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ABSTRACT
Highly variable natural images of the same familiar face celebrity interleaved periodically in a rapid
(6 images/second) train of unfamiliar faces automatically elicit an objective electroencephalo-
graphic (EEG) response over the occipito-temporal cortex of neurotypical human adults within a
few minutes. However, the extent to which this frequency-tagged response goes beyond the
association of common physical features of the periodically repeated face identity remains
unknown. Here we compare participants who know or do not know the very same periodically
repeated face celebrity and show that long-term familiarity accounts for about 80% of the neural
face identity recognition response. This familiarity advantage disappears with upside-down
images. Variability in response amplitude between face identities is preserved for inverted faces
and in unfamiliar participants, suggesting a contribution of within-person physical face variability
and distinctiveness to about 20% of the face identity response. These observations provide the
strongest difference to date in human brain response between the same famous face identities
perceived as familiar or unfamiliar in an implicit task. The frequency-tagged neural response largely
reflects the strengthening effect of long-term memory in the human occipito-temporal cortex, and
may serve to index automatic familiar face identity recognition in individual observers.
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Introduction

Neurotypical human adults are able to automatically
recognize a familiar face identity – a family member, a
friend, a foe or a celebrity – among a crowd of unfamiliar
faces at a single glance. According to recent evidence, this
fundamental brain function can be captured within a few
minutes by presenting highly variable natural images of
different unfamiliar faces at a rapid stimulation frequency,
e.g., 6 images/second, with images of the same familiar
face identity – a celebrity – replacing an unfamiliar face at
a fixed rate (e.g., of every seventh image or 0.86 Hz)
(Zimmermann, Yan, & Rossion, 2019; Figure, p. 1).

This stimulation leads to a high signal-to-noise ratio
(SNR) neural response in the human electroencephalo-
graphic (EEG) frequency-spectrum exactly at 0.86 Hz and
harmonics (1.71 Hz, etc.) over the occipitotemporal cor-
tex (Zimmermann et al., 2019). This objective (i.e., fre-
quency predefined) EEG response can be taken as a
neural signature of automatic (i.e., without the intention
to do so) and rapid (i.e., single-glance) familiar face
identity recognition. Importantly, this neural measure is
obtained across widely variable natural (i.e., unsegmen-
ted) images of faces, supporting its ecological validity

and indicating that it is not merely due to the recogni-
tion of a single iconic image of a familiar face.

An outstanding issue is whether, and if so to what
extent, this frequency-tagged neural face identity recog-
nition response is truly due to observers’ long-term
memory of the periodically repeated facial identity.
Indeed, in this kind of paradigm (Figure 1), despite the
use of widely variable images of a given face identity, a
significant response could emerge solely, or mainly, from
the repetition of common physical features of the peri-
odically repeated facial identity, irrespective of its long-
term familiarity. This could be particularly the case if the
famous identity has a distinctive face (Valentine & Bruce,
1986) or is associated with reduced physical variability
across views (i.e., within person variability, Jenkins,
White, Van Montfort, & Burton, 2011) as compared to
other faces presented in the paradigm. As a matter of
fact, different periodically presented familiar facial iden-
tities appear to lead to substantially variable response
amplitudes in this EEG paradigm (Zimmermann et al.,
2019). However, the source of this variability remains
unknown: it could be due to different degrees of
famousness of the faces, or to physical characteristics
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of these faces (i.e., physical distinctiveness as compared
to unfamiliar faces; differences between famous face
identities in within-person variability), or else to a com-
bination of both factors.

Resolving these issues is critical, not only to better
characterize and understand differences between
familiar and unfamiliar faces in the human brain, an
important and debated topic in human face recogni-
tion research (Rossion, 2018; Young & Burton, 2018),
but also because this EEG measure could prove extre-
mely useful to implicitly and rapidly measure some-
one’s degree of familiarity with a given face identity.
To do so, the present study extends the measure of
the EEG frequency-tagged facial identity recognition
neural response (Zimmermann et al., 2019) to two
groups of participants tested exactly in the same
conditions, but differing only with respect to their
long-term familiarity with the face celebrity appearing
periodically among unfamiliar faces. The faces of two
different French celebrities (actors Dany Boon and
Jean Dujardin) giving rise to variable response ampli-
tudes in the original study are tested here with six
unfamiliar celebrities in a fully controlled paradigm (i.
e., with the same number of repetitions for each
familiar or unfamiliar face identity). Given that (famil-
iar) face identity recognition in humans is largely
impaired following picture-plane inversion (Yin,
1969; Collishaw & Hole, 2000; Busigny & Rossion,
2010; Besson et al., 2017), stimulation sequences
with upright faces are compared to the same
sequences with faces appearing upside-down, allow-
ing to further isolate high-level neural recognition
effects. Under the hypothesis that the frequency-

tagged neural familiar face identity response is essen-
tially due to a long-term familiarity effect, we pre-
dicted significantly reduced recognition responses
over the occipitotemporal regions in the unfamiliar,
compared to the familiar participant group tested
with the exact same conditions, and quantified this
familiarity effect at both the group and individual
participant level.

