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Perceptual categorization occurs rapidly under natural viewing conditions. Yet, the neural spatio-tem-
poral dynamics of category-selective processes to single-glanced, natural (i.e., unsegmented) images in a
rapidly changing presentation stream remain unknown. We presented human observers with natural
images of objects at a fast periodic rate of 12.5 Hz, i.e., every 80 ms. Images of faces were inserted every 3,
5,7,9, or 11 stimuli, defining stimulus-onset-asynchronies (SOAs) between 240-880 ms, i.e., presentation
frequencies (Fs) between 4.17-1.14 Hz. Robust face-selective responses were objectively identified and
quantified at F and its harmonics (2F, 3F, etc.) for every condition in the electroencephalogram (EEG). The
summed-harmonic face-selective response was significantly reduced by 25% at the lowest face SOA, i.e.
240 ms between two faces, but remained stable from 400 ms SOA onward. This high-level, right later-
alized face-selective response emerged at about 100 ms post-stimulus onset and progressed spatially
throughout four successive time-windows (i.e., P1-face, N1-face, P2-face, P3-face) from posterior to
anterior occipito-temporal electrode sites. The total duration of a category-selective response to a briefly
presented face stimulus in a rapid sequence of objects was estimated to be 420 ms. Uncovering the
neural spatio-temporal dynamics of category-selectivity in a rapid stream of natural images goes well
beyond previous evidence obtained from spatially and temporally isolated stimuli, opening an avenue for

understanding human vision and its relationship to categorization behavior.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Perceptual categorization, the process by which sensory events
are differentiated and classified in subgroups, is critical in enabling
human interaction with the world. Human faces, which carry
ecologically important social information, constitute the most
salient class of visual images for understanding perceptual cate-
gorization. Indeed, faces can be differentiated from other objects
with astounding accuracy and speed (Hershler and Hochstein,
2005; Crouzet et al., 2010; Hershler et al.,, 2010; Crouzet and
Thorpe, 2011; Scheirer et al., 2014). Furthermore, the perception of
segmented images of faces is known to elicit a large, widely dis-
tributed and partly specific neural response in the human ventral
occipito-temporal (VOT) cortex, with a right hemisphere ad-
vantage (Sergent et al., 1992; Allison et al., 1994, 1999; Puce et al.,
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1995; Kanwisher et al., 1997; Weiner and Grill-Spector, 2010;
Rossion et al., 2012a; Zhen et al., 2015).

Scalp electroencephalography (EEG), or more rarely magne-
toencephalography (MEG), defines the speed and temporal dy-
namics of face-selective responses in the millisecond range at a
system-level of organization. Most significantly, an early response
peaking at about 170 ms following stimulus onset (i.e., the N170/
VPP complex) differs in amplitude in response to faces compared
to other object categories (Jeffreys, 1989; Jeffreys and Tukmachi,
1992; Botzel et al., 1995; Bentin et al., 1996; Eimer, 2000; Halgren
et al., 2000; Rossion et al., 2000; Itier and Taylor, 2004; Rousselet
et al., 2008; Ganis et al., 2012; for reviews, Rossion and Jacques,
2011, 2014a). Contrary to earlier, potentially spurious differences
between faces and objects, this N170 selectivity to faces is not
accounted for by Fourier amplitude information, which carries
global low-level statistical properties of images (Rossion and Ca-
harel, 2011; see also Tanskanen et al. (2005) and Rousselet et al.
(2008)).

However, crucially, despite natural viewing conditions provid-
ing us with continually changing streams of information in
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complex scenes, categorization of faces, and perceptual categor-
ization in general, have almost exclusively been investigated at the
behavioral and neural level with images presented in spatial and
temporal isolation.

Spatial isolation refers to face and non-face object stimuli being
segmented from their natural backgrounds. In the rare use of
natural images (Itier and Taylor, 2004; Rousselet et al., 2004; 2007;
Hershler and Hochstein, 2005; Hershler et al., 2010; Crouzet et al.,
2010; Cauchoix et al., 2014), controlling for low-level statistical
properties differing between faces and objects (e.g., Torralba and
Oliva, 2003; VanRullen, 2006; Keil, 2008) is particularly challen-
ging, and their contribution to behavioral and neural face-selective
responses is difficult to exclude (Itier and Taylor, 2004; VanRullen,
2006; Rousselet et al., 2007; Cerf et al., 2008; Honey et al., 2008;
Crouzet and Thorpe, 2011; Cauchoix et al., 2014; but see Hershler
and Hochstein, 2006).

Temporal isolation of the stimuli of interest is the norm in be-
havioral and neural studies of perceptual categorization and refers
to the stimuli being presented as unique events separated by long
and often variable stimulus onset asynchronies (SOAs). Alter-
natively, a train of stimuli with brief SOAs is sometimes used in
neuroimaging (i.e., a block design), but the responses to the in-
dividual stimuli are lumped into a global brain response. More-
over, in EEG/MEG studies, unmasked faces and nonface objects are
typically presented for a long stimulus duration (e.g., Botzel et al.,
1995: 34 's; Rossion et al., 2000: 500 ms; Crouzet et al., 2010:
400 ms; Ganis et al., 2012: 800 ms; Carlson et al., 2013: 533 ms;
Cauchoix et al., 2014: 300-600 ms; Cichy et al., 2014: 500 ms) and
SOAs of 1-2 s at least. Thus, object/face categorization may appear
to be a prolonged process (Cichy et al., 2014; Mur and Krie-
geskorte, 2014) merely because of this long and uninterrupted
stimulus duration: in reality, while a single glance suffices for
categorization of faces (Crouzet et al., 2010), the duration of ca-
tegory-selective processes from this brief encounter with the sti-
mulus, in context, remains completely unknown.

An alternative stimulus presentation mode has been offered by
rapid serial visual presentation (RSVP), which has been used with
natural stimuli presented in such rapid succession that they are
backward- and forward-masked and may be visible for only a
single glance; this technique has been employed to investigate the
contributions of memory and attention processes to behavioral
image recognition over time (Potter and Levy, 1969; Potter, 2012;
Potter et al., 2014). However, to derive behavioral performance
(i.e., detection) from RSVP, a limited number of stimuli are pre-
sented in each sequence (i.e., fewer than 20 in the previously cited
studies), and the rapidity of within-category stimulus presentation
(e.g., as fast as 13 ms per stimulus in Potter et al. (2014)) limits the
availability of temporal information in response to a stimulus ca-
tegory at a neural system-level.

Here, we provide the first comprehensive report of the mag-
nitude, onset, and duration, or more generally the temporal dy-
namics, of the differential neural response between natural images
of faces and other object categories viewed at a single glance
within a rapid visual presentation stream. The approach that we
use is termed Fast Periodic Visual Stimulation (FPVS; Rossion,
2014b), in which stimuli are presented in a fast periodic stimula-
tion stream (here, at 12.5 Hz, i.e., one stimulus every 80 ms) while
EEG is recorded. Similarly to RSVP, natural and highly variable
images are forward- and backward-masked and are visible only
long enough to be seen in a single fixation. However, since a neural
response to a selected image category (i.e., faces) is investigated
here rather than an explicit behavioral response, we are able to
present long stimulation sequences (2 min sequences, each con-
taining about 1500 images, i.e., 200 s/12.5 Hz) and to periodically
embed face images within the sequence at a lower rate, for in-
stance every five items (i.e., 400 ms). Thus, we build on a recently

introduced FPVS-EEG paradigm to measure high-level perceptual
categorization in the human adult (Rossion et al., 2015; Jacques
et al.,, 2016b; Jonas et al., 2016) and infant (de Heering and Rossion,
2015) brain.

Since face stimuli are presented periodically in this paradigm as
a proportion of rapidly presented images from various non-face
object categories, two distinct response types emerge in the EEG
recording: 1) general visual responses synchronized with the base
presentation rate of object stimuli (here 12.5 Hz) and 2) face-se-
lective responses, representing differential responses to faces in
contrast to non-face objects, present at the slower face stimulation
rate (Fig. 1). In these conditions, note that a response to faces
would not emerge were it identical to the response to non-face
objects: thus, the response at the face stimulation rate inherently
represents the differential response to faces, eliminating the need
for post-hoc subtraction across conditions (Rossion et al., 2015;
Jacques et al., 2016b; Jonas et al., 2016; see also Liu-Shuang et al.
(2014)). Moreover, the response to faces in this paradigm reflects
not only discrimination (since faces are contrasted to numerous
object categories, about 250 variable object stimuli in total), but
also generalization (i.e. invariance) across face exemplars (about
50 different face stimuli are used, varying in background, identity,
expression, size, viewpoint and lighting conditions), and thus truly
reflects face categorization (see Fig. 1).

Additionally, the embedded periodic presentation of a natural
image category within the periodic base stimulation stream allows
the contribution of low-level image features to the face-selective
response to be restricted with minimal artificial stimulus stan-
dardization: putative amplitude spectrum differences that may
vary across face and non-face images on average, but which do not
vary consistently within the face stimulus set, are not present
periodically and so are not captured at the face presentation rate.
The variance within the face stimulus set is put in competition
with the variability of a large number of natural stimuli in the non-
face stimulus set: changes of local contrast, luminance and spatial
frequency that occur at every stimulation cycle project to the
12.5 Hz base stimulus presentation rate. Finally, low-level visual
cues which might vary systematically (i.e., periodically) at the
slower face stimulation rate are reduced by the variability within
the natural face stimulus set. Thus, electrophysiological activity at
the face-stimulation rate reflects high-level face-selective re-
sponses that are absent when the amplitude spectrum is pre-
served, i.e., for periodically presented phase-scrambled face sti-
muli vs. phase-scrambled non-face object stimuli (Rossion et al.,
2015; de Heering and Rossion, 2015).

An important advantage of a FPVS-EEG categorization para-
digm is that it enables the review of the EEG data in both the
frequency and time domains, each providing its unique ad-
vantages. The periodicity of the stimulus presentation can be
exploited in the EEG frequency domain, which captures periodic
responses exactly at the frequency (or frequencies) of stimulation.'
Such periodic responses, typically referred to as “Steady-State Vi-
sual Evoked Potentials” (SSVEPs, Regan, 1966, 1989; Norcia et al.,
2015), are known for their objective localization and extremely
high signal-to-noise ratio (SNR) in the frequency domain, and will
be utilized here for face-selective response quantification. More-
over, the spatio-temporal dynamics of the face-selective response
may be observed in the time domain: given the relatively low
stimulation frequencies of face stimuli afforded by their spaced
placement within the relatively fast presentation stream, FPVS-
EEG is able to provide a rich description of information flow in

! Parallel streams may be frequency-tagged at different presentation rates
thanks to periodicity, for instance in the right and left visual fields, yet another
difference from the RSVP approach.
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Fig.1. A) Stimuli are presented at a fast base stimulation frequency (i.e., 80 ms per image = 12.5 Hz) synchronized with the refresh rate of the monitor (i.e., 10 ms per frame
= 100 Hz): each image is displayed for eight successive frames. The presentation of each image occurs smoothly through a sinusoidal modulation of luminance contrast,
progressing with every frame in steps of 0-15-50-85-100-85-50-15% contrast. B) For each condition, face stimuli appear throughout two 120 s sequences as different
proportions of base object stimuli, specifically, as every 1/3,1/5,1/7,1/9, or 1/11 stimuli. This defines the five different face stimulus-onset-asynchronies (SOAs)/stimulation
rates used in the experiment. For example, in the top row, faces appear every 1/3 images, so the face stimulation rate = 12.5 Hz/3 = 4.16 Hz, and the face SOA = 1/4.16 Hz =

240 ms.

response to faces in the time domain (e.g., Dzhelyova and Rossion,
2014; Rossion et al., 2015; Jacques et al., 2016b).

