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Periodic presentation of visual stimuli leads to a robust electrophysiological response on the human scalp exactly
at the periodic stimulation frequency, a response defined as a “steady-state visual evoked potential” (SSVEP,
Regan, 1966). However, recent studies have shown that SSVEPs over the (right) occipito-temporal cortex are re-
duced when the same individual face is repeated at periodic rates of 3 to 9 Hz compared to when different faces
are presented (Rossion, 2014). Here, we characterized the temporal dynamics of this repetition suppression ef-
fect. We presented different face identities at a rate of 5.88 Hz (stimulus onset asynchrony of 170 ms) for 15 s,
followed by the repetition of the exact same face at this rate for 35 s. Compared to a stimulation sequence
with different faces only, there was a large and specific decrease of the 5.88 Hz response when the same face
was repeated at that rate. This effect was observed over the left and right occipito-temporal cortex, but not
overmedial occipital electrode sites where SSVEPs are typically measured. In the right hemisphere, this decrease
occurred abruptly, i.e., within half a second following the introduction of the same-identity stimulation, with no
further decrease until the end of the stimulation. These observations indicate that the SSVEP recorded over high-
level visual areas to periodic stimulation is not steady but rather adapts immediately and fully following the
repetition of the same individual face, supporting a bottom-up, stimulus-driven account of repetition suppression
effects.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Two important and complementary functions of the human brain
are the ability to discriminate between different visual entities, and to
generalize across different presentations of the same visual entity. For
instance, the human brain is able both to discriminate people by their
faces rapidly and efficiently and to generalize across different viewing
conditions of the same face identity. A powerful way to understand
visual discrimination and generalization is by taking advantage of the
phenomenon of repetition suppression (RS), i.e., the reduced (adapted)
neural response to repeated compared to unrepeated visual stimuli. In
particular, this effect has been reported for face stimuli at the single
neuron level in the monkey inferior temporal (IT) cortex (e.g. Baylis
and Rolls, 1987; Fahy et al., 1993; Li et al., 1993; Miller et al., 1991;
Ringo, 1996), at the neural population level in the human ventral
occipito-temporal cortex with neuroimaging (e.g. Andrews and
Ewbank, 2004; Ewbank et al., 2013; Gilaie-Dotan et al., 2008;
Grill-Spector and Malach, 2001; Grill-Spector et al., 2006; Henson
et al., 2002) and on thehuman scalpwith visual event-related potentials
earch Institute and Institute of
du Cardinal Mercier, Louvain la
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(ERPs, e.g., Eimer et al., 2011; Jacques et al., 2007; Kovács et al., 2006;
Walther et al., 2013).

Although the neural mechanisms of RS are unclear, the response
difference between a repeated face stimulus and face stimuli differing
by a carefully controlled characteristic reveals the sensitivity of the
human brain to this characteristic. This response difference occurs at a
given spatio-temporal scale determined by certain factors, e.g. a single
neuron, a population of neurons or a functional brain region. RS
effects for faces have been observed at multiple spatial, temporal and
frequency scales, both in the human and nonhuman primate brain, as
indicated above (see also Gruber et al., 2004; Merzagora et al., 2014).
However, since these responses are widely distributed in time, space
and frequency bands, adaptation effects that arise from the comparison
of repeated to unrepeated stimuli can be nonspecific (i.e. not directly re-
lated to the stimulus). Moreover, they can potentially be attributed to
several factors beyond visual discrimination (attention, arousal, change
detection, model adjustment, novelty detection, prediction error)
(Lieder et al., 2013).

Oneway to circumvent this limitation is by using a periodic rate of vi-
sual stimulation eliciting a periodic brain response exactly at this stimula-
tion rate (Adrian andMatthews, 1934). Even if the rate is fast, for instance,
three or more items are presented per second, the response can be
identified exactly at the frequency of stimulation by means of techniques
with a high temporal resolution, such as electroencephalography (EEG)
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ormagnetoencephalography (MEG). In EEG, this periodic neural response
is known as the “steady-state visual evoked potential” (SSVEP, Regan,
1966, 1989; Norcia et al., 2015 for a review).