Methods

Participants

We initially recruited 34 participants in the experiment
(17 who were familiar with the two celebrities used, i.e.,
the familiar group, and another 17 who were unfamiliar
with these two faces, i.e., the unfamiliar group). They
were given a familiarity questionnaire (Names
Questionnaire) before and another questionnaire (Faces
Questionnaire) after their EEG testing (adapted from
Zimmermann et al., 2019). The Names Questionnaire
included the written names of 8 face identities pre-
sented in the experiment. Only two identities, French
actors D. Boon and J. Dujardin were selected for their
high degree of familiarity among the young French-
speaking adult population of Belgium, where the experi-
ment was carried out. Participants were required to
indicate (‘yes or no’) whether they knew these famous
identities by their name, and whether they could men-
tally visualize their face. In the Faces Questionnaire, par-
ticipants were shown an exemplar (randomly selected
from the testing stimulus set) of each of the 8 face
identities and they had to write down the name and

Figure 1. Schematic illustration of the experimental design used in Zimmermann et al. (2019) and in the current study. Unfamiliar
faces to all of our participants (N = 28 in the current study) are repeatedly shown at 6 Hz, with a face identity familiar to only half of the
participants (‘familiar group’) presented as every seventh image (0.86 Hz). The familiar face shown here is French actor Jean Dujardin.
Face images shown here are with license permits; however, only the first, second, fifth, and sixth unfamiliar face identities were used in
the current experiment. For license information, Blake Harrison, and Matt Johnson: Pictures licensed under the Creative Commons
Attribution 2.0 Generic. Attribution: Damo 1977, and Robert Clarke, respectively. Danny Dyer, Jean Dujardin, and Tom Mison:
Pictures licensed under the Creative Commons Attribution-Shared Alike 3.0 Unported. Attribution: Hilton1949, Georges Biard, and
Floatjon, respectively. Nicholas Hoult: Pictures licensed under the Creative Commons Attribution-Shared Alike 2.0 Generic.
Attribution: Gage Skidmore. Jack O’Connell: Pictures licensed under the Creative Commons Attribution-Shared Alike 2.0 Generic.
Attribution: gdcgraphics.
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profession of all the face identities that they could
recognize.

For the familiar group, data of one participant was
excluded due to excessive noise/muscular artifact during
EEG recording, and another two because they did not
recognize one of the two familiar face identities used in
the experiment. All the remaining 14 participants (9
females, mean age = 22.6 ± 2.1 years old, range = 20–
25 years old, all right handed) reported knowing the two
familiar face identities very well (i.e., reported to know
the faces, to have seen the identities very often on social
media, and also to be able to recall their name and
profession). For the unfamiliar group, all 17 participants
were short-term (i.e., 3 to 6 months) exchange Caucasian
students who were non-French speakers. Data of two
participants were excluded from further analysis
because they reported to be highly familiar to one of
the two French celebrities. Another participant was
excluded because her data was not saved successfully
due to technical issues. The final sample consisted of 14
participants (7 females, mean age = 25.65 ± 4 years old,
range = 20–32 years old, all right handed) who were not
familiar with (i.e., did not know) the two French celeb-
rities. The participants in the unfamiliar group were
slightly older than those in the familiar group, t(26) =
2.55, p < 0.5, but this difference played no role in the
results observed (see supplemental material).

The final sample size in each group meets the criteria
(total sample size = 13) based on a power analysis of a
recent study by Zimmermann et al. (2019) (paired t-test on
difference between upright and inverted face conditions,
dz = 1.13, power = 0.95). The power analysis was calculated
with G*power (Faul, Erdfelder, Lang, & Buchner, 2007).

All participants were paid 10 euros per hour as com-
pensation upon completion of the study. They had nor-
mal or corrected-to-normal vision and no prior history of
neurological illness. In accordance with the University of
Louvain Biomedical Ethics Committee guidelines (ref. no.
B403201111965), participants gave written informed
consent prior to testing. None of the tested participants
reported impairments in individual face recognition,
which was also assessed with an electronic version of
the Benton Facial Recognition Test (BFRT-c) (Benton et
al., 1983 for the original test; electronic version in
Rossion & Michel, 2018). There was no difference in
performance at the BFRT-c – a face matching test with
pictures of unfamiliar faces – between two groups of
participants, t(26) = 0.45, p > .1 (Familiar,M = 83.7 ± 6.8%,
on average 45.21 items correct out of 54; Unfamiliar,M =
84.8 ± 5.6%, in average 45.79 items correct out of 54).
Their overall performance was in the range of the aver-
age score in a similar population of participants (≈ 83%)
(Rossion & Michel, 2018).

Stimuli

Stimuli consist of 160 color images of male famous celeb-
rity faces (eight different face identities of which two were
the familiar targets, see Figure 1 for examples). The two
French celebritiesD. Boon and J. Dujardin (same images as
used in the Zimmermann et al., 2019 study) served as the
familiar faces appearing periodically, in different
sequences. In the previous study, these two celebrities
both gave rise to robust but variable amplitude of the
neural familiar face identity response, with a larger
response to D. Boon than J. Dujardin (Zimmermann et
al., 2019). They were selected here both to investigate
whether the same response patterns would be replicated
in the current study with another group of participants
familiar with these two identities, and to test the extent to
which the variability of the familiar face identity response
depends on familiarity. Six randomly chosen faces (out of
15 from Zimmermann et al., 2019 study) of moderately
famous British people served as unfamiliar faces in the
experiment. For each face identity, we selected a highly
variable set of 20 different images, with faces varying
substantially in background context, size, head orienta-
tion, lighting conditions, expression, etc. The average
image for each face identity and the variances of images
are shown in Figure 2. Images were 255 pixels in height,
while their width varied (187 ± 13 pixels) to preserve the
variations in head width of different identities. The ratio
between head width and image width of familiar identi-
ties did not differ from those of unfamiliar faces (ps > 0.1,
Bonferroni corrected). All face stimuli were presented at
upright orientation in half of the sequences and at
inverted orientation in the remaining half of the
sequences. The order of the orientation conditions was
randomized across participants.