In summary, the specific goals of the present study were to
exploit the FPVS-EEG paradigm to determine for the first time the
magnitude of comprehensive face-categorization responses in a
rapid visual stream of non-face objects, as well as to define their
exact onset, duration and spatio-temporal pattern. These goals
were achieved by 1) modifying the base stimulus presentation rate
(i.e., 12.5Hz here vs. 5.88 Hz previously) to severely constrain
stimulus duration and segregate in time and space (i.e., scalp to-
pography) face-selective responses from this fast base rate re-
sponse (Alonso-Prieto et al., 2013); 2) quantifying multi-harmonic
face-selective responses at a group and individual level across five
manipulations of temporal distance between face stimuli, i.e., face
SOAs, in the rapid visual stimulation stream.; and 3) comparing a
typically used sinusoidal contrast modulation stimulation mode to
an abrupt (i.e., squarewave) stimulation (Experiment 2) in order to
determine the exact onset, propagation and temporal dynamics of
face-selective responses in a rapid stimulation stream.

2. Materials and methods
2.1. Experiment 1: Temporal distance between faces

2.1.1. Participants

Sixteen healthy participants (age range 19-25 years, 8 female),
from whom no data was rejected, were tested individually in a
single EEG recording session for Experiment 1. All participants
reported normal or corrected to normal vision and all were right-

handed according to an adapted Edinburgh Handedness Inventory
measurement (Oldfield, 1971). Participants were recruited from a
university campus and received monetary compensation for their
time. Signed informed consent was given by all participants before
the start of the experiment, which was approved by the Biome-
dical Ethical Committee of the University of Louvain and in ac-
cordance with the 2013 WMA Declaration of Helsinki.

2.1.2. Stimuli

Stimuli were 294 color images of natural, unsegmented faces
(46 images) and objects (248 images), cropped to a square, sized to
200 by 200 pixels, and equalized for mean pixel luminance (at 112/
255; in order to standardize the modulation of luminance contrast
described in the Procedure). These stimuli are from the same set as
used by Rossion et al. (2015), although they were presented in
greyscale in the previous study (examples of stimuli are available
in Fig. 1 and here: http://face-categorization-lab.webnode.com/re
sources/natural-face-stimuli/). While mean pixel contrast (across-
pixel standard deviation) was not equalized across stimuli, this
property did not differ on average across face (59.6) and object
(56.8) categories (t(292) = 133, p > 0.05, Cohen's d = 0.22).
Images were taken with varying viewpoints, backgrounds, and
lighting conditions. Object images consisted of 15 sets of diverse
categories of objects (between 5 and 48 images in each category
set), including: cats (9), dogs (5), horses (5), birds (24), fruit (29),
vegetables (20), flowers (15), house plants (15), telephones (13),
chairs (15), cameras (6), dishes (15), guitars (15), lamps (14), and
houses (48). Displayed on a monitor with an 800 by 600 pixel
resolution from a distance of 1 m, the stimuli subtended ap-
proximately 5.2 degrees of visual angle.
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2.1.3. Procedure

The experiment was run in a quiet, low-lit room. During test-
ing, the participant was seated in front of a table, on which rested
a keyboard and the cathode ray tube (CRT) testing monitor. A
curtain isolated the participant from the experimenter; participant
behavior was monitored with a camera. Participants viewed two
trial repetitions of five conditions, for a total testing time of about
20 min.

Each trial consisted of: 1) 2-5s of a fixation cross on a gray
background; 2) 2 s of gradual stimulus fade-in; 3) 120 s testing
sequence; 4) 2 s of gradual fade-out; 5) 2 s of the fixation cross on
a blank gray screen. Fade-in and fade-out were included to reduce
abrupt eye movements or blinks due to abrupt stimulation onset
or offset, respectively. Within each testing sequence, stimuli were
presented at a constant rate of 12.5 images per second (12.5 Hz =
80 ms per image), in synchrony with the screen refreshe rate (at
100 Hz), by means of sinusoidal modulation of contrast from 0% to
100%, using MATLAB R2009a (MathWorks, USA) with PsychTool-
box (Fig. 1A). A sinusoidal stimulation mode has been typically
used in FPVS studies with face stimuli (e.g. Rossion and Bor-
emanse, 2011; Liu-Shuang et al., 2014; Rossion et al., 2015), since
the visual stimulation is smoother than with a squarewave (i.e.,
abrupt onset), and can be described with a single parameter (SOA).
Moreover, with such a sinusoidal contrast stimulation mode, the
visual stimulation is virtually continuous, with only one frame
(10 ms) by cycle where the contrast is at 0% and a subjective
perception of continuous visual stimulation (Movies 3 and 1).

Stimuli from the non-face object categories were used as base
stimuli, and face stimuli were interleaved at a fixed temporal
distance, i.e., as a fixed proportion of stimuli, within the base se-
quence. This follows the recent paradigm of Rossion et al. (2015);
for visual item-embedded periodic paradigms, see Braddick et al.
(1986) as well as Heinrich et al. (2009), and for the first use of such
paradigms with high-level visual stimuli, see Liu-Shuang et al.
(2014). Here, the temporal distance between face stimuli, i.e., face
signal-onset-asynchronies (SOAs), defined five experimental con-
ditions: faces were presented as every 1/3 base stimuli (i.e., at a
SOA/rate of 240 ms/4.16 Hz), 1/5 stimuli (400 ms/2.50 Hz), 1/7

Movie 1. The 880 ms face SOA condition (10 s stimulation extract). Compare to
Movie 1 for the range of face SOAs used in the experiment.Supplementary material
related to this article can be found online at http://dx.doi.org/10.1016/j.neu
ropsychologia.2016.07.028.

Movie 2. Visualization of the grand-averaged, base-filtered face-categorization
response for the 720 ms condition. The topographical head plot viewing angle is
centered over the right occipito-temporal region. Activity is plotted from 0 ms
(sinusoidal stimulus onset) to 550 ms, with frames sampled at 5 ms. The scale is
held constant at —3 to 3 pV.Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.neuropsychologia.2016.07.028.

Movie 3. The 240 ms face SOA condition (10 s stimulation extract). A video clip is
available online.Supplementary material related to this article can be found online
at http://dx.doi.org/10.1016/j.neuropsychologia.2016.07.028.
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stimuli (560 ms/1.78 Hz), 1/9 stimuli (720 ms/1.39 Hz), or 1/11
stimuli (880 ms/1.14 Hz) (Fig. 1B).

2.14. EEG acquisition

The EEG was recorded using a BioSemi ActiveTwo system with
128 Ag-AgCl Active-electrodes, arranged in the default BioSemi
configuration, which centers around nine standard 10/20 locations
on the primary axes (BioSemi B.V., Amsterdam, Netherlands; for
exact position coordinates, see http://www.biosemi.com/headcap.
htm). Electrode labels were changed to closely match a more
conventional 10/20 system (for exact relabeling, see Rossion et al.
(2015), Fig. S2). The magnitude of the offset of all electrodes, re-
ferenced to the common mode sense (CMS), was held below
50 mV. Vertical and horizontal electrooculogram (EOG) was re-
corded using four additional flat-type Active-electrodes: two
electrodes above and below the participant's right eye and two
lateral to the external canthi. The EEG and EOG were digitized at a
sampling rate of 512 Hz.

2.15. Analysis

Analysis of the recorded EEG was performed using Letswave 5,
an open source toolbox (http://nocions.webnode.com/letswave),
running over MATLAB R2012b (MathWorks, USA),

2.15.1. Preprocessing. A fourth-order zero-phase Butterworth
band-pass filter, with cutoff values of 0.1-120 Hz, was applied to
the continuously recorded individual participant data. A Fast
Fourier Transform (FFT) multi-notch filter with a width of 0.5 Hz
was used to remove electrical noise at three harmonics of 50 Hz.
Segmentation was performed, including two seconds before and
after each trial. To remove a single component accounting for blink
artifacts, independent component analysis (ICA) was applied on
the data of two participants who blinked more than 0.2 times/s
(mean = 0.10, SD = 0.116) on average during the sequences.
Channels which were artifact-prone across multiple trials (less
than 1% of channels on average) were interpolated. Finally, all EEG
channels were referenced to a common average.

2.1.5.2. Frequency domain analysis. Each trial was re-segmented to
contain an integer number of face presentation cycles: the trial
was segmented from sequence onset to between 119.5 and 120 s
for each condition (this ensured that upon frequency-domain
transformation, the face stimulation frequency was an integer
multiple of the frequency resolution, i.e., that a discrete frequency
bin was present at the target face stimulation frequency). Trials
were averaged within each condition. A FFT transform was com-
puted to represent the data of each channel as a normalized am-
plitude spectrum (uV) in the frequency domain (ranging from 0 to
256 Hz). The frequency resolution of such a spectrum is the in-
verse of the sequence duration, and thus was approximately equal
to 0.008 Hz (1/120 s). For group-level display, the grand-averaged
amplitude spectra were computed for each channel.

In addition to a response at the face stimulation frequency (F),
additional face stimulation harmonic frequency responses (i.e., 2F,
3F, etc.) were expected (e.g., see Rossion et al. (2015)). In order to
determine the number of significant harmonic responses to in-
clude in each condition, all EEG channels of the grand-averaged
amplitude spectra were pooled; Z-scores were calculated on this
amplitude spectrum for each discrete frequency bin (x) according
to the formula Z = (x-baseline mean)/(baseline standard devia-
tion), where the baseline was defined as the twenty frequency
bins surrounding each target bin excluding the immediately ad-
jacent bins and the local maximum and minimum amplitude bins,
i.e., a range of approximately 0.2 Hz around each target bin (Ros-
sion et al., 2012b). Continuous face-stimulation frequency har-
monics with Z-scores greater than 2.32 (p <0.01; 1-tailed, i.e.,

signal > noise) were included, excluding harmonics which coin-
cided with the base stimulation frequency. Significant base fre-
quency harmonics were defined according to homologous criteria.

Quantification of the face-categorization response was per-
formed across conditions varying in face stimulation frequency (F
= 416 Hz to F = 1.14 Hz, for the 240 ms and 880 ms face SOAs,
respectively). Since baseline noise levels vary across the frequency
spectrum of human EEG data (being generally higher at lower
frequencies and locally higher in certain bands, e.g., in the alpha
band), a local baseline-subtraction was applied (e.g., as in Mouraux
et al. (2011), Dzhelyova and Rossion (2014) and Jacques et al.
(2016b)), using the same baseline definition as for the Z-score
calculations. Additionally, harmonic frequency responses also oc-
curred at varying frequencies across conditions: these harmonic
responses were found to be distributed within a common fre-
quency range, such that conditions with higher Fs contained fewer
harmonic responses (see Experiment 1 Results). Thus, in order to
permit a comparison of conditions, significant harmonic response
baseline-subtracted amplitudes were summed within each con-
dition (see Heinrich (2009); Appelbaum et al. (2006) and Dzhe-
lyova and Rossion (2014)); this method was also validated by
comparison with visualized response magnitudes in the time-do-
main. For presentation at the group-level, at each channel base-
line-subtracted amplitude spectra were grand-averaged.