Although the SSVEP has long been thought of, and defined, as a
response that is constant in amplitude and phase over time (a “steady
state” response), there is recent evidence that this response is sensitive
to stimulus identity repetition. Specifically, when the same visual
stimulus, a given face identity, is repeated at a relatively fast periodic
rate (e.g., 3.5 Hz, or a stimulus onset asynchrony of 286 ms), it leads
to a reduced response compared to the presentation of different face
identities exactly at that rate (Rossion and Boremanse, 2011). Impor-
tantly, this RS effect is restricted to the frequency of interest (3.5 Hz)
and observed on the scalp mainly over the right occipito-temporal
cortex, a scalp topography characteristic of face-sensitive responses
such as the well-known N170 potential (Bentin et al., 1996; Rossion
and Jacques, 2011 for review). A robust RS effect can be obtained
with this approach for stimulation frequency rates of 3 to 9 Hz
(Alonso-Prieto et al., 2013; Rossion and Boremanse, 2011; Rossion
et al., 2012; see also Gerlicher et al., 2013; Vakli et al., 2014; see also
Jonas et al., 2014 for an RS effect at 6 Hz as recorded intracerebrally in
the right lateral occipital cortex).

Recording SSVEPs offers several advantages for exploring RS effects.
First, the RS effect is confined to a very narrow frequency band corre-
sponding to the stimulation frequency defined by the experimenter,
so that the effect can be directly identified and quantified. Second, the
SSVEP has a very high signal-to-noise ratio because the signal falls in a
specific frequency band, which can be defined outside the range of
frequencies associated with high levels of noise (i.e., low frequencies,
alpha band). Moreover, the technique is relatively immune to artifacts
(e.g. blinks, eye movements or muscular artifacts), since these artifacts
spread over awide range of frequencies while the signal is concentrated
on a small stimulation frequency band (Regan, 1989; Norcia et al.,
2015). This allows for robust effects to be obtained in a very short
time. Third, the measure is implicit or behavior-free, since it can be
obtained without performing an explicit task related to the process of
interest (i.e., here, individual face discrimination, Rossion, 2014).

However, the temporal dynamics of the face identity RS effect to fast
periodic stimulation remains largely unknown. Here, by “temporal
dynamics”, we do not mean the exact onset latency of the RS effect,
which is difficult to define precisely (i.e., at the millisecond range)
when a fast periodic train of stimuli is presented in a SSVEP paradigm.
Rather, temporal dynamics refers here to the time taken by the periodic
visual response to show suppression following the onset of stimulus
repetition within a few hundreds of milliseconds, the time taken for
this response to reach its minimal level, and the nature of this decay
(i.e., a slow linear decrease or an abrupt decrease to its minimal level
within a fewhundreds ofmilliseconds). This issue is important to clarify
in order to relate the RS effects obtainedwith periodic visual stimulation
to other approaches and to help understand the nature of this effect. In
addition, clarifying the temporal dynamics of the RS of an SSVEP re-
sponse can have important practical consequences, allowing optimiza-
tion of the paradigms used to capture this response. For instance, if RS
is completed within a few hundreds of milliseconds, shorter trials
could be used to measure this phenomenon.

Previous studies with low level visual stimuli have shown only a rel-
atively slow RS effect on the SSVEP response. Heinrich and Bach (2001)
showed an initial increase in SSVEP amplitude during the first 6 s of a
checkerboard reversal stimulation, followed by an exponential decrease
for about 10 s and a constant (linear) decline until the end of the 60 s
trial. Peachey et al. (1994) presented vertical sinusoidal gratings that re-
versed contrast (70%) in a square-wave fashion for 20 s (preceded by a
10 s baseline of either a uniform adapting field or an adapting grating).
With very low spatial frequencies, SSVEP amplitude remained stable
throughout the trial, but higher spatial frequencies initially increased
from 6 to 12 s, and then substantially linearly decreased to levels that
were about 50% of the amplitude reached earlier in the trial. However,
these latter studies used simple visual stimuli only. Moreover, they con-
sidered the absolute amplitude of the SSVEP over time, without com-
paring the amplitude between repeated and non-repeated stimulus
sequences, and so could not disentangle the effects of specific stimulus
repetition from general habituation responses. A recent study reported
a decrease of the 12 Hz SSVEP response over low-level visual areas for
repeated compared to novel complex stimuli (Martens and Gruber,
2012); however, the SSVEP response was only obtained with a single
3000 ms trial, i.e., a trial containing only 36 stimulus presentations.
Hence, this study, or other studies to the best of our knowledge, did
not address the question of the temporal dynamics of the RS effect for
visual shapes presented at a fast periodic rate.