Procedure

EEG testing was performed during only four different
stimulation sequences (2 with upright face images and
2 with inverted faces) of 70 s stimulation each. The four
stimulation sequences were repeated once, resulting in
eight stimulation sequences in total (about 10 min of
testing). They were presented in randomized order for
each participant. Different images of unfamiliar faces
were presented at a predefined frequency of 6 Hz (166
ms stimulus onset asynchrony, SOA), allowing only one
gaze fixation to each face. In each sequence, widely
variable images of the same identity, either D. Boon or
J. Dujardin (in different sequences), were embedded
every 7 images (replacing an unfamiliar image), provid-
ing a second presentation rate of 6/7 Hz (i.e., 0.86 Hz)
(Figure 1). All other face identities appeared randomly.
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Since we used six unfamiliar faces with 20 images each,
both the number of exemplars of each face identity (for
both familiar and unfamiliar faces) and the presentation
times (i.e., 3 times) of each image were fully balanced, an
additional methodological control as compared to the
previous study (Zimmermann et al., 2019).

Following the principle of EEG frequency-tagging
(Adrian & Matthews, 1934; Regan, 1966; Norcia,
Appelbaum, Ales, Cottereau, & Rossion, 2015 for review),
an image presentation rate of 6 Hz should elicit a robust
EEG response at exactly 6 Hz and its harmonics (12 Hz, 18
Hz, etc.), reflecting a general visual stimulation response
to all face stimuli. Most importantly, the periodically
repeated face identity (i.e., D. Boon or J. Dujardin) should
elicit a significant face identity recognition response at
0.86 Hz and harmonics (1.71 Hz, 2.57 Hz, etc.) for parti-
cipants in the familiar group, providing that it elicits a
periodically repeated (i.e., generalized) differential
response to the other unfamiliar face identities (see, e.
g.,, Liu-Shuang, Norcia, & Rossion, 2014; Lochy, Van Belle,
& Rossion, 2015; Rossion, Jacques, Torfs, & Liu-Shuang,
2015; for the principles of this approach, and applica-
tions to measure various visual recognition functions).

During the whole testing session, participants were
required to monitor a central fixation cross that appeared
in the middle of the images throughout each stimulation
sequence, while simultaneously paying attention to the
flickering stimuli. They had to press the SPACE bar of a
keyboard whenever they saw the color change of the fixa-
tion cross (from black to red, 200 ms duration, 15 change
occurrences in each sequence at random times), as accu-
rately and as rapidly as possible. Thus, there was no explicit
face-related task during the experiment.

EEG recording

One hundred and twenty-eight-channel (Ag-AgCl
Active-electrodes) EEG was recorded (Biosemi Active 2

system, BioSemi, Amsterdam, the Netherlands) with a
sample rate of 512 Hz. Recording sites included standard
10–20 system locations as well as additional intermedi-
ate positions (http://www.biosemi.com/headcap.htm,
relabeled to more conventional labels of the 10–5 sys-
tem, see Supplemental Fig. S1 in Rossion et al., 2015).
The magnitude of the offset of all electrodes, referenced
to the common mode sense (CMS), was held below 50
mV. Vertical and horizontal electrooculogram (EOG) was
recorded using four extra flat-type Active-electrodes:
two above and below participant’s right orbit, and two
lateral to the external canthi of the two eyes.

Analysis

Preprocessing
Analysis of the recorded EEG was preformed using
Letswave 5 (https://github.com/NOCIONS/Letswave5),
running on MATLAB R2013a (MathWorks, USA). The pre-
processing steps were largely identical to previous stu-
dies with this frequency-tagging approach (e.g., Quek,
Nemrodov, Rossion, & Liu-Shuang, 2018; Retter &
Rossion, 2016; Zimmermann et al., 2019). For each parti-
cipant, the raw EEG signal was band-pass filtered
between 0.1 Hz and 100 Hz (24 dB/Octave). The electrical
noise at 50 Hz and two following harmonics (100 Hz and
150 Hz) was notch-filtered with a width of 0.5 Hz. EEG
data were segmented including 2 s before and after each
74 s (including 2 s fade-in and 2 s fade-out) sequence.
Artifact-prone channels with deflections larger than 100
µV across multiple sequences (less than 0.5% of channels
on average) were interpolated. Eyeblink artifacts were
corrected by applying independent component analysis
(ICA) on the data of 4 participants (1 participant in the
infamiliar group and 3 participants in the unfamiliar
group) who blinked more than 0.2 times/s on average
during the sequences (Retter & Rossion, 2016). All chan-
nels were then referenced to a common average.

Figure 2.Mean (upper panel) and variance (lower panel) images of each face identity used in the experiment (Fam1: D. Boon; Fam2: J.
Dujardin). Each image was calculated based on the 20 natural images of a particular identity. Darker colors in the variance images,
compared to light colors, indicate areas of the faces where there are less variability across images.
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Frequency domain analysis
EEG recordings were re-segmented to contain an integer
number of familiar face presentation cycles (Retter &
Rossion, 2016). For each individual, we collapsed
sequences in the time domain across the two familiar
celebrities for each face orientation condition. A Fast
Fourier Transform (FFT) was then applied to represent
the data as a normalized amplitude spectrum (µV) for
each channel. Each spectrum had a high resolution of
approximate 0.014 Hz (1/70s), which allowed the unam-
biguous identification of the face identity recognition
response at the presentation rate of 0.86 Hz (and harmo-
nics, e.g., 1.71 Hz, etc.). Similarly, the FFT was also applied
separately to each individual familiar face identity (aver-
aged across two sequences with the same identity pre-
sented), for each orientation condition, respectively.

