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a b s t r a c t

Rapidly recognizing familiar people from their faces appears critical for social interactions (e.g., to dif-
ferentiate friend from foe). However, the actual speed at which the human brain can distinguish familiar
from unknown faces still remains debated. In particular, it is not clear whether familiarity can be ex-
tracted from rapid face individualization or if it requires additional time consuming processing. We re-
corded scalp EEG activity in 28 subjects performing a go/no-go, famous/non-famous, unrepeated, face
recognition task. Speed constraints were used to encourage subjects to use the earliest familiarity in-
formation available. Event related potential (ERP) analyses show that both the N170 and the N250
components were modulated by familiarity. The N170 modulation was related to behaviour: subjects
presenting the strongest N170 modulation were also faster but less accurate than those who only showed
weak N170 modulation. A complementary Multi-Variate Pattern Analysis (MVPA) confirmed ERP results
and provided some more insights into the dynamics of face recognition as the N170 differential effect
appeared to be related to a first transitory phase (transitory bump of decoding power) starting at around
140 ms, which returned to baseline afterwards. This bump of activity was henceforth followed by an
increase of decoding power starting around 200 ms after stimulus onset. Overall, our results suggest that
rather than a simple single-process, familiarity for faces may rely on a cascade of neural processes, in-
cluding a coarse and fast stage starting at 140 ms and a more refined but slower stage occurring after
200 ms.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

How much time do we need to recognize a familiar face? Many
people would say that very little time is needed (Sagan, 2011). Part
of this belief is probably related to the idea that face recognition
should be fast considering how such an ability is important in
daily life (i.e., to differentiate friend from foe). However, the speed
of face recognition in human adults is actually rather slow and
variable (Anaki and Bentin, 2009; mean or median reaction times:
400–900 ms; Anaki et al., 2007; Baird and Burton, 2008; Barragan-
Jason et al., 2013, 2012; Caharel et al., 2005; Herzmann et al.,
2004; Kampf et al., 2002; Ramon et al., 2011), especially compared
to face detection, which is possible in 260-300 ms (Rousselet et al.,
2003). The high variability of these behavioural latencies can be
explained by differences in experimental procedure (e.g., go/no-
go, category-verification, repetition) or the nature of stimuli used
(e.g., famous faces, personally familiar faces, novel familiar faces,
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cropped stimuli, natural stimuli). Another source of variability is
related to the fact that most studies allowed a long time for sub-
jects to respond. Thus, subjects could use different strategies, ei-
ther familiarity-based (“I know this face”) or identity-based (“This
is Brad Pitt, a famous actor”). Following classical hierarchical
models of face recognition, familiarity-based responses are
thought to be faster than identity-based responses (Bruce and
Young, 1986). It is likely that subjects cannot help trying to re-
cognize a face at the level of identity (Bruce and Young, 1986;
Valentine, 2001) and hence give rather long reaction times (RTs)
overall. Indeed, studies applying speed constraints reported that
recognizing familiar faces from unknown faces could be achieved
in 360–390 ms (minimum RTs) when repeated cropped faces were
presented (Anaki and Bentin, 2009; Ramon et al., 2011). Im-
portantly, similar minimal latencies were reported using a large
set of different famous faces presented in their natural context
(uncropped) without any repetition (Barragan-Jason et al., 2013,
2012), this latter finding confirming the formidable efficiency of
the human visual system to process faces in natural scene.

The neural dynamics of familiar face recognition has been
classically investigated using an averaging method focused on the
modulation (variation in amplitude or latency) of different EEG/
MEG components by familiarity. The earliest familiarity effect has
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been reported on the N170 component recorded over occipito-
temporal electrodes (Caharel et al., 2007, 2005, e.g. 2002; Wild-
Wall et al., 2008; faces showing higher negative amplitude than
unknown ones). However, these results are inconsistent with
other studies that have found an amplitude modulation in the
opposite direction (e.g. Jemel et al., 2003; Todd et al., 2008) or no
difference at all, especially when stimuli were not repeated or
primed, or when an explicit face recognition task was used (e.g.
Anaki et al., 2007; Bentin and Deouell, 2000; Caharel et al., 2014;
Eimer, 2000; Eimer et al., 2012; Schweinberger et al., 2004; Zheng
et al., 2012). As a result, there are two contrasted positions re-
garding the N170 at present. Some authors argue that it reflects
mechanisms necessary for face individuation (ie. access to an in-
dividual representation of the face; Jemel et al., 2010; Rossion,
2008), while others link the N170 to holistic face representation
only (e.g. Gosling and Eimer, 2011). In the first case, familiarity
could occur close to the N170. In the second case, familiarity would
occur in a subsequent stage.