Here, to address the issue of the temporal dynamics of RS to periodic
visual stimulation, we presented a periodic train of different faces at the
optimal frequency rate for face discrimination (i.e., 5.88 Hz; Alonso-
Prieto et al., 2013), for 15 s, in order to reach a large 5.88 Hz (1 F)
periodic visual response. Then, from the 16th second of stimulation on-
ward, the exact same face identity was repeated for 35 s. The expected
reduction of the response at the frequency of stimulationwas compared
to a 35-second sequence inwhichdifferent faceswere presented at each
stimulation cycle throughout the entire stimulation sequence.

2. Materials and methods

2.1. Participants

Fifteen healthy adult participants (age 20 to 42, 5 males) with
normal or corrected vision participated in the study for payment. All
participants were right-handed with the range of Edinburgh handed-
ness inventory (Oldfield, 1971) score of 41–50. All participants demon-
strated unimpaired face recognition performance (all scoreswere above
41/54) in the Benton facial recognition test (Benton et al., 1983). They
were all Caucasians, as the face stimuli used in the study, except two
participants who reported living in Belgium for at least 10 years prior
to the experiment. Written informed consent was obtained from all
participants prior to the experiment.

2.2. Stimuli

The stimuli consisted of ninety full-front color pictures of Caucasian
faces (45 male) selected from a set of the face photographs (Laguesse
et al., 2012). The faces were not familiar to the participants.

2.3. Procedure

After the completion of laterality and face recognition tests, the
participants were seated in a light- and sound-attenuated room at a dis-
tance of 100 cm from the computer monitor. Stimuli were displayed
using a custom-made application (SinStim) running on Matlab (The
Mathworks), on a light gray background. Each stimulation sequence
consisted in an initial 15 s baseline sequence of where different identi-
ties were presented, followed by a 35 s sequence of either the same or
different identities (i.e., 2 conditions). The frequency of the stimulation
was 5.88 Hz (1 F), chosen based on previous observations that this
frequency rate provides the largest difference between sequences of dif-
ferent and repeated faces (Alonso-Prieto et al., 2013). The stimulation
function was sinusoidal, so that each pixel reached the full luminance
value of the face stimulus after half a cycle ((1000/5.88)/2). Since the
refresh rate of the CRT monitor was 100 Hz, a full cycle consisted of 17
screen presentations.

In the same face condition, the same face, chosen randomly for each
participant, was presented repeatedly. During different faces sequence,
the 45 individual faces of the same sex were used and presented in a
new random order in each sequence, from the 16th second until the
end of the sequence (50 s in total, Fig. 1). Given that 45 pictures of
faces were used and that the number of faces presented was high (i.e.



Fig. 1. (A)Different condition: different individual faces appear at each stimulation cycle (about 170ms). (B) Same condition: for 15 s, different faces are also presented at each cycle. Then
the same face is presented at each cycle until the end of the sequence. The figure illustrates the pattern of stimulation, not the actual number of faces presented in the experiment. The
zoom-in shows four cycles around the 15th second, with examples of 0, 50% and 100% contrasts faces. Note that in both conditions face size randomly changed between 88% and 112%
between cycles to prevent pixel-based adaptation.
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about 200 faces in 35 s), individual faces were repeated during the
different faces sequence. However, the program controlled that the
same face identity did not appear twice in a row. Moreover, a previous
study in our laboratory has shown that the amplitude is identical for
10 or 100 different faces used in such sequences, as long as there are
no consecutively repeated faces in the sequence (Alonso-Prieto et al.,
2013). In addition, to ensure generalization of the RS across low-level
changes, the face stimuli changed in size at each presentation cycle
(random size between 88% and 112% of base face size, Rossion and
Boremanse, 2011). The stimuli subtended 3.44° horizontally and 5.74°
vertically at their maximum size (112%). There were thirty 50-s stimu-
lation sequences for each of the two conditions. In 15 sequences female
faces were presented and in other fifteen sequences male faces were
presented. The order of conditions was random across the participants.
The total duration of the experiment was 75 minutes including a few
minutes accumulated in short pauses between each experimental
sequence.