Baseline EEG activity was estimated as in previous
studies (e.g., Liu-Shuang et al., 2014, 2016; Retter &
Rossion, 2016; Zimmermann et al., 2019), with the neigh-
boring 20 bins surrounding the frequency bins of inter-
est (10 bins by each side, excluding the immediately
adjacent bins in case of remaining spectral leakage,
and the local maximum and minimum amplitude bins
to avoid projecting the signal in the noise EEG spec-
trum). Then, baseline correction of the EEG responses
was applied with two methods: (1) division by the EEG
noise to show EEG spectrum in signal-to-noise ratio
(SNR), allowing to better visualize small responses and
(2) Subtraction of the EEG noise (baseline subtraction,
SBL) to quantify responses in µV across harmonics.

For the two presentation frequencies (6 Hz and 0.86
Hz), there were responses reflected at multiple harmo-
nics (Figures 3 and 4), in line with previous studies (e.g.,
Liu-Shuang et al., 2014; Retter & Rossion, 2016;
Zimmermann et al., 2019). From visual inspection, the
harmonic response patterns and scalp topographies for
both the base rate response (6 Hz) and the face identity
recognition response (0.86 Hz) were consistent with
those of our recent study, with responses above noise
up to the 9th harmonic (7.71 Hz, Zimmermann et al.,
2019). Therefore, in the main analysis, we quantified
the face identity recognition response by summing the
baseline-corrected amplitudes of all eight harmonics,
excluding the base rate. The general visual response
was quantified as the sum of the first nine significant
harmonics (6 Hz, 12 Hz, etc.).

In a complementary analysis (supplemental material),
we selected the significant harmonics according to the
grand-averaged response patterns across all participants
in both groups (i.e., familiar and unfamiliar) and across all
channels and both face orientation conditions (Retter &
Rossion, 2016; Zimmermann et al., 2019). We computed

a z-score at each discrete frequency bin with the formula
z = (x-baseline mean)/(baseline standard deviation), with
the same baseline response quantification as mentioned
above. We used a z-score threshold at 1.64 (p < .05, one-
tailed, i.e., signal > noise) to select significant harmonics
(Retter & Rossion, 2016; Zimmermann et al., 2019). In this
way, six significant harmonics (i.e., 1.71 Hz, 2.57 Hz, 3.43
Hz, 4.29 Hz, 5.14 Hz, and 7.71 Hz) were identified, and
summed to quantify the face identity recognition
response. We used the same approach to quantify the
general visual responses at 6 Hz, by summing the base-
line-corrected amplitudes of the first nine significant
harmonics (i.e., 6 Hz, 12 Hz, and up to 54 Hz).

We statistically tested neural responses at two levels:
across the whole scalp channels and at local regions-of-
interest (ROIs) where the two responses at 0.86 Hz and 6
Hz (and their harmonics) reached to maxima, consistent
with previous studies with the same FPVS-EEG paradigm
measuring individual unfamiliar face discrimination
responses (Dzhelyova & Rossion, 2014a, 2014b; Liu-
Shuang et al., 2014; Xu, Liu-Shuang, Rossion, & Tanaka,
2017). Therefore, a middle occipital ROI was defined
(average across 12 middle posterior channels POO5&6,
POOz, O1&2, Oz, POI1&2, OIz, I1&2, and Iz), and a bilateral
occipitotemporal ROI (OT ROI; average across 10 poster-
ior channels P7&8, P9&10, PO7&8, PO9&10, PO11&12). As
in previous studies, the OT ROI was further split it into
two ROIs, left OT ROI (channels over the left hemisphere,
P7, P9, PO7, PO9, PO11), and right OT ROI (channels over
the right hemisphere, P8, P10, PO8, PO10, PO12), to
examine potential hemispheric differences in familiar
face identity recognition.

We further quantified each participant’s individual
face identity recognition response over the OT ROI, by
calculating a z-score based on the summed-harmonic
response amplitudes at 0.86 Hz and its 20 neighboring
bins (the same formula as mentioned above). A signifi-
cant recognition response was noted with a threshold at
a z-score of 1.64 (p < .05, one-tailed).

To examine the response differences between two
participants groups in different face orientation condi-
tions, we ran mixed-ANOVAs on the baseline-corrected
amplitudes. Greenhouse-Geisser correction for degrees
of freedom was applied whenever sphericity was vio-
lated. For significant effects, post-hoc t-tests were con-
ducted to examine differences between conditions with
Bonferroni correction. To test whether variability in
response amplitude across face identities is related to
familiarity or other factors, we also separately examined
the recognition response of each periodically presented
familiar face identity (D. Boon and J. Dujardin) for each
group.
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Results

Behavioral results (fixation cross task)

We computed mean accuracy and response times (RTs) to
fixation cross color changes for each participant. RTs were
calculated according to the onset of target fixation cross.
Responses were considered as correct if they occurred
between 150 and 1000 ms following target onset.
Accuracy for the fixation task was very high across condi-
tions. A mixed-ANOVA on accuracy with Group (familiar,
unfamiliar) as between-subjects factor and Orientation

(upright, inverted) as within-subjects factor showed that
there was no difference between groups (F(1,26) = 0.27, p
> .1, ƞ2 = 0.01; Familiar,M=98.7 ± 2.4%;Unfamiliar,M=98.2
± 2.4%), or between different face orientations (F(1,26) =
1.79, p > .1, ƞ2 = 0.07; Upright,M = 98 ± 3.6%; Inverted,M =
98.9 ± 2%). However, a similar mixed-ANOVA on RTs
showed that responses were slightly (6 ms) slower in the
upright face condition, compared to the inverted condition,
reflected by a significant main effect of Orientation (F(1,26)
= 4.26, p= .05, ƞ2 = 0.14; Upright,M= 452 ± 46ms; Inverted,
M = 446 ± 44 ms). There was no difference in RTs between