Following the N170, the N250 component has been identified
as a likely neural correlate of familiarity. This component is more
negative in response to known than to unknown faces over lateral
occipito-temporal electrodes as well (e.g. P8 in Leleu et al., 2010;
PO8 in Pierce et al., 2011; or cluster of electrodes including P10 and
TP10 in Tanaka et al., 2006). Although this component has been
called the N250 component, most authors average data for their
analyses over a long, and variable, period after 250 ms (230–
400 ms in Gosling and Eimer, 2011; 240–300 ms in Jemel et al.,
2010; and in Kaufmann et al., 2009; or 270–330 ms in Zheng et al.,
2012). The N250 differs from the N250r; the latter component
being elicited by the repetition of faces. However, several papers
have consistently revealed an influence of face familiarity on the
N250r. Specifically, Herzmann et al. (2004) found familiarity ef-
fects in a 230–270 ms segment, and Begleiter et al. (1995) found
familiarity effects in the N250r peaking at 240 ms as well (for si-
milar findings see Schweinberger et al., 1995).

In addition, some authors have focused their analysis on the
onset of the differential activity between familiar and unknown
faces. Begleiter et al. (1995) and more recently Zheng et al. (2012)
suggest the N250 component could start around 200 ms. Similarly,
Begleiter et al. (1995, Fig. 4), identified a large positive component
related to familiarity, starting earlier than the usual N250, (that is,
around 200 ms) and broadly distributed over anterior electrodes.
More recently, Caharel et al. (2014) reported that familiarity in-
formation would start at around 200 ms after the stimulus onset.
However, in their study, stimuli were repeated; it is therefore
difficult to disentangle the effect of repetition from the genuine
effect of familiarity. Indeed, when considering only the first pre-
sentation of their stimuli, Caharel et al. (2014) report a significant
effect on the N170 component that disappears with consecutive
repetitions.

All in all, several issues are still unresolved. First, the onset of
the neural correlate of familiarity (with no repetition) is unknown,
possibly ranging from 150 (in the N170 time-window) to 300 ms
(in the N250 time-window) post stimulus onset, some studies
suggesting that it should be around 200 ms. Second, as far as we
know, no speed constraints (except in Caharel et al., 2014) have
been applied in any electrophysiological studies on familiar face
recognition allowing subjects to use different strategies. Using
speed constraints would encourage participants to engage mostly
in familiarity-based responses and therefore may elicit more
synchronized or earlier neural familiarity effect (i.e. impacting the
N170). Third, the study by Gosling and Eimer (2011) suggests that
the topography of this familiarity correlate is actually not very well
known since they suggest an effect on anterior electrodes rather
on posterior ones where face components are usually recorded.
Lastly, if some neural activity is related to familiarity, it should
then also impact behaviour (e.g. RTs). Clear evidence of such re-
lation remains to be demonstrated (see however Bentin and
Deouell, 2000; Caharel et al., 2014).

Consequently, our aims in this study were to (1) identify the
minimal neural latencies sufficient to explicitly recognize un-
repeated familiar faces and (2) to analyze how these neural pro-
cesses relate to behaviour. To address our aims, 28 subjects were
asked to recognize unrepeated famous faces presented in their
natural background among unknown ones using speed con-
straints. Our procedure was as follows. (i) We determined the
onset of the differential activity between famous and unknown
faces using a point by point ERP analysis of EEG recorded con-
currently with the task. (ii) Additionally, as mentioned previously,
there is no agreement to date on which electrodes should be in-
cluded to analyze a neural correlate of familiarity and it is well
known that the size of the effect varies greatly depending on
which electrodes are included in ERP analyses (Rossion and Jac-
ques, 2008). To overcome this issue, we used a complementary
method called the Multi-Variate Pattern Analysis (Cauchoix et al.,
2014, MVPA, 2012) that allows us to analyze and quantify the
dynamics of whole-brain EEG information involved in the re-
cognition of famous faces without any speculation about the ERP
components or scalp location, this at the single trial resolution. (iii)
Finally, we investigated possible relations between neural activity
and behavioural reaction times.
2. Methods

2.1. Participants

Fifteen females and 13 males (n¼28, median age: 24 yrs, range:
19–37, 25 right-handed) signed informed consent to participate in
the experiment. They were mostly students in psychology or
neuroscience. They were not rewarded. All subjects reported that
they had normal or corrected-to-normal visual acuity. This study
was performed in compliance with the Code of Ethics of the World
Medical Association (Declaration of Helsinki) and our institutional
ethic review board (Comité opérationnel pour l'éthique dans les
sciences de la vie/Operational Committee for Ethics in life science).