To ensure that participants maintained a constant level of attention,
an orthogonal task was employed, as in previous studies (e.g., Rossion
and Boremanse, 2011). During each sequence, the participants were
instructed to fixate on a small black cross located at a typical fixation
point for face identification slightly below the bridge of the nose in the
center of the face. The fixation cross changed color (to red) briefly
(200 ms) five times during each sequence and participants were
instructed to detect the color changes by pressing a response key. A re-
sponse within 1500 ms was considered to be correct. To ensure that
subjectswere fully concentrated on the sequences, epochs inwhich per-
formance on the color detection task was lower than 80% correct were



Fig. 2.Grand-averaged results. (A) FFT EEG spectra for three regions of interests: left and right occipito-temporal andmedial occipital areas. (B) Topography of the fundamental frequency
(1 F, 5.88Hz) and its second harmonic (2 F=11.76Hz) for both conditions and for their subtraction (different and same). Note the robust frequency-locked response at the 1 F and 2 F, and
the larger amplitude for the different faces condition at the occipito-temporal sites. (C) Comparison of SNR between these three regions; 1 F (5.88 Hz) is on the left and 2 F (11.76Hz) is on
the right. * P b 0.05. ** P b 0.01.
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removed prior to EEG analysis. The average number of epochs per
subject retained in the analyses was 26.3 (88%) and 25.6 (85%) in the
different and same conditions, respectively. There was no difference
between same and different conditions in accuracy (P N 0.105). In both
conditions, the average response time was 459 ms.

2.4. EEG recording

Continuous electroencephalogram (EEG) was acquired through
the ActiveTwo Biosemi electrode system (Biosemi, Amsterdam,
Netherlands) from 128 scalp electrodes, digitized at 512 Hz, with the
ground formed by the common mode sense active electrode and the
driven right leg passive electrode (for more detailed information:
http://www.biosemi.com/faq/cms&drl.htm). Eye movements were
monitored using four external electrodes placed at the outer canthi of
the eyes and above and below the right eye.

2.5. EEG pre-processing

Off-line analysis was performed using the Letswave 5 toolbox
(http://nocions.webnode.com) and custom functions in Matlab
R2009b (The Mathworks). Individual EEG data recording was first
band-pass filtered between 0.1 and 36 Hz (Butterworth filter with a
slope of 24 dB/oct). Next, continuous EEG was segmented into epochs,
including 2 s of EEG data before stimulus presentation. Channels with
artifacts exceeding 200 μV were interpolated. No more than 6% of the
channels per condition were interpolated per participant. Then all
channels were re-referenced to a common average, excluding ocular
electrodes. Finally the epochs were separated according to the different
experimental conditions.

2.6. Frequency-domain analysis

A frequency domain analysis was performed to quantify the magni-
tude of the repetition suppression effect. The first 19 s of recording in
each epoch were discarded. This excluded period consisted of the 2 s
pre-stimulation period, the 15 s of the initial adaptation stage (different
faces period) and, for frequency-domain analysis only, the first 2 s of the
test stage. Thefirst 2 s of the test stagewere removed in order to exclude
transient ERP effects, in line with previous studies (e.g., Rossion and
Boremanse, 2011; Alonso-Prieto et al., 2013). Each epoch was then
cropped to contain exactly 147 cycles of 1 F (about 25 s), which results
in a conveniently high frequency resolution of 0.04 Hz. Then epochs
were averaged for each participant and condition. A fast Fourier

http://www.biosemi.com/faq/cms&amp;drl.htm
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Fig. 3. Illustration of the repetition suppression effect at stimulation frequency over the three ROIs. EEG data was band pass filtered between 4.88 Hz and 6.88 Hz (Butterworth filterwith a
slope of 24 dB/octave). The decrease of EEG power occurs almost immediately following the beginning of the same face stimulation and ismuchmore pronounced at the right than at the
left occipito-temporal electrodes.
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transform (FFT) was applied to the cropped signals. Signal-to-noise
ratio (SNR) was computed at each channel for all available frequencies
as the running ratio of the amplitude of a given frequency to the average
of the 20 neighboring bins, skipping two neighboring bins at each side
and the bins with maximum and minimum amplitude (Rossion et al.,
2012). Based on the scalp topography obtained in the present study
and our previous studies (e.g., Rossion and Boremanse, 2011), three re-
gions of interest (ROI) were defined to extract and compare amplitude
and SNR values: medial occipital (electrodes POOz and Oz), left
occipito-temporal (PO7 and PO9) and right occipito-temporal (PO8
and PO10). A two-way repeated measures ANOVA with condition (2:
same and different) X region (2: medial, left or right) as factors was
used. Post hoc tests were Bonferroni-corrected for multiple compari-
sons. P-values below 0.05 were considered significant, and corrected
using the Greenhouse–Geisser method where it was appropriate.