Two variations of this quantification were performed for each
condition. First, all channels were averaged for each condition,
essentially reducing the dataset to a single channel. Second, for the
main focus of the results reported, a region-of-interest (ROI)
analysis was performed for each condition by averaging three
channels with the maximal summed-harmonic response across
conditions: for the face-categorization responses, channels PO10,
P08, and P10 were averaged, defining the right occipito-temporal
region; a homologous left occipito-temporal region was also in-
cluded, comprised of the average of channels PO9, PO7, and P9;
and for the base stimulation responses, channels POO6, Oz, and 02
were averaged, defining the central occipito-parietal region. Sta-
tistical comparisons of conditions were performed separately for
face-categorization and base stimulation frequency responses,
using repeated measures ANOVAs, with factors of Region (right
and left occipito-temporal and central occipito-parietal) and Con-
dition (240, 400, 560, 720, and 880 ms face SOAs). In the case that
Mauchly's test of sphericity was significant, a Greenhouse-Geisser
correction was applied to the degrees of freedom.

For analysis at an individual level, performed for the 720 ms/
1.39 Hz condition, a significant face-categorization response was
identified by summing the raw amplitude of the harmonic fre-
quency responses significant at the group level (including about
0.25 Hz of surrounding baseline noise), pooling all 128 channels,
and computing Z-Scores on the resulting spectrum (again with a
significance threshold of Z = 2.32, p < 0.01). The lateralization of
the face-categorization response was defined using the magni-
tudes of the right and left occipito-temporal ROIs (R and L, re-
spectively) as follows: 100*(R—L)/(R+L).

2.1.5.3. Time domain analysis. Data were more conservatively fil-
tered with a fourth-order, zero-phase Butterworth low-pass filter,
with a cutoff value of 30 Hz, as typically used in time-domain
analyses of ERPs (e.g., Jacques et al., 2007). Each trial was re-seg-
mented so that the frequency resolution would be a multiple of
the base stimulation frequency, corresponding to approximately
120 s, before an FFT multi-notch filter with a width of 0.05 Hz was
applied to remove the first three harmonics of the base stimula-
tion frequency (Rossion et al., 2015; Jacques et al., 2016b). Both
base-frequency filtered and unfiltered data were included in the
subsequent processing steps.

The data were segmented by each face stimulus presentation
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Fig. 2. Face-categorization responses are revealed in the frequency domain over the right occipito-temporal region-of-interest, as indicated on the topographical head maps
(EEG channels PO10, P08, and P10). A) In the raw amplitude spectrum, a significant face-categorization response is revealed at the face stimulation rate (F), denoted by a
diamond, for each face SOA/rate condition. Additional harmonic frequency responses (i.e., 2F, 3F, etc.) are distributed within a common frequency range depicted here, i.e.,
0.5-22.5 Hz, in each condition. B) Baseline-subtracted amplitudes; where a response to stimulation is not present, the amplitude is expected to be about equal to O pV.
Conditions are graphed separately here, so that topographic head plots may be included above each significant face-categorization harmonic response in this range. The scale
of each head plot ranges from 0 pV to its maximum corrected amplitude (reported exactly in Table S1B). C) These baseline-subtracted face-categorization harmonic re-
sponses are plotted to emphasize trends in amplitude (left) and lateralization (right) as a function of frequency. Amplitude is normalized across conditions for display: the
amplitude of each harmonic response is divided by the mean harmonic response amplitude for that condition. Lateralization across hemispheres is described as the right
divided by left occipito-temporal region (i.e., (([PO10, PO8, P10]/[P0O9, PO7, P9])); values above one represent a right-hemisphere advantage.
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Table 1

Z-scores by condition for face stimulation harmonic responses, calculated from the average of all channels in the grand-averaged amplitude spectrum. Significant responses
are shown in bold (Z-score > 2.32; p <0.01, 1-tailed). Base frequency harmonic responses, shown in italics, were excluded from the selection of significant harmonic
responses. Although the table displays harmonics by number, note that the frequency of each harmonic varies by condition.

Z-Scores Harmonic number

Face SOA (ms) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
240 114.9 64.6 119.0 15.0 9.9 36.6 -0.5 25 31.0 12 -04 0.0 0.4 -0.2 0.3
400 37.0 60.6 634 155 93.3 11.8 5.2 45 31 36.6 19 4.6 1.6 -0.9 36.3
560 164 332 99.9 543 20.6 71 104.9 10.5 7.7 72 32 -0.2 -09 35.3 13
720 12.6 30.8 371 46.5 36.6 18.3 8.7 6.5 126.5 75 29 25 1.9 11 1.8
880 73 16.9 228 29.5 25.2 229 14.6 10.6 145 5.6 117.6 5.2 5.0 9.9 3.0

into overlapping 2 s epochs, including a baseline of two base cycles
(160 ms) before and 1000 ms after each face stimulus presenta-
tion; this led to 134-490 epochs per condition, with conditions
containing more frequent face stimulus presentations producing
more epochs. A complementary analysis over the same number of
epochs per condition did not change the conclusions (Fig. S1).
These epochs were averaged by condition within participants.
Since conditions with lower face SOAs did not allow time without
face-selective responses, no baseline correction was applied in the
comparison of conditions. However, the 720 ms face SOA condition
was used as a representative example in separate analyses to ex-
amine the time course of the face-selective response, and in this
case a baseline subtraction was applied from the time of two base
stimulation cycles before, i.e., 2/12.49 Hz = 0.16 s, to O s before the
face stimulus presentation. Finally, individual data for each chan-
nel were grand-averaged by condition.

To statistically determine when a deflection in the time domain
was significantly different from O uV across participants, two-
tailed t-tests were run on each bin (512 bins were sampled/s) from
0 to 800 ms after oddball face onset, with a significance threshold
of p <0.01; to correct for multiple comparisons, a nonparametric,
percentile cluster permutation test (Maris and Oostenveld, 2007)
was applied with 10,000 permutations.

2.2. Experiment 2: Sinusoidal contrast modulation vs. on/off
presentation

All materials and methods were identical to that of Experiment
1 expect as stated below.

2.2.1. Participants
Sixteen participants (age range 19-25 years, 10 female) were
tested, five of whom also participated in the first experiment.

2.2.2. Procedure

There were two experimental conditions. In both, base stimuli
were presented at a rate of 12.5 Hz and face stimuli appeared as
every 1/9 base stimuli, i.e, at a SOA/rate of 720 ms/1.39 Hz.
However, in the sinewave condition, the base stimulation occurred
through sinusoidal contrast modulation, exactly as in Experiment
1 (see Fig. 1A). In the squarewave condition, the base stimulation
occurred through on/off, i.e., squarewave, contrast modulation
with a 50% duty cycle. Thus, for each 80 ms stimulus presentation
cycle, the image was displayed at 100% contrast for the first 40 ms
(i.e., four frames of 10 ms each) and at 0% contrast for the next
40 ms (four frames). In both stimulation modes, the presentation
appeared perceptually continuous.

2.2.3. EEG analysis

2.2.3.1. Frequency domain analysis. ICA was again applied on two
participants blinking more than 0.2 times/s on average (mean =
0.19, SD = 0.093). The same ROIs were used, giving the repeated

measures ANOVA the same three levels of Region (right occipito-
temporal, left occipito-temporal, and central occipito-parietal),
although there were also only two levels of Condition (sinewave
and squarewave).

2.2.3.2. Time domain analysis. A baseline-correction was applied
here as in the 720 ms/1.39 Hz condition of Experiment 1.

3. Results
3.1. Experiment 1: Varying temporal distance between faces

3.1.1. Frequency domain
3.1.1.1. The face-categorization response is distributed across fre-
quency-characterized harmonics. A significant response maximal
over the right occipito-temporal ROI at the fundamental face sti-
mulation frequency (F) for each condition was revealed in the
grand-averaged frequency-domain amplitude spectrum (Fig. 2A).
Additional harmonic frequency face-categorization responses (i.e.,
2F, 3F, etc.) also emerged clearly: between 4 and 14 significant
harmonic responses were identified for each condition (including
the fundamental, i.e., first, harmonic; Table 1).2

These harmonic face-categorization responses were restrained
within a common frequency range, with the mean maximal sig-
nificant harmonic response frequency across conditions occurring
at 19.3 Hz (SD = 1.11 Hz). Correspondingly, conditions with higher
Fs have fewer harmonic responses: e.g., the 240 ms/4.16 Hz con-
dition had only 4 significant harmonic responses, while the
880 ms/1.14 Hz condition had 14 significant harmonic responses.
Interestingly, the amplitude of the face-selective response ap-
peared to be distributed among these harmonic frequency re-
sponses in each condition (Fig. 2B; Table 2-). That is, there is an
inverse relationship between the number of harmonic responses
and their amplitudes: the largest harmonic response amplitudes
were present in the conditions with the lowest numbers of har-
monic responses.

2 Note that the face-categorization harmonic responses are not considered at
frequencies overlapping with the base stimulation response; however, there is
some evidence that face-selective responses do not combine with base stimulation
responses: e.g., the response to base stimulation does not vary across conditions
containing periodic vs. non-periodic embedded face images (Rossion et al., 2015;
Jonas et al., 2016).

3 Although this baseline correction is commonly applied to reduce the influ-
ence of activity unrelated to the stimulation at each harmonic frequency, it is not a
perfect correction because the signal is not expected to simply sum linearly with
the noise and the interaction of signal and noise may vary depending on their
relative magnitudes (Strasburger, 1987; Norcia et al., 1989). In previous studies,
another method of baseline correction, signal-to-noise ratio (SNR), has been used
(e.g., Liu-Shuang et al, 2014; Rossion et al., 2015). SNR uses a division of the
baseline noise rather than a subtraction, emphasizing the clarity of the signal.
Nevertheless, the pattern of activation is similar across these computations
(Table 2).
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Values for the amplitude (A), baseline-subtracted amplitude (B), and SNR (C), calculated from the right occipito-temporal ROI (channels PO10, PO8, P10), for the first fifteen
harmonic face-categorization frequencies. Base harmonic frequencies are shown in italics.