2.2. Stimuli

A set of 270 greyscale photographs of famous faces (Barragan-
Jason et al., 2012) and 270 photographs of unknown faces were
presented in their natural context (i.e., they were not cropped and
some background could be seen). Unknown faces were chosen to
be comparable in terms of quality (professional photographs). We
also controlled other variables such as head orientation, para-
phernalia, race and facial expressions between famous and un-
known faces. Examples of photographs are presented in Fig. 1.
Each image was 320�480 pixels and luminance and RMS contrast
were comparable between famous and unknown images (lumi-
nance: F(1538)¼0.489, p¼ .61; contrast: F(1538)¼1.005, p¼ .37).

In order to verify that images were not different in terms of
low-level features, we tried to directly decode the image category
from different image features such as (1) raw grey level of pixels,
which can be seen as a model of the retina, (2) Weibull para-
meters, which can be seen as a model of the LGN (Scholte et al.,
2009) and (3) the gist; a model proposed by Torralba and Oliva
(2003) that extracts orientation at different scales in the picture
and performs well in categorizing natural images (this model can
be interpreted as a V1-like model). We used a classification pro-
cedure identical to the one used for neural decoding (see
below). None of these models allowed image category to be sig-
nificantly decoded from picture features (retina-like: decoding



Fig. 1. Experimental design. Example of famous faces in (A) and unknown faces in (B). Example of one trial in (C). After the presentation of a fixation cross for a random
interval of 300–600 ms, the stimulus was flashed on the screen for 100 ms followed by a black screen.
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accuracy¼52%, p¼0.28; LGN-like: decoding accuracy¼52%,
p¼0.26; V1-like: decoding accuracy¼54%, p¼0.15).

2.3. Experimental setting

Participants sat in a dimly-lit room approximately 90 cm away
from a 19′′ CRT computer screen (resolution: 1024�768; vertical
refresh rate: 100 Hz) controlled by a PC computer. Photographs
were displayed on a black background and subtended a visual
angle of �7°�11° using the E-primes software. Responses were
provided through a custom-made infrared response pad.

2.4. Experimental design

The go/no-go task was divided into three blocks of 180 pho-
tographs (90 targets and 90 distractors each). Participants had to
raise their fingers from the response pad as quickly as possible
when a famous face (go-response) was presented among un-
known faces (no-go response). Each trial started with the pre-
sentation of a fixation cross for a random interval to prevent an-
ticipatory responses (300–600 ms). The fixation cross was fol-
lowed by a photograph flashed for 100 ms and a black screen for
1000 ms. Stimuli were randomly displayed across blocks for each
subject and each photograph was seen only once by each subject.

At the end of the experiment, each famous face was randomly
displayed and subjects had to rate their semantic knowledge about
the famous person using a scale from 0 (unfamiliar face, no in-
formation) to 6 (extremely familiar, a lot of information). Mean
rate value was 2.8 across images (min:0.3 max:5.2; SD¼1.0) and
3.35 across subjects (min:0.8 max:5.1; SD¼1.0). Famous faces
rated as unknown (0 on the knowledge scale) were discarded from
both behavioural and EEG analyses, as were reaction times below
200 ms or above 1000 ms (Barragan-Jason et al., 2012).

2.5. Speed constraints

We developed various strategies to encourage subjects to an-
swer as fast as they could. Stimuli were flashed quickly (100 ms)
and subjects had to answer before the 1000 ms post-stimulus
ended. Participants were familiarized with the experiment using a
small set of stimuli (30 targets, 30 distractors) not used for the
actual experiment and could repeat the training session if they
wanted. After each block, including the training session, mean
reaction times and false-alarm rates were displayed so that sub-
jects could monitor their performance. Crucially, they received
strong encouragement before and between blocks to answer as
fast as possible. In particular, after each block, they were asked to
“beat” their RT score.