Figure 3. Grand-averaged general visual presentation responses. Grand-averaged EEG spectra in SNR, at 6 Hz and subsequent
harmonics (12 Hz, 18 Hz, and so forth), over the middle occipital ROI (averaged across channels POO5&6, POOz, O1&2, Oz, POI1&2, OIz,
I1&2, and Iz) are shown for both face conditions in the familiar group (ab) and unfamiliar group (cd). Three-D scalp maps are shown
below for each significant harmonic. The color scale indicates the range from 1 to the maximum SNR of each harmonic response. e.
Grand-averaged responses in baseline-corrected amplitudes (μV) between familiar and unfamiliar groups in both upright (UP) and
inverted (INV) face conditions over all scalp channels and middle occipital ROI. Error bars indicate standard error of the mean. f. Three-
D scalp topographies of summed-harmonic general visual responses shown separately for upright and inverted faces for both groups.
Color scale indicates the range from 0 to the maximum amplitude of each condition.
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groups (F(1,26) = 0.01, p > .1, ƞ2 = 0.00; Familiar,M = 450 ±
45 ms; Unfamiliar,M = 448 ± 45 ms).

EEG results

Frequency domain indexes of general visual
responses
The base stimulation rate of 6 Hz elicited significant (p <
.05) responses at the first nine consecutive harmonics (i.
e., 6 Hz, 12 Hz, and so forth). This was found across

participant groups and across face orientation condi-
tions (Figure 3). Consistently, the first harmonic at 6 Hz
was associated with activations over the occipitotem-
poral region in addition to the middle occipital focus
across conditions (Zimmermann et al., 2019; see sup-
plemental material for separate analysis with the first
harmonic at 6 Hz and the sum of remaining harmonics).
Harmonic responses decreased significantly beyond
the first 3 harmonics (i.e., 6 Hz, 12 Hz, and 18 Hz;
Figure 3).

Figure 4. Face identity recognition responses in SNR at 0.86 Hz (and harmonics) at OT ROI (average across P7&8, P9&10, PO7&8,
PO9&10, PO11&12), shown separately for the familiar (Fam) group in upright (UP) and inverted (INV) face conditions (a and b), and the
unfamiliar (Unfam) group in both face orientation conditions (c and d). Three-D scalp topographies show significant responses with
color scale indicating the range from 1 to the maximum SNR of each condition. e. Grand-averaged face identity recognition responses
in baseline-corrected amplitudes (µV) of both groups as a function of face orientation over bilateral OT ROI. Error bars indicate
standard error of the mean. f. Three-D scalp topographies of summed-harmonic individual face recognition response shown for each
condition.
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A mixed-ANOVA with Orientation (upright, inverted) as
within-subjects factor and Group (familiar, unfamiliar) as
between-subjects factor on the responses averaged
across all scalp channels showed that there was a signifi-
cant main effect of Orientation, F(1,26) = 14.49, p < .001,
η2 = 0.36 (Upright,M = 1.27 ± 0.44 μV; Inverted,M = 1.05 ±
0.36 μV). Neither the main effect of Group, F(1,26) = 0.14,
p > .1, η2 = 0.01, or its interaction with Orientation, F(1,26)
= 0.93, p > .1, η2 = 0.04, was significant. The same
response pattern was replicated over the middle occipital
ROI. Visual responses were larger for upright compared to
inverted images (Upright, M = 3.70 ± 1.80 μV; Inverted,
M = 3.08 ± 1.41 μV), reflected by a significant main effect
ofOrientation, F(1,26) = 14.91, p < .001, η2 = 0.36. Themain
effect of Group, F(1,26) = 0.09, p > .1, η2 = 0.00, and the
interaction of Orientation × Group, F(1,26) = 0.59, p > .1,
η2 = 0.02, were not significant (Figure 3).

Frequency domain indexes of face identity
recognition response
There were major differences in the face identity recog-
nition responses across groups (Figure 4). Over bilateral
OT regions, we observed high SNR responses at the
familiar face identity stimulation frequency of 0.86 Hz
and its harmonics (e.g., 1.71 Hz, 2.57 Hz, and so forth,
skipping the 6 Hz base frequency) at the upright face
condition for the familiar group. The responses reduced
strongly when all face images were inverted, with only
the fourth harmonic (i.e., 3.42 Hz) achieving significance.
For the unfamiliar group of participants, tested with the
exact same sequences, the responses were barely visible,
with only two significant harmonics (i.e., 5.14 Hz, and
6.85 Hz) for the upright images, and another two sig-
nificant (e.g., 1.71 Hz, and 2.57 Hz) for the inverted
images.

In the main analysis, the face identity recognition
response was quantified as the sum of the first eight
harmonics at 0.86 Hz, in both groups. Note that even if
most harmonics are not significant on grand average
data for the group of participants unfamiliar with the
two French celebrities, the correct procedure to com-
pare the two conditions is to sum the amplitude values
of the same baseline-corrected harmonics (separately)
for the two conditions in order to quantify the respective
response (i.e., if the signal is not above noise level for
some harmonics in the unfamiliar group, this amounts to
adding zeros to the summed response). Note that
although the quantified response was much larger for
the familiar group tested with upright faces, both
upright face conditions (familiar and unfamiliar groups)
were associated with significant responses above zero
(both ps < .05, one-tailed).

When considering face identity recognition responses
across all scalp channels, a mixed ANOVA with
Orientation (upright, inverted) as within-subjects factor
and Group (familiar, unfamiliar) as between-subjects fac-
tor showed no significant main effect of Orientation and
no Orientation × Group interaction (both ps > .1). The
main effect of Group reached to a marginal significance,
F(1,26) = 3.52, p = .07, η2 = 0.12, reflecting a borderline
larger recognition response in the familiar group
(Familiar, M = 0.11 ± 0.07 µV; Unfamiliar, M = 0.06 ±
0.07 µV). A similar mixed ANOVA was also run over the
middle occipital ROI. We found a main effect of
Orientation, F(1,26) = 4.59, p < .05, η2 = 0.15, reflected
by a larger response to upright faces than inverted faces
(Upright, M = 0.25 ± 0.24 µV; Inverted, M = 0.11 ± 0.23
µV). No other effect was significant (both ps > .1).