Harmonic number

Face SOA (ms) 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
A. Amp.
240 1.99 130 084 016 009 016 005 005 009 003 003 000 003 002 0.03
400 1.48 136 108 054 08 014 013 007 009 017 005 004 004 004 0.09
560 111 089 101 094 053 034 08 014 012 009 007 005 006 017 0.05
720 1.05 084 073 08 077 052 033 021 09 013 010 010 007 006 0.06
880 0.87 088 058 062 068 063 048 032 036 019 081 011 010  0.09 0.07
B. Sub.
240 1.83 117 075 009 003 011 001 001 006 000 000 000 000 -001 000
400 127 121 095 036 077 006 006 001 004 012 001 000 000 000 0.05
560 0.87 073 087 081 039 020 075 007 005 003 002 000 002 013 0.01
720 0.78 067 059 071 064 039 018 008 08 006 003 003 001 000 0.01
880 0.56 068 042 049 054 050 036 020 020 008 072 004 003 003 0.01
C. SNR
240 1235 952 953 223 164 413 125 135 317 115 100 137 105 079 121
400 7.54 888 817 336 931 178 190 124 187 414 134 115 114 117 2.87
560 466 557 721 711 406 261 930 183 162 140 125 114 124 432 139
720 3.78 494 529 647 581 417 254 166 102 183 144 155 119 109 1.20
880 2.79 451 352 457 487 496 392 252 228 176 919 156 154 144 111
harmonic response depended on the frequency at which it fed
(e.g., around 6 Hz, or from O to 18 Hz) rather than by its number
e (e.g., F, 2F, 3F, etc.).
W In comparison, for the base stimulation frequency (12.5 Hz),
5 = which did not differ across conditions, three significant base har-
. monic responses (i.e., up to 37.5 Hz) were identified for every
i I condition.
4 u —n 4.5pv|
3.5 4 i 3.1.1.2. Magnitude of the face-categorization response at the group-
) opv and individual-level. Harmonic face-categorization frequency re-
3 . . .
% sponses were combined in order to quantify the full face-cate-
E 25 + 1 1 + &- Face gorization response. Given the distribution of amplitude across
s, +- Base harmonic responses revealed by the varying face SOAs/rates across
<

240 ms
(4.16 Hz)

400 ms
(2.50 b

560 ms
) (1.78 Hz)

720 ms
(1.39 Hz)

880 ms
(1.14 Hz)

Fig. 3. Comparison of conditions for both face-categorization and base stimulation
responses. The face-selective response is plotted as an average of the three max-
imum right occipito-temporal channels indicated on the far right topographical
while head map (PO10, PO8, and P10; red squares); the base stimulation response
as an average of the three maximum medial occipito-parietal channels (Oz, 02, and
POO6; blue diamonds). A significantly lower amplitude face-categorization re-
sponse is found only for the 240 ms face SOA condition. For a complementary
comparison of conditions in the time domain, i.e., an overlay of responses revealing
the lowest amplitude deflections for the 240 ms face SOA condition, see Fig. S2. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Additionally, harmonic face-categorization responses appeared
to be characterized in terms of amplitude and hemispheric later-
alization by the frequency at which they occur (Fig. 2C). That is,
across conditions, harmonic response amplitude generally de-
creased as frequency increased, although there was a local in-
crease around 6 Hz. Concerning harmonic response lateralization,
right hemisphere dominance appeared strongest at the lowest
frequencies, i.e., around 1 Hz, as well as broadly around 8 Hz (from
about 6-10 Hz). Thus, while F determines the number of sig-
nificant harmonic responses, which is inversely related to the
amplitude of each harmonic response, the characteristics of each

conditions, significant baseline-subtracted harmonic response
amplitudes were summed within each condition. All significant
harmonic responses in each condition, occurring within a similar
frequency range, were considered, rather than the same number of
harmonic responses in every condition, since, across conditions,
each harmonic response was characterized by the frequency at
which it occured (e.g., similar harmonic responses occur around
6 Hz) rather than by its number (e.g., similar responses do not
occur at 2F) in the frequency domain. Thus, the magnitude of the
full face-categorization response was defined as the sum of the
baseline-subtracted amplitudes of all significant face-categorization
harmonic responses in each condition.

The magnitude of this face-categorization response was re-
markably stable across conditions, despite the variance in har-
monic responses (Fig. 3). Across four conditions, i.e., face SOAs/
rates between 400 ms/2.50 Hz to 880 ms/1.14 Hz, the face-cate-
gorization response amplitude was about 4 uV. However, in the
240 ms/4.16 Hz condition, the magnitude of the face-categoriza-
tion response was reduced by about 25%. Strikingly, in every
condition, the largest face-selective response magnitude occurred
in the right occipto-temporal region at channel P010, followed by
adjacent channels P10 and P08. The channels giving the next lar-
gest response were at the three homologous locations in the left
occipito-temporal region (P09, PO7, and P9). The summed base
stimulation harmonic response, which is highly similar across all
conditions, peaked at about 2.3 uV over the medial occipito-par-
ietal region (channels Oz, 02, and POO6), in contrast.

The 720 ms/1.39 Hz condition was chosen as an example to
further explore the face-categorization response magnitude (see
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Section 3.1.2.2.1). Note that this condition was replicated in Ex-
periment 2, so that a combination of participants from the two
experiments yields a total of 27 unique participants. A significant
face-categorization response was found in 15/16 participants from
Experiment 1, with Z-scores ranging from 3.6 to 37 (M = 18)
(Fig. 6); considering the two experiments together, 26/27 partici-
pants had a significant face-selective response (Z-score M = 18,
range 3.6-49). For those 26 participants, the amplitude of the right
occipito-temporal ROI was significantly larger than that of the
homologous left (t(25) = 2.66, p = 0.01, Cohen's d = 0.51). Note
that while just 15% (SD = 4.2%) of the face-categorization response
magnitude is concentrated in the right and left occipito-temporal
ROIs, constituting less than 5% of the channels, these occipito-
temporal ROIs predict extremely well the variance in all other
channels (i.e., the average of all the remaining 122 channels)
across participants (r?> = 0.84, p < 0.01), suggesting that the bulk
of the response of interest is captured by these ROIs.

Considering these 26 participants at the individual level, the
magnitude of the face categorization response over the right oc-
cipito-temporal ROI ranged from 1.52 to 10.7 pV (M = 4.52 uV, SD
= 2.45uV). Over the homologous left occipito-temporal ROI,
magnitudes ranged from 1.16 to 762V (M = 341V, SD =
1.88 uV). The hemispheric lateralization of the face-categorization
response had a coefficient ranging from —28 to 68 (M = 13.1, SD
= 24.4), with positive numbers indicating right dominance (20

Original
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Time ()
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560 ms/1.78 Hz Of

720 ms / 1.39 Hz O
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participants) and negative numbers indicating left dominance (6
participants). Over the average of all 128 channels, magnitudes
ranged from 0.53 to 2.82 WV (M = 1.30 uV, SD = 0.63 pV).

3.1.1.2.1. Statistical comparison of face-categorization responses.
There was a main effect of Region (F(2,14) = 119, p =.001, 7, =
0.63), reflecting the increased activity in the right and left occipito-
temporal regions relative to the medial occipito-parietal region.
Subsequent ANOVAs contrasting only two regions at a time
showed a main effect of Region for ROT vs. MO: F (1,15) = 24.7, p
< 0.001, 7,7 = 0.62; and LOT vs. MO: F (1,15) = 6.05, p = 0.03, ,°
= 0.29; but not for LOT vs. ROT: F (1,15) = 3.72, p = 0.07, npz =
0.20). The main effect of Condition was also significant (F
(2.56,7.68) = 4.62, p = 0.02, 17,° = 0.61); these factors were not
qualified by a significant interaction (F(8,8) = 2.46,p = 0.11,7,° =
0.71). The effect of condition was produced by a weaker response
in the 240 ms (1/3) condition: when this condition was removed
from the ANOVA, there were no significant differences between
conditions (Region: F(2,14) = 12.9, p =.001, 5,2 = 0.65; Condition:
F(3,13) = 0.21, p =.89, 11p2 = 0.05; interaction: F(6,10) = 146, p
=.28, ;7p2 = 0.47). The analysis performed on all the electrodes
averaged (in which Region was thus not a factor) also showed a
main effect of Condition at the level of significance (F(4,12) = 3.24,
p = 0.05, 17p2 = 0.52); there was no significant difference between
conditions when removing the 240 ms (1/3) condition (F(3,13) =
2.68, p = 0.09, 7,2 = 0.38).

Base-Filtered

19}

(%]

(9]

-5

5-
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Fig. 4. Time-domain data is plotted from 160 ms before face stimulus onset (0s) to 1s after. Note that additional face presentations occur within this time window,
according to the face SOA: each face presentation is indicated by a dotted gray line. The data is plotted for the grand-averaged right occipito-temporal region-of-interest, as
indicated on the topographical head maps (EEG channels PO10, P08, and P10). A) In addition to the face-categorization response, these ‘original’ waveforms show responses
to the base stimulation, i.e., a sinusoidal response with 80 ms per cycle. B) The face-categorization response is isolated by notch filtering to remove the base stimulation
response at 12.5 Hz its harmonics. This response is stable across conditions, with the exception of the 240 ms face SOA, in which the face stimuli are presented too rapidly for
a complete response to develop and a stable return to baseline; only three deflections are evident, with lower amplitude.
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3.1.1.2.2. Statistical comparison of base stimulation responses.
Only a main effect of Region was present (F(1.30,9.11) = 18.2, p

There was no main effect of Condition (F(4,12) = 2.17,p = 0.13, 11p2
= 0.42), and no significant interaction between these factors (F

< 0.001, npz = 0.72), reflecting the higher activity in the medial
occipito-parietal than right and left occipito-temporal regions.
Following ANOVAs contrasting only two regions at a time showed
a main effect of Region for MO vs. ROT: F (1,15) = 23.6, p < 0.001,
1,2 = 0.61; and MO vs. LOT: F (1,15) = 37.1, p < 0.001,7,° = 0.71;
but not for LOT vs. ROT: F (1,15) = 0.589, p = 0.46, 17,° = 0.04).

(8.8) = 0.88, p = 0.57, ,> = 0.47).

3.1.2. Time domain

Responses in the time- and frequency-domain reflect much of
the same information, however, these analysis modes have com-
plementary strengths: response magnitude is more objectively
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Fig. 5. Time course of face-categorization responses for the grand-averaged, base-filtered 720 ms face SOA condition. A) Responses for all 128 EEG channels, displaying four
distinct deflections from about 100 ms, with respective peaks of approximately 150, 210, 290, and 450 ms, and residual activation continuing up to about 550 ms. B) The
average of the right occipito-temporal ROI s is plotted here, as depicted on the topographical head map. The bars underneath the waveform indicate the time when the
amplitude is significantly different from zero (p < 0.01). The four deflections are also evident here, as well as their precise peaks in time: P1-face (153 ms), N1-face (215 ms),
P2-face (293 ms), and P3-face (444 ms). C) The scalp topographies of these four components, showing differing spatial patterns. The number and exact time at which the
deflection peaks, and for which the topography is plotted, is indicated above each plot; beneath, the scale is indicated. D) A view of the posterior to anterior evolution of the
face-categorization response over time. The relative amplitude are shown for five regions across a lateral line from the central occipital to right temporal-parietal areas, as
depicted on the topographical head plot in the center; lighter shading corresponds to more posterior regions (and the order of these five regions is the same in the graph as
represented on the head plot). From anterior to posterior, these five regions contain the respective electrodes: TP8h and TP8; P6, P8 and P10; PP06, P08 and PO10; P00, Oz
and PO12; POOz, Oz and Olz. Left: The amplitude of these five regions is shown for the peak times of the four components identified in Panel B. Earlier components have
relatively larger posterior than anterior response amplitudes. Right: Over the time course of the face-categorization response, more anterior regions also have relatively
greater impact on later components. The most posterior region, e.g., only produces a significant response for the first two components, while the most anterior region has a
significant response only for the last two components.
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and accurately determined in the frequency domain, while in the
time domain, there is critical information for characterizing the
temporal dynamics of the face categorization process. In classical
SSVEPs, rapid presentation of stimuli creates a quasi-sinusoidal
response in the time domain (Keitel et al., 2010; Norcia et al,,
2015), for which only relative timing information in terms of phase
is available in the frequency domain, as will be exemplified here
for the base stimulation frequency of 12.5 Hz. However, the pre-
sent design generates a differential response to face stimuli with
the possibility of a long enough face SOA to identify a baseline and
complex response components, with a determinable onset latency,
in the time domain.

