼ 0.96; t(352)LOT-ROT ¼ �3.23, d ¼ 0.36;
t(352)MO-ROT ¼ 56.32, d ¼ 0.66; all pBonferroni � .01). In addition, we
found a significantly lower fear discrimination response in HSF5 (MHSF5
¼ 0.33 μV), compared to HSF2 (MHSF2 ¼ 0.48 μV; t(352) ¼ 3.11, d ¼
0.44, p < .05). The interaction effect between these two factors was not
significant (p ¼ .18). All d for the non-significant findings were < 0.34.
3.4. Fear-discrimination control experiment with upright and inverted faces

Fig. 5 visualizes the implicit, neural fear-discrimination responses
from the control experiment per SF step, averaged across all participants.

3.4.1. LSF-to-HSF continuum
The significant main effect of Orientation indicated higher fear-

discrimination responses to upright (Mupright ¼ 0.20 μV) versus inver-
ted faces (Minverted ¼ 0.05 μV; F(1,355) ¼ 14.31, p ¼ .0002). This main
t, represented by the three identified ROIs (left and right occipito-temporal (LOT
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effect, and the main effect of SF content (F(6,355) ¼ 9.68, p < .0001),
were further qualified by their interaction (F(6,355)¼ 2.47, p< .05). For
the upright faces, higher responses were elicited in LSF5-6-7 (MLSF5 ¼
0.36 μV, MLSF6 ¼ 0.49 μV, MLSF7 ¼ 0.46 μV) versus LSF1-2 (MLSF1 ¼
�0.11 μV, MLSF2 ¼ �0.006 μV; t(355)LSF1-LSF5 ¼ �4.32, d ¼ �1.08;
t(355)LSF2-LSF5 ¼ �3.35, d ¼ �0.79; t(356)LSF1-LSF6 ¼ �5.17, d ¼ �1.53;
t(356)LSF2-LSF6 ¼ �4.27, d ¼ �1.17; t(355)LSF1-LSF7 ¼ �5.19, d ¼ �1.28;
t(355)LSF2-LSF7 ¼ �4.23, d ¼ �0.98; all pBonferroni < .05). Note that these
findings are largely similar as in the main experiment with upright faces
only. Yet, for the inverted faces there were no differences in response
amplitude between stimulus pairs with different SF content (all p > .09,
all d ranging between �0.23 and 0.14). In addition, the inversion effect
(i.e. upright versus inverted face contrast) was only present for the HSF
faces (i.e. LSF5-6-7, puncorrected � .05) and not for the LSF faces. There was
no significant main effect of ROI, nor were there interactions with ROI
(all p > .43, all d ranged between �0.13 and 0.13).

3.4.2. HSF-to-LSF continuum
For the data recorded during the control experiment, most impor-

tantly, we found a significant main effect of Orientation (F(1,360) ¼
14.60, p¼ .0002) showing that upright faces (Mupright¼ 0.37 μV) elicited
larger fear-discrimination responses than the inverted faces (Minverted ¼
0.20 μV, d ¼ 0.35). Furthermore, the significant main effect of SF content
(F(6,360) ¼ 2.65, p < .05) indicated higher oddball responses for HSF1
versus HSF3 (MHSF1¼ 0.45 μV, MHSF3¼ 0.14 μV; t(360)¼ 3.72, d¼ 0.68,
p < .01). Finally, we found significantly higher responses in the MO re-
gion versus the LOT and ROT region (MMO ¼ 0.41 μV, MLOT ¼ 0.18 μV,
MROT ¼ 0.27 μV; t(360)Mo-LOT ¼ �4.52, d ¼ 0.49; t(360)MO-ROT ¼ 2.80, d
¼ 0.32; all pBonferroni < .05). There were no significant interaction effects
(all p > .14, all d < 0.45).
3.5. Determining the minimally required SF content for implicit neural
fear-detection

We conducted two LMMs to investigate whether we could reliability
pool the upright face data across the main and control experiment. Most
importantly, for neither of both continua was there a main effect nor
interaction effect with Experiment (p > .50, all d < 0.13), indicating the
similarity of the upright fear-discrimination responses across both
participant groups and confirming that data could reliably be combined
for further analyses. Further, as expected, for the LSF-to-HSF continuum,
there was the same main effect of SF content (F(6,560) ¼ 3.39, p ¼ .003)
as described above. Similarly, for the HSF-to-LSF continuum, there was
again the significant main effect of ROI (F(2,549) ¼ 8.82, p ¼ .0002),
showing that highest responses were elicited over the MO region and
lowest responses over the LOT region. No other main or interaction ef-
fects were significant, in neither of the LMMs (all p > .05).