2.6. Behavioural performance analyses

In order to evaluate subjects' performance, d prime (d′) (dis-
crimination performance) for each participant was computed
(Rousselet et al., 2003). To obtain an estimation of the minimal
processing time required to recognize targets, the latency at which
correct go-responses started to significantly outnumber incorrect
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go-responses was determined for each subject (e.g. Rousselet et al.,
2003). We applied an exact Fisher test with 30 ms time bins on RTs
for each individual participant (Barragan-Jason et al., 2013, 2012;
Besson et al., 2012). To correct for multiple comparisons, sig-
nificance had to last 60 ms at least and the beginning of the first
significant bin was considered as the minimum RT (Barragan-Jason
et al., 2013, 2012; Besson et al., 2012). A minimal reaction time
can’t be computed if the distribution of hits does not reach a
certain threshold above the distribution of false alarms. Thus, it
was not possible to compute a minimal reaction time for all
participants.

We also calculated minimal RTs across all trials using 10 ms
time bins. Across-trials analyses have been used in previous stu-
dies (Barragan-Jason et al., 2013, 2012; Besson et al., 2012; Rous-
selet et al., 2003) and are like building a “meta-participant”, re-
flecting the performance over all the population. The beginning of
the first significant time bin (χ2-test, po0.05), followed by at least
five significant consecutive bins was considered as the minimal RT
(Besson et al., 2012).

2.7. EEG recording

We recorded neural activity from 32 electrodes mounted in an
elastic cap with the addition of extra occipital electrodes in ac-
cordance with the 10-20 system (Oxford Instruments), using a
SynAmps amplifier system (Neuroscan). The ground electrode was
placed along the midline, ahead of Fz, and impedances were sys-
tematically kept below 5 kΩ. Signals were digitized at a sampling
rate of 1000 Hz and low-pass filtered at 100 Hz. Potentials were
referenced on-line to the Cz electrode and averaged-referenced
off-line. EEG data analysis was performed using EEGLAB (Delorme
and Makeig, 2004), an open source toolbox running under Matlab
(Mathworks).

First, EEG data were down-sampled to 256 Hz and then digi-
tally filtered using a bidirectional linear filter (EEGLab FIR filter)
that preserves the phase information (pass-band 0.1–40 Hz). For
two of the participants, one of the channels also had to be ex-
cluded from analysis because of the presence of significant per-
manent artifacts. Continuous data were then manually pruned
from non-stereotypical artifacts such as high amplitude and high-
frequency noise (muscle) as well as electrical artifacts. All re-
maining data were then submitted to Infomax Independent
Component Analysis (Infomax ICA) using the runica algorithm
(Makeig et al., 1997), from the EEGLAB toolbox. For each subject,
we visually identified and rejected one to three well-characterized
Independent Components (ICs) for eye blink and lateral eye
movements (Delorme et al., 2007). Scalp maps, power spectrum
and raw activity of each component were visually inspected to
select and reject ICs which were artifacts.

A total of 540 epochs for each individual participant were ex-
tracted (�50 to 700 ms) and baseline-corrected (�50 to 0 ms).
Only trials with correct responses (correct go-responses of famous
faces and correct rejection of non famous faces) were considered
for EEG analyses (mean percentage of incorrect rejected epochs
across participants: 30.4%; SD¼7; range: 15–40). Epochs con-
taining artifacts were excluded from further analysis (mean re-
jected epochs across subjects: 12%, SD¼5; range: 2–23). Following
this entire procedure, the number of epochs in the correct famous
face condition (mean across subjects¼120) was outnumbered by
the number of epochs in the correct non-famous condition (mean
across subjects¼188). To get rid of the difference in the signal-to-
noise ratio between both conditions, we subsampled randomly for
each subject the largest condition to keep an equal number of
epochs in each condition. We did this before the ERP analyses and
for each cross validation of the MVPA analysis.
2.8. ERP analyses