3.1.2.1. Face-categorization responses vary across conditions as in the
frequency domain. The face-categorization response is stable
across face SOA conditions between 400 and 880 ms; however, for
the 240 ms face SOA condition, there is so little time in between
face stimulus presentations that the deflections in the waveform
are overlapping (Fig. 4, right). This overlap produces interference
which may decrease the relative amplitude of maximal deflections
for this condition (see also Fig. S2), as well as affects response
timing, e.g., the negative peak around 220 ms is delayed by ap-
proximately 12 ms relative to the other conditions. In the 400 ms
SOA condition, there is also not a return to baseline, although the
waveform is very similar to that of the other conditions with
longer SOAs, which do contain distinct baseline periods. Similarly
to the results in the frequency domain, in all conditions the right
occipito-temporal channel PO10 displays the largest magnitude,
about —3.5puV, at the largest (negative) deflection peaking at
about 210 ms.

In contrast to the complex face-categorization responses, re-
sponses to the base stimulation appeared as a simple, sinusoidal
response at that frequency, similarly in terms of amplitude and
phase across conditions (Fig. 4, left). Correspondingly with the
results in the frequency domain, the magnitude of this response,
estimated between 0 and 100 ms after stimulus onset, was largest
at the occipito-parietal channel POO6, with peak amplitudes of
approximately —2 to 2puV, for all conditions except 240 ms
(maximum at the right occipito-temporal channel PO8; this time
window is influenced by the previous face-categorization
response).

3.1.2.2. Time course of the face-categorization response. To further
explore the face-categorization response, the 720 ms/1.39 Hz
condition was subjected to further analyses. This condition was
selected as an example because it gave a large response magnitude
in the frequency domain and provides a long enough interval
between the presentations of face stimuli for a baseline of two
pure base stimulation cycles, i.e., 160 ms, before face stimulus
onset. This condition is not exceptional: the 880 ms condition, or
even the 560 ms condition, could also have been used.

3.1.2.2.1. Response components. Significant deflections between
123 and 545 ms, i.e., over a range of 422 ms, are evident over the
right occipito-temporal ROI (Fig. 5A and B). Within this time, no
fewer than four occipito-temporal face-selective deflections, or
“components” are clearly present: 1) a positive component with a
peak latency of approximately 150 ms (termed “P1-face” in Rossion
et al. (2015)); 2) a large negative component with a peak latency of
approximately 215 ms (“N1-face”); 3) a large positive component
with a peak latency of approximately 290 ms (“P2-face”); and 4) a
previously undescribed positive component with a peak latency of
approximately 445 ms (“P3-face”). These differential (i.e., face-se-
lective) components display distinctive spatial distributions
(Fig. 5C): the first component is spread over ventral medial and
right occipital channels (peak at PO10), the second is bilateral and
slightly more dorsal, peaking over the right occipito-temporal

channel PO8, the third is lateralized over temporal channels,
peaking at P10, and the fourth also peaks at channel P10 but ap-
pears particularly right-lateralized.

3.1.2.2.2. Spatial progression. In examining these topographies,
a spatial progression is evident over time: the face-selective re-
sponse, originating in medial and right occipital areas, evolved to
be more lateralized, shifting from occipital regions towards a more
dorsal and anterior location (Fig. 5D). Indeed, from P1-face to P3-
face, the response was nearly reversed in its posterior-anterior
weight distribution. Quantitatively, for P1-face, 44% of the re-
sponse magnitude was the two most posterior regions and 33% in
the most anterior two regions; while for P3-face only 23% of the
response was the in two most posterior regions of P3-face and 51%
in the two most anterior regions. Visualization of the spatio-
temporal progression of the response over the full 0-550 ms time
window, in precise, 5 ms steps, is also available (Movie 2).

In summary, the magnitude of face-selective responses was
shown to be measured with high stability when summing base-
line-subtracted harmonic response amplitudes across different
face SOAs, with the exception of the overly rapid 240 ms SOA
showing interference (i.e., decreased magnitude) from temporally
overlapping face-selective responses. At the individual participant
level, the magnitude of the face-categorization response varies
from below half to above double that of the mean, with the ma-
jority of participants exhibiting a right-lateralized response
(Fig. 6). Generally, these face-categorization responses are com-
plex, showing at least four significant deflections in the time do-
main and being spread over multiple harmonic frequencies.

3.2. Experiment 2: Sinusoidal vs. squarewave contrast modulation
presentation

One goal of this study is to determine the exact onset of face-
categorization responses in a fast visual stream, i.e., to briefly
presented forward- and backward masked natural face images. In
the main experiment, stimuli were presented progressively with
sinusoidal contrast modulation (Fig. 1A). As a consequence, 0 ms
does not indicate the real time of stimulus onset: here, for the first
frame (0-10 ms) the stimulus is displayed at 0% contrast (the next
frames are at 15% then 50% contrast). Some delay is thus expected
before the stimulus becomes detectable to the visual system,
preventing precise inferences about onset information to be drawn
from the data.

In order to measure the exact temporal delay elicited by sinu-
soidal contrast modulation of stimulus presentation, and so de-
termine the exact onset of differential face-selective responses
generated here, the second experiment with a new group of par-
ticipants was performed with the 720 ms/1.38 Hz face presenta-
tion at an 80 ms/12.5 Hz base stimulation rate: in one condition,
stimuli are presented with sinewave contrast modulation as be-
fore, and in a second condition, stimuli are presented with
squarewave contrast modulation, i.e., in an on/off pattern, begin-
ning with 100% contrast at O ms.

3.2.1. Sinewave and squarewave stimulation modes generate similar
responses in the frequency domain

The harmonic distribution of face-categorization responses was
similar across sinewave and squarewave presentation modes
(Fig. 7A). The number of statistically significant face-categorization
harmonic responses was the same between the two conditions,
i.e., there were 11 significant harmonic responses, up to 16.7 Hz
(the same as for the 720 ms condition in Experiment 1; Table 3).
Their summed magnitude was also similar, being approximately
47 1V on average, as well as their topographic distribution
(Fig. 7B). The face-categorization response amplitude peaked over
right occipito-temporal regions at channel P10 in both conditions,
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Fig. 6. Individual participant data for the 16 participants of Experiment 1, from the four-minute recording of the 720 ms (1.39 Hz) condition. Each topographical head plot
and the waveform to its right depicts the data of a single participant. The head plots show the sum of significant baseline-subtracted harmonics of 1.39 Hz and are scaled
from O pV (dark blue) to the voltage of the maximal channel (red) separately for each participant. The waveforms show the same response in the time domain, base-filtered,
with an x-axis of time (s) and a y-axis of amplitude (nV); a sinusoidal face presentation begins at 0 ms. The channel displayed is the maximal channel from the right or
homologous left occipito-temporal ROI for each participant. Only one participant (top left corner) out of 16 did not show any face-selective response. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

followed by channels PO10 (the maximal channel in Experiment
1), PO12, P08, and P8 in both conditions. The homologous chan-
nels over the left-hemisphere constituted the channels with the
next largest response: i.e., in decreasing order for both conditions:
P9, P09, PO11, PO7, and P7.

The response to base stimulation also did not differ across
conditions, despite the different presentation modes. There were
three significant harmonic responses for the base stimulation
frequency in both conditions (i.e., up to 37.5 Hz, as in Experiment
1). Their summed magnitude was also similar across conditions,
equaling approximately 1.7 uV (Fig. 7B). The response to the base
stimulation peaked at the central-occipital channel Oz in both
conditions (as in Experiment 1), followed by medial occipito-par-
ietal channels POO6, POOz, POO5, 01, and 0O2.

3.2.1.1. Statistical comparison of face-categorization responses.
There was only a main effect of Region (F(2,14) = 16.8, p < 0.001,
n,° = 0.71), reflecting the greater activity in the right then left
occipito-temporal regions relative to the medial occipito-parietal
region: following ANOVAs to contrast only two regions at a time
showed a main effect of Region for ROT vs. MO: F (1,15) = 33.2, p
< 0.001, 77,7 = 0.619; and LOT vs. MO: F (1,15) = 6.51, p = 0.022,
npz = 0.20; and also for ROT vs. LOT: F (1,15) = 5.39, p = 0.035,
n,° = 0.26). Condition (sinewave vs squarewave) did not produce a
significant main effect (F(1,15) = 0.62, p = 0.45, npz = 0.04). The
interaction between these factors did not reach significance (F
(2,14) = 1.86, p = 0.19, 7,2 = 0.21). When the average of all 128
channels was used to examine Condition, there was also no main
effect (F(1,15) = 0.02, p = 0.90, 17,°> = 0.001).

3.2.1.2. Statistical comparison of base stimulation responses. As
above, only a main effect of Region was present (F(2,14) = 30.5, p
<0.001, 77,2 = 0.81), reflecting the greater activity in the medial
occipito-parietal region than right and left occipito-temporal re-
gions. Subsequent ANOVAs to contrast only two regions at a time

showed a main effect of Region for MO vs. ROT: F (1,15) = 35.3, p
< 0.001, 71p2 = 0.70; and MO vs. LOT: F (1,15) = 59.9, p < 0.001,
1,° = 0.80; and not for ROT vs. LOT: F (1,15) = 0.00, p = 0.99, 77,2
= 0.00). There was neither a main effect of Condition (F(1,15) =
0.126, p = 0.16, 77,,2 = 0.13) nor a significant interaction between
these factors (F(2,14) = 1.02, p = 0.39, 71p2 = 0.13).

3.2.2. Onset delay produced from sinewave stimulation in the time
domain

The four face-categorization response components are again
identified for both stimulation modes (Fig. 7C). In the sinewave
condition, components P1-face, N1-face, P2-face, and P3-face peak
at, respectively, 150 ms, 209 ms, 293 ms, and 453 ms. In the
squarewave condition, each component peaks at, respectively,
133 ms, 193 ms, 276 ms, and 442 ms.