Given that there are no significant differences between the fear-
Fig. 6. Pinpointing the implicit neural fear-detection threshold across both SF continu
step. Left: In the LSF-to-HSF continuum, the fearful faces elicit significant neural resp
LOT regions at LSF4 (1.48–23.70 cpi). Right: In the HSF-to-LSF continuum, even H
information to elicit significant fear-discrimination responses in each of the three RO
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discrimination responses for upright faces in both experiments, we
combined the results to increase the power for the identification of the
fear-detection threshold. As displayed in Fig. 6, the fear-discrimination
response almost linearly increased when systematically adding higher
SF information to low SF images. The first SF step in the LSF-to-HSF
continuum at which the average neural oddball response significantly
differed from zero (i.e. the fear-detection threshold, defined as a 95%
confidence interval that does not include zero), was located at LSF3 for
the ROT region (i.e. 1.48 to 11.85 cpi, or 0.66 to 5.28 cpf) and at LSF4 for
the LOT and MO regions (i.e. 1.48 to 23.70 cpi, or 0.66 to 10.56 cpf)
(Fig. 6). Notably, for the inverted faces, none of the SF steps did reach the
fear detection threshold level. When looking at the HSF-to-LSF contin-
uum, on the other hand, we found that the first step with only the highest
SF information already elicited clear oddball responses across the three
ROIs and that increasing SF information by adding lower SFs did not
enhance the responses. As is also evident from Fig. 6, indeed, the fear-
discrimination threshold can already clearly be identified at HSF1 for
all ROIs, indicating that the SF range of 94.82–189.63 cpi (or 42.23 to
84.46 cpf) already contains sufficient information to rapidly discriminate
fearful faces from neutral faces.

4. Discussion

Against the background of a highly inconsistent andmethodologically
variable research field (Jeantet et al., 2018), we applied a FPVS sweep
EEG paradigm to evaluate the optimal SF range to rapidly detect fearful
faces. By systematically sweeping through an entire SF range, we
explored which SF information is minimally required for the brain to
detect briefly presented fearful expressions, without being constrained to
predefined cut-offs for LSFs and HSFs.

4.1. Implicit neural fear discrimination mainly relies on HSFs

Although a LSF bias has been found for the categorization of fearful
expressions (Pourtois et al., 2005; Vlamings et al., 2009; Vuilleumier
et al., 2003), our results indicate a key role for HSFs during implicit
neural fear discrimination. This is in line with previous research desig-
nating fear as a proximal expression that mostly employs higher SFs
(Smith and Schyns, 2009). Our EEG data show that, indeed, automatic
discrimination between neutral and fearful faces is impaired for
LSF-filtered faces, compared to faces containing medium or higher SFs
(Goren and Wilson, 2006). This echoes previous findings pinpointing the
middle-to-high SF range as optimal for the processing of static expres-
sions (Gao and Maurer, 2011; Plouffe-Demers et al., 2019; Stein et al.,
2014). The detection threshold indicates that fearful faces need to
comprise at least SF information between 1.48 and 11.85 cpi – corre-
sponding with an SF range between 0.66 and 5.28 cpf – to be rapidly
processed in terms of expression and to differentiate fearful from neutral
a, based on the 95% confidence interval around the mean amplitudes for each SF
onses in the ROT region at LSF3 (range: 1.48–11.85 cpi) and also in the MO and
SF1 containing only HSFs (range: 94.82–189.63 cpi) already displays enough
Is. * indicate significant neural responses per ROI.
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faces. Further adding higher SFs to a LSF face has a significant impact on
the implicit neural sensitivity for rapidly presented fearful faces: it leads
to an almost linear increase in the amplitude of the fear-discrimination
responses. Moreover, the amplitude of the fear-discrimination response
keeps increasing when adding higher SFs, even after reaching the initial
detection threshold (i.e. the minimally required SF content to elicit a
significant fear discrimination oddball response), possibly reaching a
saturation plateau around LSF6-7 (cpi > 94.82, or cpf > 42.23), as the
signal does not further increase. Possibly, this continuous accumulation
of relevant higher SF information allows to progressively generate a
(more accurate) visual representation of a fearful face, with its highly
defined facial features and configural structure (Quek et al., 2018;
Rotshtein et al., 2007), which facilitates the perceptual encoding. The
right fusiform gyrus, involving the right fusiform face area, might play a
key role in this process: it has been suggested that, here, LSF and HSF
information received from separate cortical visual pathways is merged
(Rotshtein et al., 2007). Although no exact source localization has been
accomplished, it is notable that the ROT region is the first region to signal
a significant fear detection threshold. Thus, the fear-discrimination re-
sponses in the ROT region were elicited already based on coarser infor-
mation (LSF3) than those in the LOT and MO region (LSF4).