Over the OT ROI, where the face identity recognition
response was maximal, we ran a mixed ANOVA with
Orientation (upright, inverted), and Hemisphere (left,
right) as within-subjects factor and Group (familiar, unfa-
miliar) as between-subjects factor. The results showed a
significant main effect of Orientation, F(1,26) = 9.55, p <
.01, ƞ2 = 0.27 (Upright, M = 0.35 ± 0.39 µV; Inverted, M =
0.13 ± 0.18 µV). In this ROI, the main effect of Group was
also significant, F(1,26) = 8.25, p < .01, ƞ2 = 0.24, due to
larger responses for the familiar group than the unfamiliar
group (Familiar,M = 0.34 ± 0.24 µV; Unfamiliar,M = 0.14 ±
0.1 µV). These effects were however modulated by a
significant interaction Orientation × Group, F(1,26) =
14.78, p < .001, ƞ2 = 0.36. Further analyses showed that
there was only an inversion effect for the familiar group,
t(13) = 4.14, p < .001 (Upright,M = 0.58 ± 0.41 µV; Inverted,
M = 0.09 ± 0.2 µV; unfamiliar group: t(13) = 0.69, p > .1,
Upright,M = 0.11 ± 0.19 µV; Inverted,M = 0.17 ± 0.15 µV).
Another decomposition of the interaction showed that
the response at upright orientation was much larger in
the familiar than the unfamiliar group, t(26) = 3.86, p < .001,
while there was no difference between groups at inverted
orientation, t(26) = 1.11, p > .1. There was no main effect of
Hemisphere, F(1,26) = 0.83, p > .1, ƞ2 = 0.03, or any other
effect (all ps > .1).

The results were strictly identical when considering
only the first six significant harmonics (harmonics 2–6
and 9), based on averaged amplitude spectra across
groups and face orientation conditions (see supplemen-
tal material).

Face identity recognition responses for each
familiar face identity

To examine whether different familiar face identities
showed different response patterns, we ran another
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mixed-ANOVA over the OT ROI with Identity (D. Boon,
J. Dujardin), and Orientation (upright, inverted), and
Hemisphere (left, right) as within-subjects factors, and
Group (familiar, unfamiliar) as between-subjects factor
(Figure 5). As in the analysis above, there were significant
main effects of Orientation, F(1,26) = 12.5, p < .01, ƞ2 = 0.33,
showing larger responses to the upright than inverted
faces (Upright, M = 0.36 ± 0.05 µV; Inverted, M = 0.15 ±
0.03 µV) and Group, F(1,26) = 6.22, p < .05, ƞ2 = 0.19, with a
familiar group advantage (Familiar, M = 0.33 ± 0.04 µV;
Unfamiliar,M= 0.18 ± 0.04 µV), and their interaction, F(1,26)
= 18.21, p < .001, ƞ2 = 0.41, showing significant face inver-
sion effect, t(13) = 4.68, p < .001, for the familiar group
(Upright, M = 0.56 ± 0.34 µV; Inverted, M = 0.1 ± 0.18 µV)
and not for the unfamiliar group (Upright, M = 0.16 ± 0.16
µV; Inverted, M = 0.2 ± 0.15 µV). Importantly with respect
to the goals of the study, there was amain effect of Identity,
F(1,26) = 8.77, p < .01, ƞ2 = 0.25, with the face identity
recognition response to D. Boon being larger than to
J. Dujardin (D. Boon, M = 0.37 ± 0.05 µV; J. Dujardin,
M = 0.15 ± 0.04 µV). However, there was no significant
interaction between Identity and other factors (all ps > .1).
The other comparisons were not significant (all ps > .1).

Robust neural indexes of face identity recognition
response in each individual participant

The majority of participants in the familiar group showed
significant responses over either unilateral or bilateral OT
ROI (Figure 6). We quantified these responses by calculat-
ing the z-score (with a threshold of z-score > 1.64, p < .05;
see Methods section) for each participant separately for
upright and inverted images (averaged across familiar
face identities). In the familiar group, 13 out of 14 partici-
pants (except #P8) showed significant neural face identity
recognition responses over OT ROI on upright images (z-

score range 1.7–8.5). For inverted images, only two parti-
cipants (#P6 and #P13) showed a significant response
(range 1.8–4.7). Twelve (except #P8 and #P13) out of 14
participants showed a significant inversion effect (range
1.7–10.5). In contrast, for the unfamiliar group, five out of
14 participants showed significant responses for upright
faces (range 2.1–3.5), and eight out of 14 participants
showed significant responses for the inverted faces
(range 1.7–6.6). Only three out of 14 participants showed
a significant inversion effect (range 2–3.6).