The onset of the response to sinewave relative to squarewave
stimulation corresponds approximately to a delay of two screen
refreshes, i.e., 20 ms: at the electrode showing the maximal face-
categorization response (P10), a temporal delay of exactly 20 ms is
produced by sinusoidal contrast modulation on the first compo-
nent (P1-face). Over the right occipito-temporal region, the sig-
nificant onset of each of the face-categorization response compo-
nents is delayed by approximately 22 ms (SD = 8 ms), appearing
to remain stable across components. In summary, while neither
the face-selective response magnitude nor the harmonic dis-
tribution is affected by the sinusoidal stimulation mode, a delay of
about a quarter of a stimulation cycle, i.e., 20 ms here, is produced
in the time domain. This delay also projects to the onset time of all
subsequent components.

4. Discussion

In the following sections we will discuss: 4.1) multi-harmonic
frequency-domain response quantification; 4.2) the magnitude of
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Fig. 7. A) The grand-averaged, baseline-subtracted, frequency-domain amplitude spectra for both sinewave (“sine”) and squarewave (“square”) conditions of Experiment 2.
Data is graphed from the average of right occipito-temporal ROI (channels PO10, PO8, P10), as indicated on the topographic head map. In both conditions, the fundamental
face-categorization response occurs at 1.39 Hz, and significant harmonic frequency responses continue until 16.7 Hz (indicated by markers at peak maxima). One base
stimulation response is present at 12.5 Hz in the displayed range of the frequency spectrum here; significant harmonic base responses continued up to 37.5 Hz in both
conditions. B) The conditions are compared for both face-categorization and base stimulation responses after summing their significant harmonics. The face-categorization
response is quantified with the right occipito-temporal ROI (red squares on the far-right topographic head map); the base stimulation response is quantified with the medial
occipito-parietal ROI (channels Oz, 02, and POOG6; blue). No significant differences are found between the two conditions for either face-categorization or base stimulation
response magnitudes. C) The grand-averaged response in the time-domain over the right occipito-temporal ROI to a face stimulus presentation at 0 ms in Experiment 2. In
both conditions, the four face-categorization response components are evident, i.e., P1-face, N1-face, P2-face, and P3-face. Presenting stimuli with sinusoidal contrast
modulation, i.e., gradually increasing stimulus contrast from 0 to 100% and back over a sinusoidal function (“sine”, dark blue), is shown to delay all components of the face-
categorization response by approximately 20 ms, i.e., a quarter of the sinusoidal presentation cycle duration, or two screen refreshes, until stimuli are presented at 50%
contrast. This delay is relative to when stimuli are presented immediately at 100% contrast at 0 ms (“square”, light blue) to the same participants. The bars underneath the
waveforms indicate when the amplitude is significantly different from zero (p < 0.01). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 3

A) Statistical values by condition for the face-categorization harmonic frequency responses, shown for the first fifteen harmonic frequencies. Z-Scores were calculated from
the average of all channels in the grand-averaged amplitude spectrum. Significant responses are shown in bold (Z-score > 2.32; p <0.01, 1-tailed). The base frequency
harmonic response in this range, shown in italics, was excluded from the selection of significant face-selective harmonic responses. Below, values for the amplitude (B),
baseline-subtracted amplitude (C), and SNR (D), are calculated from the average of three right occipito-temporal chanels (PO10, PO8, P10). The base harmonic frequency is
again shown in italics.

Harmonic number

Condition 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
A. Z-Score

Sine 170 200 367 559 341 164 85 9.8 1223 82 5.8 5.7 1.4 32 19

Square 224 297 498 357 300 253 165 76 1043 5.7 6.8 43 0.3 1.0 13
B. Amp.

Sine 109 087 093 098 088 057 039 024 070 014 010 o011 007 008 006

Square 104 093 092 097 080 053 041 021 072 012 oM 009 008 008 005
C. Sub.

Sine 081 069 078 085 074 042 025 014 061 007 003 005 002 002 001

Square 077 074 077 082 066 039 027 010 064 005 004 003 002 002 000
D. SNR

Sine 424 487 616 725 646 415 309 227 823 189 150 167 135 140 123

Square 418 499 600 647 577 400 314 194 883 176 164 152 130 143 108

the face-selective response; 4.3) the 100-ms onset of the face-se- 4.6) cyclical and acyclical electrophysiological responses; we will

lective response; 4.4) the 420-ms duration of this response; 4.5) finish with the Summary and Perspectives.
the spatio-temporal dynamics of the face-selective response; and
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4.1. Objective quantification of a multi-harmonic selective response
in the frequency domain

Previous studies comparing the neural response to faces and
other object categories at a large system-level of organization, i.e.,
with EEG or MEG, have not been able to quantify face-selectivity
well. In event-related potential studies, this has been due to a
difficulty of objectivity in identification and measurement of a
response expressed in the time-domain (e.g., the N170 face effect,
see Rossion and Jacques (2008)), as well as the pitfalls of a ne-
cessary subtraction procedure between time-domain waveforms
recorded separately for faces and non-face objects. These limita-
tions may be circumvented by frequency-domain quantification
with the present paradigm, without the need for subtraction
across conditions (Rossion et al., 2015). However, in frequency-
domain analyses, quantification of a comprehensive response has
posed difficulties because a standard method for combining multi-
harmonic responses has not yet been introduced. Indeed, it is
debated whether, and if so, how, multi-harmonic responses are
relevant for evaluating a common response (see Norcia et al.
(2015), Appendix 2): it has even been stated that “there is no simple
rule that would tell us how to combine the amplitude values at dif-
ferent harmonics into one single number that could be used as a
measure of neural activity“ (Heinrich, 2010, p. 9). Thus, frequency-
domain response quantification is traditionally performed at the
level of individual harmonic responses (e.g., Morgan et al., 1996;
Miiller et al., 2006; Alonso-Prieto et al., 2013; Painter et al., 2014;
see Norcia et al. (2015) for a large-scale review).

Here, we provide the first empirical evidence, to our knowl-
edge, that the magnitude of a comprehensive selective response
can be quantified through frequency-domain analysis by a sum-
mation of stimulation-specific baseline-corrected harmonic re-
sponse amplitudes. This is principally evidenced by 1) the relia-
bility of our results across stimulation rates: reliable (i.e., not
statistically different) response magnitudes were found across four
experimental conditions with differing face SOAs (400-880 ms)
despite differing fundamental stimulation frequencies and 2) the
validity of our frequency-domain quantification in matching the
apparent relative magnitudes of responses in the time domain.
The 240 ms face SOA condition produced the statistically lowest
magnitude in the frequency-domain quantification; although we
did not attempt to subjectively quantify the responses in the time
domain across components, it is obvious that all the response
components are also of the lowest magnitude for the 240 ms SOA
condition (compare Fig. 3 to Supplemental Fig. 2). Thus, for the
first time, a comprehensive response magnitude, computed over
multiple harmonic responses, is shown to be independent of the
specific stimulation frequencies used across conditions. As an
aside, it may be noted that in terms of methodological approach, a
summation of harmonic response magnitudes has been found to
perform better than other approaches (e.g., the maximum or
median SNR across harmonics or T Statistics) in determining the
significance of a multi-harmonic frequency-domain response
(Heinrich, 2009).

Traditional frequency-domain analysis approaches would not
have produced the same conclusions, given the differing dis-
tributions of harmonic responses across conditions, i.e., a face-
selective periodic response elicited every 880 ms (1.14 Hz) spreads
over a large number of relatively low amplitude harmonics as
compared to a face-selective response evoked every 400 ms
(2.50 Hz) which spreads over fewer, but higher amplitude, har-
monics. For example, considering only the fundamental harmonic
response amplitude or signal-to-noise ratio, or even an average
over significant harmonic responses, would have determined that
the 240 ms face SOA would have given the highest response

magnitude, in clear contradiction to the results in the time
domain.

Going a step further, we reasoned that if harmonic responses
higher than the fundamental are indeed relevant pieces of a
common functional process, then we should be able to char-
acterize the nature of their distribution in the frequency spectrum
across conditions (note, however, that individual harmonic re-
sponses are not thought to be independent of one another), be-
cause different components of the response may be maximally
captured in different (non-independent) frequency ranges. Across
conditions, we found that face-selective harmonic responses were
distributed within a common frequency range, despite the var-
iance of the fundamental harmonic frequency (Fig. 2A). Moreover,
the harmonic responses follow similar trends over frequency in
terms of their amplitude and topographic lateralization across
conditions (Fig. 2B and C). The maximal amplitude of the face-
selective response, peaking at about 6 Hz, matches the frequency
producing the maximal response for facial identity discrimination
using FPVS in both EEG (Alonso-Prieto et al, 2013) and fMRI
(Gentile and Rossion, 2014). The trends in right hemispheric la-
teralization, also peaking around 6-10 Hz and below 2 Hz, have
not previously been reported to our knowledge, and should be
further explored in future studies. However, we may already
conclude that the frequency-characterization of harmonic re-
sponses implies that when considering multi-harmonic responses,
the frequency at which a harmonic response falls is more im-
portant than its number in the harmonic sequence.

Both the outcome of the quantification procedure and the fre-
quency-distribution suggest that harmonic responses beyond the
fundamental frequency continue to reflect relevant information
regarding a category-selective response. Thus, these findings have
important implications for the treatment of higher harmonic fre-
quencies in future studies (see Heinrich (2010); in the application
to brain-computer interfaces, see, e.g., Miiller-Putz et al. (2005)).

4.2. A robust face-selective response focused over the (right) occipi-
to-temporal cortex

We are able to report the magnitude of a comprehensive face-
selective response for the first time with multi-harmonic fre-
quency domain quantification: it is approximately 4 uV, with a
range of about 8 uV across individual brains giving a significant
response, as measured over three maximally-responding right
hemisphere occipito-temporal channels on the scalp. This mag-
nitude was found reliably, i.e., without significant statistical dif-
ference, across four separate conditions with differing face sti-
mulus SOAs, in Experiment 1 (SE: 0.02 uV). Only in the condition
where faces occurred every 240 ms, i.e., at the most rapid face
presentation rate, was this response reduced by about 25%. This
may potentially be explained by interference from overlapping
face-selective responses as evident in the time domain. In addi-
tion, Experiment 2 revealed a face-selective response with an
equal distribution of harmonic response amplitudes and equal
total magnitude, whether the stimulus presentation was abrupt
(squarewave) or sinusoidal. It is unlikely that habituation plays an
important role in this reduction, since faces are always separated
by object images here and the other conditions with relatively
short face SOAs (e.g., 400 ms) are not significantly reduced relative
to longer face SOAs. Additionally, habituation effects at the cate-
gory level do not require short SOAs, usually also affect response
latency and do not appear to be specific to faces (e.g., Kovacs et al.,
2006; Nemrodov and Itier, 2012; Feuerriegel et al., 2015). Across all
conditions in which the face-selective response could fully be
expressed, the response peaked on the same right occipito-tem-
poral channels, even though it spread more largely over all
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occipital and temporal channels, with variations over time. Con-
sidering one of these conditions as an example across the two
experiments, this response was about 3.5 times larger over the
right occipito-temporal region of interest as compared to the
average response recorded over the whole scalp at the group-level.
The response was 1.3 times larger over the right than the homo-
logous left occipito-temporal channels at the group level, a sta-
tistically significant difference, and 77% of participants had a
stronger response over the right OT ROL

This large response reflects the wide distribution of face-se-
lective neural responses across occipital and temporal cortices
(Sergent et al., 1992; Allison et al., 1999; Tsao et al., 2008; Weiner
and Grill-Spector, 2010; Rossion et al., 2012a; Duchaine and Yovel,
2015; Zhen et al., 2015; Jonas et al., 2016) and is in line with the
well-established right hemispheric dominance of face perception
in human adults (e.g., Hecaen and Angelergues, 1962; Hillger and
Koenig, 1991; Sergent et al., 1992; Bentin et al., 1996; Rossion et al.,
2012a; Jonas et al,, 2016) and young (4-6 months) infants (de
Heering and Rossion, 2015). However, this lateralization essen-
tially reflects a group effect: despite testing only right-handed
individuals here (see Bukowski et al. (2013)), 23% of the individual
participants presented with a larger face-selective response over
the left hemisphere electrode sites. Note that this observation does
not mean that the left hemisphere is dominant in these in-
dividuals, as a face-selective response recorded on the scalp de-
pends on many factors that are not directly related to the under-
lying neural activity (e.g., orientation of the cortical sources with
respect to the surface).