One may wonder to what extent our paradigm is effectively quanti-
fying sensitivity for fearful expressions and not merely sensitivity to
subtle featural perceptual changes. In this regard, it is important to
emphasize that the oddball responses are robust despite the presence of
continuous changes in stimulus size, thus they are not merely the result of
low-level adaptation processes. More importantly, above all, the LSF-to-
HSF continuum displays a significant Orientation x SF content interac-
tion, indicating that the systematic increase in oddball responses as a
result of adding more HSF content is only evident for the condition with
the upright faces and not for the condition with the inverted faces. At the
stimulus level, apart from being vertically flipped, low level features of
the upright and inverted faces are identical, thus, apparently, they only
differ at a perceptual level, with the upright faces being processed in a
more configural manner, which increases the sensitivity for high-level
facial expression differences. In a similar vein, comparing the signifi-
cance of the fear detection thresholds in the upright versus inverted
condition indicates that the face inversion effect is only present for
stimuli comprising MSF to HSF information (i.e. only the MSF and HSF
upright faces do show robust oddball fear discrimination responses).
Previous studies, however, mostly reported detrimental inversion effects
for faces containing only LSFs (Flevaris et al., 2008; Goffaux and Rossion,
2006; Jeantet et al., 2018), thereby suggesting that LSF faces may yield
more configural information, which can be disturbed by the inversion
operation. More recent studies, however, also reported face inversion
effects across a wider range of SFs, including HSF faces (Gaspar et al.,
2008; Royer et al., 2017; Willenbockel et al., 2010), thereby corrobo-
rating our findings.

Our EEG results contrast with the widespread notion that the pro-
cessing of evolutionary relevant fearful faces may be driven by a fast
subcortical process mainly making use of LSF visual information (John-
son, 2005), yet, it should not surprise that LSFs do not allow automatic
fear detection with our oddball paradigm. Indeed, more recent studies
have also cited the importance of HSF information in both the cortical
and subcortical route for (rapid) fear processing (McFadyen et al., 2017;
Pessoa and Adolphs, 2010; Stein et al., 2014).

Indeed, whereas images containing only LSFs did not enable suc-
cessful discrimination of fearful faces among neutral faces, the results
from the HSF-to-LSF continuum indicate that exclusive HSF faces, even in
a restricted SF range between 94.82 and 189.63 cpi (i.e. HSF1; corre-
sponding to 42.23 and 84.46 cpf), suffice to generate maximal fear-
discrimination responses (as visualized in Fig. 6). This is in line with
HSFs carrying more detailed and richer information than LSFs (Goffaux
et al., 2005), and indicates that HSF1 already carries the critical infor-
mation to extract the emotional expression of the faces (McBain et al.,
2012; Quek et al., 2018). In fact, HSF1 may already carry all essential
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perceptual information to decode the emotional content of the stimulus,
as adding lower SF information to the HSF images does not further boost
the saliency of the oddball signal. Taken together across both continua,
our results indicate that HSF information improves implicit fear
discrimination when added to LSFs, and that HSF information by itself is
sufficient to rapidly discriminate fearful faces. The presence of a signif-
icant inversion effect, also along the HSF-to-LSF continuum, ensures that
the neural detection of the fearful faces is not merely driven by sensitivity
to low-level perceptual changes. However, inspection of the response
patterns for the HSF-to-LSF continuum suggests that these responses may
be driven more strongly by basic stimulus characteristics. First, because
the topographical distribution of the fear-discrimination responses is
mainly centred around the MO region and is less lateralized towards
face-selective ROT and LOT regions. Yet, this mostly medially activated
topographical pattern for HSFs is in line with previous studies showing
stronger activation in the MO region for stimuli containing higher SF
information (Hemptinne et al., 2018; Henriksson et al., 2008; Tsuruhara
et al., 2013) and suggests the extraction of basic visual properties of facial
emotion expressions (Meaux and Vuilleumier, 2016). It seems as if the
stimulus properties of HSF1 perfectly match with the tuning of neurons in
the primary visual cortex (i.e. preference for higher SFs (e.g. Farivar
et al., 2017; Sasaki et al., 2001; Singh et al., 2000)), and adding lower SF
information immediately results in a reduction of this match (Shapley
and Lennie, 1985) and consequently the oddball response, especially for
the inverted faces. Second, because especially for HSF1, the face inver-
sion effect is absent, suggesting that these fear detection responses are
caused by low-level stimulus characteristics. However, facial emotion
recognition has been found to rely on both local features and their global
configuration, with varying roles of analytic and holistic information
depending on the available information (Meaux and Vuilleumier, 2016;
Tanaka et al., 2012). In addition, the visual system has been demon-
strated to attend to the most informative scale (Schyns and Oliva, 1999;
Sowden et al., 2003). Stimuli in HSF1 only contained very high SFs,
hence, being the only informative scale that could be used, and in view of
the EEG results, this edge-based information seemed to capture the
structure of the facial cues that enable fear detection.