We performed classical peak analysis for P100 and N170 com-
ponents: amplitudes were quantified for each condition as the
mean voltage measured within 30 ms windows centered on the
grand average peak latencies of the component's maximum am-
plitude (Cauchoix et al., 2014; Rossion and Caharel, 2011; Rossion
and Jacques, 2008). The P100 component analysis is important to
investigate a potential effect of low-level visual information on the
differential activity between targets and distractors (Rossion and
Caharel, 2011; Cauchoix et al., 2014). For the N250 component,
mean amplitude was calculated within three different time-win-
dows of interest (N250a: 200–250 ms; N250b: 250–300 ms;
N250c: 300–350 ms) based on visual inspection and previous
studies (Gosling and Eimer, 2011; Pierce et al., 2011; Wu et al.,
2012; Zheng et al., 2012) rather than the peak latency approach
used for the N170, because N250 peaks are difficult to reliably
measure in individual subjects. N250c is sometimes called the
face-N400a in the literature (Kamijo and Takeda, 2014; Webb
et al., 2010). To estimate reliable differences in peak amplitude
while limiting possible confounding issues due to multiple com-
parisons, we ran a paired two-tailed permutation test based on the
tmax statistic (Blair and Karniski, 1993) using a family-wise alpha
level of 0.05 (32 comparisons) for each component (P100 and
N170) (Cauchoix et al., 2014). The permutation test guarantees
protection against multiple comparisons (Maris and Oostenveld,
2007). All statistic analyses were performed using the Mass Uni-
variate ERP toolbox (Groppe et al., 2011) written in MATLAB.

In order to precisely track down the time course of familiarity-
related information, the same statistical analysis was used for
comparing ERPs evoked by familiar faces vs. unknown faces. For
this analysis, we considered all time points between �50 and
700 ms (192 time points) across all 32 electrodes (i.e., 6144 com-
parisons) (Cauchoix et al., 2014).

Because the use of speed constraints (i.e., using a go no-go task
as in the present study) may lead to a difficulty to clearly disen-
tangle late effects of familiarity from motor effects (i.e. after 250–
300 ms), we performed a complementary analysis using data we
have already published (Cauchoix et al., 2014). Indeed, the subjects
who performed the current study also performed a control task
where they had to categorize unknown faces among animal faces,
a task which is however performed faster than the current one
reported in this study. This comparison is thus conservative. We
can thus track the time course of motor information and look at
the possible motor effect on the different time windows of inter-
ests (go-responses to unknown faces from the previous task
compared to no-go responses to unknown faces from the current
task).

2.9. Multivariate Pattern Analysis (MVPA)

MVPA was conducted following a previous published metho-
dology (Cauchoix et al., 2014) on single-trial ERPs: A linear clas-
sifier was trained to decode the presence of a target vs. distractor
in single trials from individual time bins of the EEG signal across
all electrodes. We derived an accuracy measure by averaging the
performance of the classifier over multiple random splits of the
data (see Fig. 2 below). Such decoding analysis characterizes the
temporal evolution of the category signal across the whole brain.
Each input feature (electrode potential) was normalized (Z-score)
across trials and a linear Support Vector Machine (SVM) was used
as classifier (libsvm implementation by Fan et al., 2005). The
classification procedure was as follows: (1) the trial set was
equally split into a training set and a test set, each containing an
equal proportion of famous and unknown images; (2) an optimal
cost parameter C was determined through line search



Fig. 2. Peak analysis of the different EEG components (from top to bottom: P100, N170, N250a, N250b, N250c) following new recommendations about how to present data
(Allen et al., 2012). Violin plots and boxplots represent the paired differences between famous and unknown face neural responses. Significance is indicated by * (po0.05
after correction for multiple comparisons).
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optimization using 8-fold cross-validation on the training set of
images; (3) an SVM classifier was trained and tested on each set.
For each subject, this procedure was repeated over 100 times
where different training and test sets were selected each time at
random. A single measure of accuracy was obtained by averaging
the classification performance over all repetitions. A measure of
chance level was obtained by performing the same analysis on
permuted labels. This allowed us to estimate the latency of task-
related information across all participants via a paired, two-tailed
permutation test (accuracy measured on permuted vs. non-per-
muted labels; po0.01) based on the tmax statistic (Blair and
Karniski, 1993) using a family-wise alpha level of 0.05 (i.e., 192
comparisons). Reported decoding latencies correspond to the
earliest significant bin (Cauchoix et al., 2014).
3. Results

3.1. Behavioural performance

To obtain an estimation of the minimal processing time to
recognize a familiar face, we first calculated minimal reaction time
for each subject. Subjects performed the task as soon as 546 ms
(minimum RT averaged across participants, SD¼79; range: 390–
720 ms; minimum RTs could not be calculated for 6 subjects).
Minimum RTs over all trials was 460 ms. Mean median RT was
625 ms (SD¼76; range: 473–779 ms). Mean d′ was 1.32 (SD¼0.44,
range: 0.46–2.12). All subjects performed above chance (binomial
test; po .001).