2.7. Time-frequency analysis

We first illustrate in Fig. 4 the frequency specificity of the repetition
suppression effect by computing a time-frequency representation of the
EEG signal during periodic stimulation. To achieve thiswe used aMorlet
wavelet transformwith parameters allowing for a high frequency reso-
lution (i.e. 20 Hz central frequency mother wavelet; Full width at half
maximum (FWHM) in the frequency-domain = 2.5 Hz at 20 Hz and
0.73 Hz at 5.88 Hz; FWHM in the time-domain = 0.350 s at 20 Hz and
1.2 s at 5.88 Hz). This computation was applied on pre-processed EEG
epochs that were averaged across trials for each subject and condition.

Next, we used a Morlet wavelet approach to quantify the temporal
dynamics of the repetition suppression effect by computing the ampli-
tude envelope of the EEG signal across time exactly at the stimulation
frequency (5.88 Hz). Specifically, in each subject, we first averaged
individual EEG epochs by condition, and the amplitude of the 5.88 Hz
response was computed (using a 7 Hz central frequency wavelet, see
below for FWHM) at each time bin from -16 s to 35 s relative to the
onset of the change in the stimulation sequence. The resulting ampli-
tude envelopes were cropped to [-13 s to 32 s] to remove edge effects
from the time-frequency analysis and baseline corrected by subtracting
the mean amplitude in a [-10 s to -1 s] time-window. To quantify the
onset latency of the RS effect, a Z-score was computed for each time
bin of the amplitude envelope [-10 s to 30 s] in the same condition
against the amplitude envelope in a 10 s-long moving window of the
different condition centered on the current time bin. The earliest latency
at which Z-scores significantly deviated from zero was assessed using a
percentile bootstrap test (sampling subjects with replacement) with
5000 resampling performed at every time bin. To take into account
the problem of multiple comparisons and the non-independence of
consecutive time bins, we used a conservative significance level of
0.01 (two-tailed) and only considered significant responses that lasted
for at least 0.1 s. In this analysis, the estimation of the onset latency of
the RS effect depends on the temporal spread of the mother wavelet
used for the time-frequency analysis. To evaluate how thewavelet tem-
poral spread (defined by the time-domain standard deviation of the
Gaussian in the wavelet function) affected the estimate of the RS
onset latency (at the stimulation frequency of 5.88 Hz), we measured
this onset latency using multiple wavelet temporal spreads (i.e. stan-
dard deviation of the Gaussian: 0.064 s to 0.214 s at the central frequen-
cy of 7 Hz, i.e. temporal resolution of 90 to 300 ms respectively, which
corresponds to half of the FWHM of the wavelet at 5.88 Hz).

Last, to further characterize the temporal dynamics of the RS effect,
we evaluated its overall trend over time from its onset to the offset of



Fig. 4. Time-frequency decomposition based on theMorlet wavelet transform averaged across all participants. The response is centered on the frequency of stimulation (1 F, 5.88 Hz) and
its second harmonic (2 F, 11.76 Hz). The 1 F response is particularly large over occipital medial sites, but it does not show adaptation in this condition, remaining stable in amplitude until
the end of the sequence. The RS effect with face repetition is visible over the lateral ROIs and it is much more prominent on the right side.
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the sequence. To do this we computed the slope of the RS effect by
fitting a line to the Z-scored data representing the deviation of the
same condition relative to the different condition (see above). This was
done for each subject and a one-sample t-test was used to determine
whether the slope was significantly different from zero. For this we
used a 7 Hz central frequency wavelet with temporal spread of 0.15 s
at central frequency (i.e. spread of 0.179 s at 5.88 Hz; FWHM/2 =
0.21 s). Furthermore, to disentangle amplitude trends arising from ad-
aptation to facial identity from trends related to a non-specific ampli-
tude variation of the periodic response, we computed the same trend
analyses as for the RS effect but directly on the 5.88 Hz amplitude enve-
lopes for the same and different conditions.