4.2. Explicit fear discrimination relies on a broader SF band

According to the flexible usage theory, the diagnostic SF information
invoked for carrying out particular processes is dependent on the
particular task demands (Morrison and Schyns, 2001; Oliva and Schyns,
1997; Ruiz-Soler and Beltran, 2006; Smith and Merlusca, 2014). Our
results seem to support this. While the emotional expression of the faces
can be detected based on a subset of SFs (De Cesarei and Codispoti,
2013), the diagnostic SF information differs slightly dependent whether
fearful faces have to be discriminated implicitly versus explicitly. Ana-
lyses of the behavioural responses demonstrated that for the majority of
the participants explicit fear discrimination emerged around LSF4 and
HSF2, whereas the implicit fear-discrimination threshold was located one
SF step earlier at LSF3 and HSF1, respectively. This indicates that explicit
fear processing seems to require (a little bit) more SF information than
the implicit neural encoding of fearful faces. By cumulatively increasing
SF information in images containing either only low or only high SFs, the
SF range is stretched towards the mid-SF band. Indeed, the mid-SF band,
which carries both configural and featural information (Watier et al.,
2010), has been found to be optimal for facial expression processing at
the behavioural level (Gao and Maurer, 2011; Plouffe-Demers et al.,
2019). Possibly, to decide with certainty whether fearful faces are really
perceived, participants rely on a broader SF range that increases the
visibility of the oddball stimuli.

The main objective of this study was to determine the minimally
required SF information (i.e. identifying a detection threshold) for the
rapid discrimination of fearful expressions in a series of neutral faces.
However, given that the diagnostic information underlying facial
expression categorization depends on the comparison categories (Smith
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and Merlusca, 2014), contrasting a given expression (other than fear) to
neutrality or other facial expressions via this sweep FPVS oddball
approach would be interesting. In addition, in order to reach our main
objective, we equalized the contrast and luminance of the images both
within and across the seven SF steps, to ensure that only the facial
expression differed between the base and oddball stimuli. Contrast
equalization alters the relative contrast of neutral and fearful facial
stimuli (Webb and Hibbard, 2019), especially in HSF filtered images
(Webb et al., preprint), which might have enhanced the energy of the
HSFs. However, as previous findings indicated a LSF bias for fear pro-
cessing, both in images with and without equalized contrast, despite a
faster processing of HSF filtered fearful faces after contrast equalization,
as compared to non-equalized images (Vlamings et al., 2009), we believe
that our choices of filtering procedure did not inflate the importance of
HSF information.

5. Conclusions

We applied a sweep FPVS oddball paradigm to investigate the mini-
mally required SF information for rapid neural and behavioural fear
discrimination. Results suggest that rapid and implicit fear detection
mainly requires HSF information: HSFs have an additive beneficial value
when added to images containing only LSF and HSF information by itself
allows neural detection of fearful faces. However, a slightly broader SF
range is involved in explicit fear detection. This suggests that rapid fear
discrimination mainly relies on the optimal range of middle-to-high SFs.
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