3.2. ERP analysis

P1, N170 and N250 ERP components could be readily identified
on electrodes P8, PO8 and PO10 where the N170 component is
usually maximal (Rossion and Caharel, 2011; Rossion and Jacques,
2008). Peak analysis revealed that P1 component (maximal on PO4
and PO8: 5.9 mV at 109 ms and 5.8 mV at 117 ms respectively) did
not present a familiarity effect on any electrode (Fig. 2).

ERP peak analyses revealed a significant N170 modulation by
familiarity on several electrodes (19 electrodes; Fig. 2). The
greatest (more negative) amplitude to famous faces relative to
unknown ones was reported on P8 (t(27)¼�4.93; po0.001)



Fig. 3. Results from all participants (n¼28). (A) Grand average waveforms on occipito-temporal electrodes P8/PO8/PO10 for famous face targets in orange and unknown face
distractors in green. Positions of the electrodes are indicated in orange on the scalp topography (top left). Grey curves indicate the differential activity between the two
conditions with confidence interval in light grey. Red rectangles plotted on the x axis indicate time bins when the two conditions differ significantly (see method for details).
Vertical dot lines indicate the first significant time bin where target stimuli differ from non target stimuli revealing the onset of the differential activity. (B) Topographical
maps from grand-averaged data of all participants representing the scalp distribution for each condition (Famous faces, top), Unknown faces, (middle), and the subtraction
between the two conditions (bottom) during time-windows specified on the top (from 94 to 650 ms). (C) 95% confidence interval decoding accuracy across subjects on true
and randomized labels. The earliest significant decoding onset is indicated by the vertical dotted line. Red rectangles plotted on the x axis indicate time bins when the real
decoding is significantly different from chance.
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(Fig. 3A). Time point ERP analyses revealed significant differences
between famous and unknown faces as soon as about 140 ms on
most electrodes (Fig. 3A). This latency is consistent with the onset
of the N170 time-window.

Similarly, a familiarity effect was reported after 200 ms, during
the N250, for each time-period investigated (N250a: 200–250,
N250b: 250–300 and N250c: 300–350). This effect was observed
in most electrodes (21, 24 and 21 for the N250a, N250b and the
N250c respectively; Fig. 2). Additionally, time point ERP analyses
revealed significant differences occurring after 200 ms during the
N250 time-windows (Fig. 3A). Overall, familiarity effects could be
observed broadly on posterior but also anterior electrodes (Figs. 2



Fig. 4. Peak analysis of the different EEG components (from top to bottom: P100, N170, N250a, N250b, N250c) following the new recommendations (Allen et al., 2012; Hupé,
2015). Violin and boxplots represent the paired differences between neural responses from go responses for unknown faces and no go responses for unknown faces.
Significance is indicated by * (po0.05 after correction for multiple comparisons).
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and 3B).
Finally, we look at the time course of motor effect on the ERP

components. We compare the differential activity (Fig. 4) between
go-responses for unknown faces (from a previous study, see Sec-
tion 2) and no-go responses for unknown faces (current study). No
effect was found on the two earliest time windows (ie., P100 and
N170). However, results indicated a significant motor effect on the
N250a and the N250b time windows (Fig. 4).

3.3. MVPA analysis

Because we report a widely distributed familiarity effect over
most electrodes, we performed a complementary whole brain
MVPA analysis on EEG signals that allows us to analyze all in-
formation available across all electrodes (Cauchoix et al., 2014,
2012). This procedure has the advantage to quantify the magni-
tude of and to summarize the neural information available for the
task without any loss of specificity. It also permits us to visualize
the global dynamics of the information related to familiarity at the
single-trial level.
The neural dynamics of face recognition was thus estimated
using a single trial temporal decoding accuracy measure for each
subject averaged across participants (Fig. 3C). A first significant
bump of activity is reported between 140 and 180 ms (Fig. 3C).
This transitory activity was followed by a decrease of decoding
power that went down to chance level. Then, a second significant
increase of activity started at about 200 ms after stimulus onset
and continued to increase until it reached 70% of accuracy at
600 ms. The latency of the first transitory decoding activity fits
with the N170 time-window, whereas the increase of activity after
200 ms fits with the onset of the N250 time-window.