3. Results

3.1. Periodic EEG response in the frequency domain and time-frequency
display

The periodic EEG response was visible at narrow frequency bands of
0.04 Hz at the exact 5.88 Hz stimulation frequency (1 F) and up to the
seventh harmonic of this frequency (i.e., 5.88 Hz x 7 = 41.2 Hz)
(Fig. 2). Time-frequency analysis shows that the effect is confined to
the narrow frequency band of stimulation (Fig. 3). Across all channels
the response at the fundamental frequency and its first three harmonics
was at least two standard deviations higher than the responses at the 20
surrounding frequency bins (noise). For these harmonics, in both condi-
tions the largest amplitude was observed at the medial occipital sites,
with the largest responses observed at electrodes POOz and Oz
(Fig. 2). At 1 F only, a significant and spatially separated locus of activa-
tion was also observed at occipito-temporal sites, most prominently on
the right hemisphere (channels PO8 and PO10). In line with previous
observations, at 6 Hz of stimulation frequency, there was no evidence
of a repetition suppression effect at the second harmonic (12 Hz) and
subsequent harmonics (e.g., 3f = 18 Hz, etc.) (Alonso-Prieto et al.,
2013), which were not analyzed further.

A two-way repeated measures ANOVA yielded a main effect of con-
dition (F(1,14) = 19.35, P = 0.001) and a significant interaction be-
tween region (medial, left or right) and condition (same or different)
(F(2,28) = 3.91, P = 0.032). Importantly, a highly significant RS effect
was found: post-hoc comparisons showed that different stimulation
led to a larger amplitude than the identical faces at the occipito-
temporal ROIs on the left (P b 0.009) and on the right (p b 0.001),
whereas no difference was found at themedial ROI (p=0.49), replicat-
ing previously reported RS effects (Rossion and Boremanse, 2011;
Rossion et al., 2012; Alonso-Prieto et al., 2013).

For consistency with previous studies (e.g., Rossion et al., 2012), we
performed a similar analysis with SNR values (Fig. 2C). A two-way re-
peated measure ANOVA yielded main effects of region (F(2,28) =
14.92, P b 0.001) and condition (F(1,14)= 24.21, P b 0.001) and a signif-
icant interaction between the two factors (F(2,28) = 3.65, P = 0.039).
The subsequent analysis that excluded the medial occipital region
yielded an effect of region (F(1,14) = 7.52, P = 0.016), with the right
hemisphere yielding higher SNR values than the left, and an effect of
condition (different N same, F(1,14)= 31.46, P b 0.001), and a significant
interaction between the two factors (F(1,14)=7.57, P b 0.016), indicat-
ing a larger RS effect in the right than the left hemisphere.

3.2. Time-domain analysis

Fig. 3 illustrates the modulation across time of the response at the
stimulation frequency. Introducing the same face presentation after
15 s of showing different faces produced a significant and abrupt



41D. Nemrodov et al. / International Journal of Psychophysiology 98 (2015) 35–43
decrease in the amplitude of the response at stimulation frequency (i.e.
the RS effect), with no further decrease until the end of the sequence:
the zoom-in around the time of change suggests that the decrease in re-
sponse amplitude occurs within 1 s following the beginning of the same
faces stimulation (Fig. 3).

In order to quantitatively assess the temporal characteristics of the
RS effect, the signal amplitude envelope at stimulation frequency (1 F)
was computed using a wavelet approach and then transformed into Z-
scores as detailed in Sec. 2. At the right occipito-temporal ROI, following
the introduction of same faces, the earliest significant RS effect (P b 0.01,
two-tailed) varied from 747 ms (wavelet with temporal resolution
-FWHM/2 - of 90 ms) to 211 ms (wavelet with temporal resolution
-FWHM/2 - of 300 ms) at the right occipito-temporal ROI and lasted
for 730 to 1280 consecutive ms (for the highest and lowest temporal
resolution wavelet respectively)(Fig. 5). This confirms that the RS effect
starts well within 1 s of the introduction of the same face stimulation. At
the left occipito-temporal ROI the RS effect started at 3100 ms to
3060 ms and lasted for 100 to 400 consecutive ms for the highest and
lowest temporal resolution wavelet respectively. There was no signifi-
cant RS effect at the medial occipital ROI.