Discussion

We replicated the large frequency-tagged facial identity
recognition neural response elicited in people who -were
familiar with a periodically repeated celebrity face appear-
ing among unfamiliar faces (Zimmermann et al., 2019). This
response is elicited automatically (i.e., without intention/
instruction to do so) to natural images of faces presented
under severe time-constraints. The novel finding of the
present study is that the response is also found in partici-
pants who do not know the periodically repeated celebrity,
but it is reduced by about a factor of five for upright images
(i.e., 0.58 µV for familiar participants vs. 0.11 µV for unfami-
liar participants). Given that different facial identities can
give rise to substantially different electrophysiological
responses in this paradigm (Zimmermann et al., 2019),
this between-groups comparisonwas preferred here rather
than comparing the periodic repetition of a familiar vs. an
unfamiliar face identity in the same group of participants.
The large amplitude difference of the EEG response
observed here cannot be due to general differences
between the groups of participants, who were matched
in terms of gender and ethnicity and with a small age
difference such that these factors played no role in the
results (supplemental material). Moreover, the two groups

Figure 5. Grand-averaged face identity recognition responses in baseline-corrected amplitudes (µV) of both groups as a function of
face orientation over bilateral OT ROI, for a. D. Boon and b. J. Dujardin. Error bars indicate standard error of the mean. Three-D scalp
topographies of summed-harmonic individual face recognition response shown for each condition.
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did not differ in their behavioral performance at the ortho-
gonal task, in terms of the basic EEG response to all visual
stimuli (i.e., 6 Hz and harmonics), and in the amplitude of
their face identity recognition neural response when the
images were presented upside-down.

The frequency-tagging paradigm allows an objective
identification and a relatively straightforward quantifica-
tion of the neural facial identity recognition response in
the EEG frequency-domain, revealing that the response
for participants unfamiliar with the faces is of about 20%
of amplitude as compared to the response obtained in
participants familiar with the faces. This observation indi-
cates that the bulk of the neural response is not due to
shared repeated physical features of the periodically

presented face identity independently of long-termmem-
ory, but rather to people’s long-term memory representa-
tion of that face identity in the occipitotemporal cortex.
This response therefore essentially reflects a cortical mem-
ory effect and can index people’s familiarity with a given
face identity.

In humans, substantial behavioral differences have
been found between familiar and unfamiliar faces, espe-
cially in terms of the ability to associate different views of
the same face identity: people are generally much better
with pictures of familiar than unfamiliar faces (e.g.,
Bruce, 1982; Jenkins et al., 2011; White, Kemp, Jenkins,
Matheson, & Burton, 2014; see Young & Burton, 2018).
Yet, despite these differences, it is fair to say that

Figure 6. Grand-averaged individual face recognition response in baseline-corrected amplitude (µV) shown for each participant in a.
the familiar group and b. the unfamiliar group as a function of face orientation. Topographical scalp maps of summed-harmonics at OT
ROI for upright (UP) versus inverted (INV) sequences, shown separately for individual participants in both groups (familiar and
unfamiliar). Scalp topographies with a black asterisk show a significant z-score for upright sequences, and a blue asterisk for inverted
sequences. Participants with a significant face inversion effect are shown with blue labels.

10 X. YAN ET AL.



previous EEG studies have reported rather modest and
inconsistent neural differences between pictures of
familiar and unfamiliar faces (Alsufyani et al., 2018;
Andrews, Burton, Schweinberger, & Wiese, 2017;
Barragan-Jason, Cauchoix, & Barbeau, 2015; Barrett,
Rugg, & Perrett, 1988; Caharel, Courtay, Bernard,
Lalonde, & Rebaï, 2005; Collins, Robinson, & Behrmann,
2018; Gilad-Gutnick, Harmatz, Tsourides, Yovel, & Sinha,
2018; Huang et al., 2017; Jemel, Schuller, & Goffaux,
2010; Kloth et al., 2006; Lui, Lui, Wong, & Rosenfeld,
2018; Wiese et al., 2019; Zimmermann & Eimer, 2013),
at least in implicit tasks (e.g., unlike in Barragan-Jason et
al., 2015; Caharel, Ramon, & Rossion, 2014). This is also
the case in functional magnetic resonance imaging stu-
dies (Natu & O’Toole, 2011 for review; e.g., Ramon, Vizioli,
Liu-Shuang, & Rossion, 2015). A potential factor contri-
buting to the lack of substantial consistent familiarity
effects could be the lack of reliance on ecologically
valid natural images in most studies, as suggested by
the recent report of a clear difference in brain potentials
elicited by variable natural images of personally familiar
versus unfamiliar faces (Wiese et al., 2019). However, in
that latter study, the difference between faces of celeb-
rities and unfamiliar faces – as tested here – was rela-
tively small and detected significantly in only 5 of 18
participants. Yet, impressively, in the present study, 13
out of 14 participants who knew the two celebrities faces
showed a significant neural facial identity recognition
response, this response being significantly larger for
upright than inverted faces in 12 participants.
Moreover, these results were obtained with only four
stimulation sequences at upright orientation, for a total
of about only 5 min of testing by participant.
Considering the findings of Wiese et al. (2019), this sug-
gests that the present paradigm would even be more
sensitive with pictures of personally familiar faces, which
are generally associated with the most robust represen-
tations (Ramon & Gobbini, 2018).

As discussed previously (Zimmermann et al., 2019),
the high sensitivity of the present approach could be
attributed to several factors such as the high number of
images of celebrities inserted in each sequence at this
fast stimulation rate (i.e., 240 presentations of the two
celebrities) and the high-frequency resolution of the
approach, so that there is little EEG noise in the small-
frequency bins capturing all of the signals (Regan, 1989;
Rossion, 2014). Most importantly, previous EEG studies
compare responses to the sudden appearance of a famil-
iar vs. an unfamiliar face identity against a uniform visual
field, these responses being largely dominated by non-
specific visual processes. In contrast, in a frequency-tag-
ging approach, the visual system is continuously
stimulated, the general common neural response to

the familiar and unfamiliar faces is confined to the 6 Hz
response and its harmonics (12 Hz, etc.), constituting a
baseline signal. Therefore, all of the 0.86 Hz response is a
differential neural response that emerges only if a popu-
lation of neurons respond specifically (or differently) to
the periodically repeated familiar face identity (see, e.g.,,
Retter & Rossion, 2016; Rossion et al., 2015 for a similar
logic in measuring selective responses to natural images
of faces as a category; Lochy et al., 2015 for differential
responses between words and pseudowords).