The 4 uV face-selective response obtained here cannot be
compared to previous EEG/MEG studies, not only because of a lack
of objective quantification in previous studies, but also due to the
original paradigm used here: this response follows a very brief
duration (i.e., about 50 ms in Experiment 1; 40 and about 50 ms in
Experiment 2), allowing only a single glance, and the face is both
forward- and backward-masked within the dynamic sequence of
nonface objects presented. Yet, this face-selective response is ra-
ther large in absolute terms, corresponding to a high signal-to-
noise ratio (SNR=4.4) across harmonics from the 27 participants
across experiments viewing the 720 ms face SOA condition with
sinusoidally modulated contrast presentation. It is also largely
significant in all but one individual participant despite only a few
minutes of stimulation. The reduction of the response by about
25% in the 240 ms SOA condition (4.16 Hz) in Experiment 1 also
shows that the bulk of the response (i.e., 75%) is contained in the
first 240 ms of a face-selective response (i.e., about 360 ms in total
following the 120 ms response delay following sinusoidal face
stimulus presentation onset).

4.3. High-level face-selectivity emerges at 100 ms post-stimulus
onset

We found an early significant onset of face-selectivity for nat-
ural images at about 100 ms in our study, taking into account
stimulus onset delays introduced by sinusoidal stimulation in
Experiment 1. This early difference is highly significant at the
group level, and observed in a few minutes of recording (for a
given condition). Importantly, this latency value is found for nat-
ural images, which vary in low-level image statistics carried out in
the amplitude spectrum (Torralba and Oliva, 2003; VanRullen,
2006). Yet, there are several reasons that this value most likely
derives from a high-level face-selective response.

Firstly, the effects found here may not be explained by low-
level differences in image amplitude spectrum: in previous studies
with this paradigm, it has been shown that phase-scrambled
versions of these stimuli do not produce significant periodic face-
selective responses (Rossion et al., 2015; de Heering and Rossion,

2015). Secondly, a high-level response is indicated by the scalp
topography of this early response, which is lateralized to the oc-
cipito-temporal cortex with a right hemispheric dominance (e.g.,
in contrast to the early response observed in Cauchoix et al. (2014)
for instance, localized over medial occipital sites). Perhaps most
importantly, the 100 ms onset of face-selectivity in the present
study truly reflects face categorization, reflecting a time-locked
periodic (i.e., generalized) deflection to the onset of variable face
stimuli, differentiated from the responses to variable images from
many object categories (Fig. 4). Thus, without equating images for
amplitude spectrum, which would degrade image quality in a
widely variable set, the contributions of low-level differences be-
tween face and non-face object stimuli are controlled for here by
the great amount of variation across natural images both between
and within categories.

How does this 100 ms onset latency compare to previous evi-
dence? Human observers can release a button when a face is
present in a centrally presented natural scene as fast as about 250-
300 ms following stimulus onset (Rousselet et al., 2003). Eye-
tracking studies have shown that the fastest saccades to faces in
contrast to objects in grayscale natural images occur at about 100-
110 ms, with average face detection reaction times at approxi-
mately 150 ms (Crouzet et al., 2010). However, these early effects
appear to be driven by amplitude spectra differences between
faces and nonface objects (Honey et al., 2008; Crouzet and Thorpe,
2011). Most importantly, these extremely rapid latencies are ob-
tained in two-alternative forced choice detection tasks, in which a
face stimulus is compared to a single non-face category at a time.

The exact onset of category-selective responses, and specifically
of face-selective responses, in the human brain has remained
controversial (Bieniek et al., 2015; Rossion and Jacques, 2008).
Previous EEG/MEG studies have reported conflicting results. Some
studies, using mainly segmented stimuli, reported differences
between faces and other object categories starting before 100 ms
and peaking on the early ERP component to the sudden onset of
images, the P1 (Eimer, 1998; Itier and Taylor, 2004) or M1 in MEG
(Halgren et al., 2000; Liu et al., 2002; Okazaki et al., 2008). How-
ever, again, these early effects may be accounted for by differences
in low-level visual cues such as surface properties or amplitude
spectrum (Halgren et al., 2000; Rossion and Caharel, 2011). More
recent MEG studies rely on a multivariate pattern (MVP) classifi-
cation approach to distinguish and classify, over time, multiple
categories of (segmented) stimuli based on their pattern of re-
sponse across all recording channels on the scalp (Carlson et al.,
2013; Cichy et al., 2014; Isik et al., 2014; Van de Nieuwenhuijzen
et al,, 2013). These studies report early differences (i.e., before
100 ms) between categories such as faces, bodies, or inanimate
objects, with peak decodability at about 120-130 ms. Yet, again,
the use of a small number of naturalistic images by category and
the decoding analysis performed across the exact same images
suggest that this early categorization is based on low-level feature
differences” (see also Cauchoix et al. (2014) for pre-100 ms dif-
ferences evoked by target natural images of human body/faces vs.
animal pictures accounted for by low-level visual cues).

As noted in the introduction, in typical EEG/MEG studies, i.e.,
studies in which stimuli are temporally and spatially isolated, ro-
bust differences between faces and other categories that cannot be
explained by low-level cues emerge at the onset (120-130 ms) and
peak of a N170 component over occipito-temporal sites (e.g.,
Botzel et al., 1995; Bentin et al., 1996; Eimer, 2000; Halgren et al.,

4 This interpretation is supported by the particularly early (about 50 ms;
Carlson et al., 2013; Cichy et al.,, 2014; Isik et al., 2014) decoding for specific ex-
emplar images, i.e., when neural signals reach the primary visual cortex. See also
Rice et al. (2014) for decoding of categories based on low-level visual differences in
the fMRI signal recorded in the human ventral visual pathway.
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2000; Rossion et al., 2000; Rousselet et al., 2008; Rossion and
Caharel, 2011; Ganis et al., 2012) although the exact onset is am-
biguous and rarely measured by means of point-by-point statis-
tical comparisons of waveforms (Rousselet et al., 2008; Rossion
and Caharel, 2011). This latency also agrees with evidence for a
clear EEG difference emerging at about 150 ms between target and
non-target visual categories (i.e.,, animals or vehicles) in-
dependently of low-level visual cues (Thorpe et al., 1996; Thorpe
and Fabre-Thorpe, 2001).

Here, we set the onset time of face-selectivity on the human
scalp to a slightly earlier latency, with a deflection starting at
100 ms for an abrupt onset of face stimuli. We argue that the
particularly early 100 ms onset time of face-selectivity observed at
a global level of organization (i.e., on the scalp) is due to the high
sensitivity of the present approach, which isolates the specific
activity evoked by natural faces by inserting them in a rapid
stream of other object categories. In previous studies, stimuli are
presented in temporal isolation, so that each stimulus onset gen-
erates a large response in early visual areas (e.g., a standard P1
component), this response blurring genuine category-selective
differences. Here, by using a dynamic visual stream, all of the
process of interest concentrates on the differential response to
faces relative to other objects, while the common brain response
(s) with other objects, a mixture of low- and high-level visual
processes, project to the base rate and can be selectively filtered
out to isolate face-selective responses (Fig. 4). Additionally, the
early response found here is obtained implicitly, i.e., without an
explicit categorization of faces and attentional resources focused
on this category, as in many behavioral and electrophysiological
studies reporting early differences (e.g.,, Cauchoix et al., 2014;
Rousselet et al., 2007; see also Thorpe et al. (1996), VanRullen and
Thorpe (2001) and Fabre-Thorpe (2011) for a review).

Interestingly, a 100 ms onset of face-selectivity on the scalp
when isolating the contribution of high-level categorization pro-
cesses agrees remarkably with latency values of category-selective
responses (to faces) observed with human intracerebral recordings
performed directly in high-level visual areas (e.g., Davidesco et al.,
2013; Jacques et al., 2016a; Liu et al., 2009; Tang et al., 2014). It is
also relatively consistent with the timing of onset latency of face-
selective neurons in the monkey infero-temporal cortex, which is
around 100 ms (e.g., Baylis et al., 1987; Perrett et al., 1982; Keysers
et al.,, 2001; e.g., Tsao et al. (2006) and Taubert et al. (2015) for
recordings in fMRI-defined face-selective areas), although with a
substantial amount of variance across studies (see Mormann et al.
(2008), Table 1). This is interesting because (macaque) monkeys
are much faster than humans at simple visual categorization tasks
(Delorme et al., 2000) and the slightly longer latencies of face-
selective responses found for humans in previous studies have
often been accounted for by differences in brain size (Thorpe,
2001). In fact, the present data suggests that the human brain may
be as fast as the monkey brain to categorize faces, and that reac-
tion time differences observed in behavioral tasks may be due to
further (e.g., decisional) processes differing in speed between the
two species rather than visual categorization time differences.

4.4. A prolonged (420 ms duration) face-selective response to briefly
masked face appearances

The duration of face-selective responses to natural images seen
at a single glance was examined here with FPVS-EEG by im-
plementing five temporal distances between natural face stimuli
(from a range of 240-880 ms, i.e., 4.17-1.14 Hz) within the rapid
12.5 Hz stream of non-face objects. We hypothesized that below a
minimal onset asynchrony of face stimuli, face-selective responses
interfering in time would decrease the response magnitude. In the
time domain, a decreased response magnitude is evident across

components for the 240 ms (1/3) condition. Overlapping re-
sponses are visible which produce interference only in this con-
dition (Fig. 4). Correspondingly, the quantification results revealed
a significantly lower response magnitude only for the temporal
distance of 240 ms, as compared to all other conditions (Fig. 3).
Thus, analysis in the frequency domain provides evidence that the
duration of a face-selective response exceeds 240 ms.

On one hand, a weaker response for the shortest temporal
distance between face presentations may seem counterintuitive: a
more frequent presentation of faces might be expected to produce
a larger response by decreasing the impact of recorded noise;
however, in this design, this difference in the number of repeti-
tions seems trivial in light of the high SNR across conditions: an
analysis of the same number of repetitions in all conditions pro-
duced comparable results (Fig. S1).