In addition, while the onset of the RS effect was rapid and abrupt,
especially in the right hemisphere, its magnitude tended to decrease
over time until the end of the sequence in that hemisphere (Fig. 5).
This was evidenced by the finding that the slope of the line fitted to
the Z-scored data (from 0.42 s to 32 s relative to the onset of the change
in the sequence) was significantly positive for the right hemisphere
(slope: 0.023 ± 0.027, t(14) = 3.4, P b 0.005, Fig. 5). For the left hemi-
sphere, the slope (line fitted from 2.97 s to 32 s) was not significantly
Fig. 5. Left: Grand-averaged amplitude envelopes of the wavelet analysis at the fundamental fr
grand-averaged Z-scored amplitudes, calculated for each time point in the same face conditi
represents the standard error of the mean. The first significant difference appears at 211 ms a
frequency resolution). The lines fitted to the Z-scored amplitudes in each subjects to estimat
ROIs (where the adaptation effect was significant) using the parameters averaged across subje
different from zero (slope: -0.005 ± 0.03, t(14) = -0.57, P=0.6). Con-
sidering separately the amplitude trend across time in the right hemi-
sphere for the same and different conditions revealed a significant
amplitude decrease in the different condition (slope: -0.48 ± 0.59,
t(14)= 3.16, P b 0.01), while in the same condition, reflecting the RS ef-
fect, the amplitude remained stable from the onset of the adaptation
until the end of the sequence (slope: 0.13 ± 0.72, t(14) = 0.7, P =
0.5). This indicates that the overall reduction of the RS effect over time
observed in the right hemisphere is due to a non-specific (i.e. not related
to face identity adaptation) amplitude reduction taking place in the
different condition. In the left hemisphere, the overall amplitude tended
to be stable for both same (slope: -0.29± 1.1, t(14)= -1, P=0.32) and
different (slope: -0.06 ± 0.50, t(14 = -0.46, P = 0.65) conditions.

4. Discussion

The current study replicates the repetition suppression (RS) effect,
i.e., the reduction of the EEG response over the occipito-temporal cortex
at the fundamental frequency rate, found when identical face identities
are presented (Alonso-Prieto et al., 2013; Rossion andBoremanse, 2011;
Rossion et al., 2012). Such an RS effect is observed despite substantial
variations of stimulus size at every cycle, indicating that it is not due
to a mere repetition of low-level visual information. Here, this
identity-specific RS effect was obtained by presenting first a sequence
of different face identities and then abruptly introducing the repetition
of the same identity. The main observation was that, over the right
hemisphere, the decrease of 5.88 Hz response following the introduc-
tion of identical faces was abrupt, reaching its lowest level within a
equency (1 F, 5.88 Hz) for both conditions at each ROI. On the right are the corresponding
on against a 10-s long moving window in the different faces condition. The shaded area
fter same-identity stimulation in the right hemisphere (for the wavelet with the highest
e the overall trend of the adaptation effect are showed for the left and right hemisphere
cts.
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few hundreds of milliseconds and remaining at a stable low level until
the end of the sequence.

Assuming that adaptation reflects the discrimination ability of the
neuronal population encoding facial identity, a rapid RS effect is consis-
tent with the fast nature of individual face discrimination (i.e., within
the first two saccades, Peterson and Eckstein, 2012; Hsiao and Cottrell,
2008). It is also consistent with the latency of the effects obtained in
transient ERP studies (e.g., Caharel et al., 2009a; Heisz et al., 2006;
Itier and Taylor, 2002; Jacques et al., 2007; Jemel et al., 2003), which
can be observed only in the right hemisphere in some studies (Caharel
et al., 2009b; Jacques et al., 2007). That is, a single repetition of face fol-
lowing a brief time interval is sufficient to elicit a difference from the re-
sponse elicited by a non-repeated face at around 170 ms after repeated
stimulus presentation (“N170” component, see Rossion and Jacques,
2011). Althoughwith the transient ERP approach utilized in these latter
studies the effects of stimulus repetition cannot be unambiguously
characterized as reflecting RS, the correspondence between the effects
obtained during transient and fast periodic visual stimulation is further
supported by the similarity of their scalp topographies. That is, the RS ef-
fect, i.e. subtraction of different and same conditions, in both approaches,
tends to be localized over the occipito-temporal cortex, with a right
hemispheric dominance (e.g., compare the effects observed in Jacques
et al., 2007 with the present study). Thus, while the neural sources of
the transient ERP components and rapid periodic visual responses to
faces could be different, these effects may be driven by the same face
identity-coding populations.