Here, as also found previously, there was a large
reduction of the facial identity recognition neural
response for familiar faces with upside-down inversion
of the facial stimuli, also by about a six-fold factor. This
reduction with inversion is in line with the drop of
performance observed in behavioral tasks measuring
the identity recognition of familiar faces (e.g., Besson et
al., 2017; Busigny & Rossion, 2010; Collishaw & Hole,
2000). While the inversion effect is also consistently
found in behavioral studies requiring to match pictures
of unfamiliar faces (e.g., Freire, Lee, & Symons, 2000; Yin,
1969; see Rossion, 2008 for review), inversion did not
further reduce the weak EEG response obtained here in
the group of participants who were unfamiliar with the
periodically repeated celebrity. This could be due to a
floor effect for the periodically repeated face identity in
the unfamiliar group. Alternatively, it could be that the
weak repeated distinction between a repeated unfami-
liar identity and other unfamiliar identities is not based
on a high-level facial configuration but on local features
preserved by inversion.

Importantly, we consider that the weak effect
response found here in the unfamiliar group should
not be interpreted as evidence that neurotypical adults
are ‘poor’ at matching variable images of unfamiliar
faces (e.g., Megreya & Burton, 2006; Jenkins et al., 2011;
White et al., 2014; see Rossion, 2018 for a brief discussion
of this issue). Rather, this could be attributed to the
extremely challenging stimulation condition of the para-
digm: the variable images of the periodically repeating
unfamiliar face identity are not presented side-by-side,
they appear only briefly, with many interleaved pictures
of other unfamiliar face identities. Most critically, for the
group of participants who do not know the celebrity, the
periodically repeated unfamiliar face identity appears
among, i.e., against, other unfamiliar faces in this para-
digm. If the base faces were all familiar faces, a larger
response for a periodically repeated unfamiliar face
identity and a more modest response for the familiar
face would be expected.

The neural face identity recognition response effect
was significantly larger for one of the celebrities, D. Boon,
than the other, J. Dujardin, consistent with the response
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patterns found in Zimmermann et al.’s (2019) study.
However, interestingly, the difference between the two
identities also holds for the group of participants who do
not know these faces, a novel finding of the present
study. This suggests that the difference in magnitude
of the neural response across the two familiar face iden-
tities is not due to their degree of familiarity per se.
Rather, factors such as face distinctiveness (in general,
e.g., Valentine & Bruce, 1986, and as compared to the
unfamiliar faces used in the experiment) and within-
person variability (in real life, e.g., Jenkins et al., 2011,
and in the specific image set selected in the experiment),
may be critical in accounting for variability in the EEG
amplitude of the face identity recognition response.
Here, and in the previous study, within-person variability
and face distinctiveness, which are difficult to quantify
on variable natural images, might be both higher for D.
Boon than J. Dujardin (Figure 2). Therefore, including
inverted faces to control for image distinctiveness and
within-person (image) variability of some images may be
important to optimize the current paradigm.

Although there was a substantial amount of inter-
individual variability in the scalp localization of the
peak of activity for the neural face identity recogni-
tion response, the effect was consistently observed
over bilateral occipitotemporal electrodes. The lack of
right hemispheric lateralization – which is typical of
unfamiliar face individuation in such frequency-tag-
ging paradigms (e.g., Liu-Shuang et al., 2014) – could
be precisely because unfamiliar faces preferentially
recruit the right hemisphere at the group level, as
also indicated by the 6 Hz response (Figure 4). Hence,
the neural face identity recognition response
expressed in contrast to unfamiliar faces is no longer
right lateralized. Another potential factor is that the
neural response recorded here may also reflect auto-
matic triggering of semantic information and a
famous name associated with the rapidly repeated
famous identity, with the left hemisphere playing a
more important role than the right hemisphere in
these processes (e.g., Gainotti, 2013; Rice, Caswell,
Moore, Lambon Ralph, & Hoffman, 2018). The limited
spatial resolution of EEG does not allow us to provide
more specific information about the sources of the
effect recorded on the scalp. However, the memory
effect is likely to reflect the strengthening of visual
representations in the visual occipitotemporal cortex,
including in the anterior temporal lobe, rather than
the direct contribution of structures of the medial
temporal lobe such as the hippocampus, which may
rather be essential to learn, consolidate and explicitly
recall these visual representations in the visual cortex
(Squire, Genzel, Wixted, & Morris, 2015; Sekeres,

Winocur, & Moscovitch, 2018 for reviews). Testing
this paradigm with intracerebral human recordings
(e.g., Jonas et al., 2016) in future studies should pro-
vide a clearer answer regarding the source of the
neural face identity recognition response.

Finally, the present neural face identity recognition
response may prove to be an important measure not
only due to the high sensitivity and objectivity of the
approach but also because it is implicit, i.e., recorded
while participants are not asked to recognize the
repeated face identity. Hence, the approach could be
used to determine whether someone is familiar with a
given face identity even if the specific images have not
been seen before and without requiring an explicit
response. To be more accurate, such an evaluation
should include the use of a condition with inverted
images, which allows isolating the effect of long-term
face familiarity from the effect of physical distinctiveness
or within-face identity physical variability, and could be
standardized in participants who are not familiar with
the periodically repeated face identity. In these condi-
tions, the paradigm as used here could prove invaluable
for further understanding of the nature of human famil-
iar face identity recognition (i.e., its sensitivity to various
visual and semantic factors), but also to evaluate of
learning and long-term memory capacity in typical
observers and clinical populations such as patients
with semantic dementia or Alzheimer’s disease.
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