In the example 720 ms (1/9) condition, the duration over which
a significant face-selective response may be recorded spans
420 ms in Experiment 1 (i.e., from about 120 ms to 540 ms post-
stimulus onset; 415 ms in Experiment 2, Fig. 7C). However, the
400 ms SOA condition still provides enough time in between two
faces to evoke a face-selective response that is not significantly
lower than in the other three conditions with longer SOAs: this
furthermore suggests that the human brain is able to continue its
face-selective response to the previous stimulus presentation in
the time beyond when the next stimulus is presented and before
the subsequent response is evoked (notice that the P3-face occurs
after the next face image onset but before the P1-face in the
400 ms condition; Fig. 4).

A face-selective response prolonged over hundreds of mili-
seconds is in line with results obtained in the few studies that
reported post 200 ms face-selective responses (e.g., Schweinber-
ger et al., 2004; Nasr and Esteky, 2009) and recent emphasis on
the long duration of category-selective processes as identified with
MVPA (Cichy et al., 2014; Mur and Kriegeskorte, 2014; Van de
Nieuwenhuijzen et al., 2013). However, in these studies, stimuli
were presented for durations and SOAs of hundreds of milli-
seconds. Here, stimuli were displayed briefly, at a single glance,
i.e., appearing at or above 50% contrast for only 50 ms. Thus, given
the quasi-continuous stimulus presentation mode but brief sti-
mulus duration, the prolonged response found here is not con-
founded with eye movement exploration of the face; given the
lack of face-related task (i.e., implicit processing), contributions of
attentional, decisional and motor processes are also reduced.
However, future studies will be needed to investigate the precise
role of presentation time on face-selective responses.

4.5. Spatio-temporal dynamics of the face-selective response

An important practical/methodological implication of our
findings of a prolonged face-selective response following a brief
encounter with a face is that, in order to record the largest face-
selective neural responses, face stimuli should not be presented at
a faster rate than 2.5 Hz (400 ms SOA).

At the theoretical level, we identified 4 successive face-selec-
tive deflections, tentatively labeled P1-face, N1-face, P2-face and
P3-face. It is necessary to emphasize that these deflections should
not be equated to typical ERPs obtained to temporally isolated face
stimuli such as the P1, N170, etc.: these are differential (i.e., face-
selective) responses, previously undescribed in studies of tempo-
rally isolated face (and object) stimuli. The first three, which form
the bulk of the response, were already described in the previous
study (Rossion et al., 2015), albeit with a lower signal-to-noise
ratio, possibly due to interference with the slower base rate used
in that study (i.e., 5.88 Hz). Here, face-selective responses are
statistically evaluated in space and time for the first time. More-
over, we were able for the first time, despite the low spatial
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resolution of surface recordings in EEG, to demonstrate a pro-
gression from posterior to anterior ventral regions of face-specific
processes over 400 ms at the group-level, in line with a coarsely
hierarchical processing of face-specific information in the ventral
visual stream.

Although it is premature to relate these deflections to different
face(-specific) processes, a possible account of the spatio-temporal
signature of this response is that the perception of the stimulus as
a face is based essentially on the earlier part of the response,
within 200 ms post-stimulus onset (Rossion, 2014a), which would
be sufficient to trigger a correct behavioral decision of face cate-
gorization in such a rapid visual stream. Although such decisions
may be performed in 150 ms (saccadic RTs, Crouzet et al., 2010;
Crouzet and Thorpe, 2011)) or 200-300 ms (manual RTs, Rousselet
et al., 2003), they might be a bit slower when faces are temporally
embedded in many highly variable distractors rather than pre-
sented for a binary forced choice.

The late and more anteriorly weighted part of the face-selective
response, i.e. a wide positive deflection with two peaks (P2-face,
P3-face) persisting beyond 500 ms following stimulus onset, is not
simply a reflection of periodic image presentation, which would
lead to a generic “oddball” detection for instance. Indeed, these
responses are not present to other periodically embedded cate-
gories (i.e., body parts or houses) in these fast visual streams
(Jacques et al., 2016b). Rather, they might reflect one or more
automatic face-selective processes. For example, it may reflect a
specific increase in attention (e.g. Hajcak et al., 2013) triggered by
the high saliency of face stimuli (Hershler and Hochstein, 2005;
Crouzet et al., 2010), viewpoint-invariant representations which
emerge gradually as information spreads more anteriorly to tem-
poral regions (Pourtois et al., 2005; Axelrod and Yovel, 2012; see
also Booth and Rolls (1998), Freiwald and Tsao (2010) and Eifuku
et al. (2011)), or the memory encoding of visual representations in
anterior regions of the temporal lobe (Sergent et al., 1992; Naka-
mura et al., 2000; Rajimehr et al., 2009; Gainotti and Marra, 2011;
Avidan et al., 2013) compatible with the presence of a face-specific
late potential (“AP350") over the ventral anterior temporal lobe
reported with human intracranial recordings (Allison et al., 1994;
1999; Rosburg et al., 2010).

Beyond speculation, now that these face-selective responses
have been well characterized, they open a new world of possibi-
lities to understand face categorization, and perceptual categor-
ization in general, providing much more room in time and space to
disentangle the contribution of task and stimulus factors impact-
ing face-categorization than in standard EEG studies focusing on a
single component (i.e., mainly the N170; Bentin et al., 1996; Ros-
sion, 2014a).

4.6. Cyclical and acyclical electrophysiological responses

Being able to characterize components of the response across
time, i.e., examining the onset, duration, and spatiotemporal pro-
file of face-selective responses, brings to light the correspondence
between the time and frequency domains, which generally belong
to two different traditions of research (i.e., “transient” vs. “steady-
state” potentials; Regan, 1982; 2009). The face-selective responses
produced here for longer temporal distances (i.e., 560 ms and
above) demonstrate a reasonably flat baseline and clear compo-
nent deviation peaks. This complexity is mirrored in the frequency
domain, with a response spread across a range of higher harmonic
frequencies, up to about 19 Hz (i.e., containing up to 14 significant
face-selective harmonic responses in the 880 ms SOA condition).
Importantly, the detailed responses found here are not typical
ERPs, occurring to the abrupt and transient presentation of visual
stimuli; nor do they resemble cyclical “steady-state” visual evoked
potentials (SSVEPs) as have been traditionally reported, especially

at higher stimulation rates (e.g., above 5 Hz: see Vialatte et al.,
2009; Alonso-Prieto et al., 2013; for a recent review, see Norcia
et al. (2015)). The consistent (“steady”) shape of the SSVEP re-
sponse has been a key feature which has been used to define “the
SSVEP”, e.g., as having a perfect oscillation (i.e., a sinusoidal wa-
veform, e.g., Miiller et al., 1997), or as not having a return to a
baseline (Heinrich, 2010), or as having discrete frequency com-
ponents remaining constant in amplitude and phase over an in-
finitely long time period (Regan, 1966; 1989; 2009), or as a re-
sponse that has clear peaks in the frequency-domain representa-
tion (Vialatte et al., 2010), or even as a response to sinusoidal as
opposed to squarewave stimulation (Victor and Zemon, 1985). A
SSVEP has also been defined simply as the response to periodic
stimulation (Norcia et al., 2015). These distinctions may not be
meaningful in practice, since they relate neither to functional
processes nor to methodological implications: “SSVEPs” may sim-
ply reflect overlapping and interfering responses to the onset of
periodic stimuli that are temporally too close to be clearly
dissociated.

Besides referring to the approach (i.e., FPVS) rather than the
kind of assumed responses, we propose that the term “SSVEP” be
redefined as a “cyclical” electrophysiological response, as opposed
to the “acyclical” responses typically labeled as ERPs. Following
time-domain averaging, the former response occurs without a flat
baseline while the latter has a return to baseline, more likely oc-
curring as a complex, multi-harmonic response. This distinction is
artificial and independent of the exact mechanism generating
these responses (i.e., transient increases in amplitude or phase-
resetting of ongoing oscillations, see e.g., Rousselet et al. (2007)
and Mouraux and lannetti (2008)) but methodologically relevant,
affecting how to extract temporal information: if cyclical, timing
information can be taken from phase and interpreted only relative
to other responses in the frequency domain; if acyclical, an addi-
tional aspect, peak latency, can be interpreted independently in
the time domain.

5. Summary and perspectives

In measuring differential responses evoked by briefly presented
natural images of faces inserted periodically in streams of natural
object images, this study provides the first comprehensive report
of the magnitude (at the group and individual levels), onset,
duration, and spatio-temporal dynamics of category-selective re-
sponses in a rapid and continuously changing visual stream of
stimulation.

Validating a multi-harmonic frequency domain response
quantification, we report the magnitude of a comprehensive face-
selective response for the first time: about 4 uV, with a range of
about 8 uV across individual brains, as measured over three
maximally-responding channels. This response is about 3.5 times
larger over the right occipito-temporal cortex as compared to an
average whole scalp response, and 1.3 times larger over the right
than homologous left occipito-temporal channels, with 77% of
individuals having a larger response over the right hemisphere.
Importantly, despite short recording session (two trials of 120 s),
significant face-selective responses can be identified in nearly all
individual brains in this paradigm (i.e., 26/27 here).

The high-level face-selective response emerges at about 100 ms
following face presentation. It lasts for 420 ms, i.e., until about
520 ms post-stimulus abrupt onset, despite each face appearing
briefly (50-80 ms) and being forward- and backward-masked. The
bulk of the response (i.e., 75%) is contained in the first 240 ms of a
face-selective response. Given that squarewave and sinewave sti-
mulation modes provide identical responses, despite the stimulus
being visible for a slightly longer duration in the sinewave
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stimulation mode, it seems that a face appearing for 40 ms in a
perceptually continuous presentation stream generates a full face-
selective response. However, in natural viewing conditions, chan-
ges in fixation typically occur at a slower rate, such that future
studies are needed to investigate whether there is an advantage
for longer image presentation durations.

Four successive face-selective components (P1-face, N1-face,
P2-face, P3-face) are present, which largely overlap on the scalp
but present a posterior (lateral occipital) to anterior (temporal)
gradient shift. These differential components emerge as complex
deflections (“differential ERPs”) from cyclical electrophysiological
responses to the rapid periodic inputs, suggesting that the dis-
tinction between “ERPs” and “SSVEPs”, although methodologically
relevant, appears largely artificial. Compared to transient stimu-
lation modes in EEG, which have only identified the N170 as a
reliable index of face-selectivity, the identification of four succes-
sive face-selective components opens an avenue for under-
standing the nature of human face categorization, its development
and neural basis.

Finally, the present quantification and spatio-temporal char-
acterization of the selective response to single-glanced natural
images of faces also provides a reference frame for future in-
vestigation of perceptual categorization (i.e., discrimination and
generalization). Here, faces were used as the stimulus of interest to
measure category-selectivity due to their social and biological
importance for humans, as well as their well-studied category-
selective neural responses with multiple modalities (e.g., EEG,
MEG, intracerebral recordings, fMRI, and single neurons), however
the paradigm may be extended to other image categories (Jacques
et al., 2016b). Thus, stimulation with perceptually continuous
natural images in FPVS-EEG opens a world of opportunities to
dissociate the contribution of various task and stimulus factors on
perceptual (face) categorization.
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