The neurocomputational mechanism of the RS is not yet clear. A
number of models have been put forward to account for this phenome-
non (Grill-Spector et al., 2006), among themmodels based on predictive
coding or perceptual inference (Lieder et al., 2013; Summerfield et al.,
2008). While the current study was not designed to differentiate be-
tween these models, the fast nature of the RS effect, at least in the
right hemisphere, and the fact that it is limited to the periodic frequency
of stimulation and to the occipito-temporal cortex favor a bottom-up in-
terpretation, in which signal change is driven by the stimulus rather
than by top-down expectations. However, in the left hemisphere the
RS effect was not only lower, as in previous studies (e.g., Rossion et al.,
2012; Alonso-Prieto et al., 2013) but also emerged significantly after
several seconds only, suggesting that it might be driven by top-down
expectations or by inputs from the right hemisphere. Moreover, al-
though it is well established that spatial and selective attention modu-
late the SSVEP (e.g. Morgan et al., 1996; Müller et al., 2006; Andersen
et al., 2008), the current results are unlikely to be due to attentional
modulations, for the following reasons. First, the task required was or-
thogonal, i.e., no explicit face processingwas required and no significant
difference between the conditions was found either in accuracy or la-
tency of the behavioral responses. Second, the drop of attention would
have to occur immediately following the introduction of identical
faces. Although effects of attention can emerge in the SSVEP response
after a few hundreds of milliseconds (Müller et al., 1998; Belmonte,
1998), such effects are linked to radical switches of attention elicited
by behavioral target discrimination tasks at newly cued locations.
Again, here the participants simply had to maintain attention on a fixa-
tion cross centered on the face stimulus throughout the entire stimula-
tion. Moreover, whereas SSVEP attentional effects have been reported
over medial occipital sites for centrally presented stimuli (Andersen
et al., 2008; Andersen and Müller, 2010; Müller et al., 2006), the effects
observed here are lateralized over occipito-lateral sites, even though the
absolute SSVEP response was largest at medial occipital sites (Fig. 2).

The results also show a long-term adaptation for periodic response
in different condition, which may lead to a partial attenuation of the
identity-specific adaptation effect, when same condition is directly com-
pared to different condition. Similar slow adaptation process has been
previously reported for low level stimuli (Heinrich and Bach, 2001;
Peachey et al., 1994). Alternatively, this modest adaptation effect may
stem from face-specific changes due to cumulative effects of face
presentation, including a small number of non-sequential repetitions
of the individual faces. Although the nature of this long-term identity
non-specific adaptation cannot be determined in this study, this effect
underscores the importance of keeping adaption trials within FPVS
paradigm relatively short in order to avoid attenuation of the effects.
Importantly, the analysis of power changes following the onset of the
same-identity stimulation indicates that there is no additional, long
term adaptation of the response, emphasizing the fast and complete
nature of the identity-specific RS.

5. Conclusions

The present study showed a rapid, complete and frequency-specific
repetition suppression effect for the SSVEP elicited by face identity over
the right hemisphere, with a reduced and slower effect in the left hemi-
sphere. While the neuronal mechanisms of this effect require further
clarification, the results of the current study show the high capacity of
the human visual system for fast discrimination between different face
identities and generalization of the same identity over a range of differ-
ent sizes of the same face. Importantly, the SSVEP discrimination re-
sponse is obtained here at an objective narrow frequency band, with a
high SNR, and while the participants perform an orthogonal task. The
present results also have importantmethodological implications, show-
ing that the fast periodic visual stimulation paradigm can be used with
short stimulation durations to capture robust face identity adaptation
effects.
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