3.4. EEG and behaviour

We then investigated whether the early EEG modulation by
familiarity could be related to behaviour. To do so, we defined two
groups of subjects: Group 1 was composed of the half of partici-
pants showing the biggest differential activity on P8 during the
N170 time-window, whereas Group 2 was composed of the other
half of the subjects (Fig. 5A). As a result, Group 1 presented a



Fig. 5. EEG and behavioural results contrasting Group 1 (subjects presenting the biggest familiarity effect on the N170 on P8 (half of the subjects, n¼14)) from Group 2 (the
other half, n¼14). (A) Analysis presenting grand average waveforms for the two groups separately (Group 1 on the left, Group 2 on the right) with famous faces in orange and
unknown ones in green. Vertical dot lines indicate the first significant time bin when target differ from non target stimuli revealing the onset of the differential activity. Red
rectangles, on the x axis, represent the period of time when the two conditions differ significantly. (B) Across-trial distribution of RTs for the two groups showing a shift in
the distribution of Group 1 towards the left. Note the first peak of hits, accompanied by a peak of false alarms, present for Group 1 and not for Group 2. Vertical dot lines
indicate minimum RTs across trials for each group. Thick lines: hits. Thin lines: false-alarms. (C) Median RT for both groups showing a tendency for Group 1 to be faster than
Group 2. (D) Accuracy (d′) boxplots from Group 1 and Group 2 showing a significant difference between the two groups (po .05) in favour of Group 2.

G. Barragan-Jason et al. / Neuropsychologia 75 (2015) 390–401 397
modulation by familiarity as fast as 160 ms during the N170 time-
window. On the contrary, Group 2 showed a familiarity effect at
about 280 ms after stimulus presentation. Interestingly, across-
trial comparison between RT distribution of the two groups
(Fig. 5B) revealed that Group 1 was faster (minimum RT across
trials: 440 ms) than Group 2 (minimum RT across trials: 490 ms).
Importantly, distributions of RTs were different: Group 1 distribu-
tion showed an early first “peak”, accompanied by a large peak of
false alarms, followed by a second peak. In contrast, distribution of
RTs of Group 2 was shifted to the right and its distribution mat-
ched with the second peak of Group 1. Across-subject analysis of
median reaction times showed a tendency for Group 1 to be faster
than Group 2 (t(27)¼�1.85; p¼0.076; Fig. 5C). Minimum reaction
times could not be calculated for 3 of the 14 subjects of Group
1 and for 3 of the 14 subjects of Group 2 and were thus not ana-
lyzed. Additionally, participants in Group 1 were less accurate (d′)
than participants of Group 2 (t(27)¼�2.23; p¼0.034; Fig. 5D). We
verified that Group 1 and Group 2 did not present any difference in
their knowledge about the famous faces. A paired t-test between
the rated familiarity scores for the famous faces revealed that
Group 1 (mean: 2.72, SD¼1.2) and Group 2 (mean: 2.63, SD¼1.1)
did not differ in their semantic knowledge about celebrities (t
(26)¼�0.213; p¼0.89).

Finally, we performed a trial analysis in order to assess whether
the EEG modulation occurring during the N170 time window
could vary by trial. We performed a single trial temporal decoding
for fast trials (omedian RT) and slow trials (4median RT) sepa-
rately (Fig. 6). The decoding analysis revealed that the fastest trials
were decoded faster (i.e., onset at 145 ms, during the N170 time
window) than the slowest trials (onset at 270 ms, during the
N250b time window).
4. Discussion

Our findings revealed an effect of familiarity at several latencies
including the N170 and the N250 time-windows. Both ERP and
MVPA analyses revealed a significant effect of familiarity for un-
repeated famous faces as fast as 140 ms (in our task, subjects were
required to recognize the faces as fast as they could). Importantly,
this early familiarity for faces was related to behaviour (i.e., par-
ticipants' strategies). Our results strongly suggest that neural
processing taking place as fast as 140 ms are involved in early
familiarity for unrepeated familiar faces but also suggest that ra-
ther than a simple single-process, familiarity for faces is a more
complex phenomenon that may imply a cascade of processes, in-
cluding a coarse and fast stage starting at 140 ms and a more re-
fined, slower, stage occurring after 200 ms.



Fig. 6. Results from a trial analysis comparing fast (omedian RT in blue) and slow trials (4median RT in red). (A) RT distribution for fast and slow RTs across all subjects.
(B) Bloxplots for fast and slow RTs across all subjects. (C) 95% confidence interval decoding accuracy across trials on true and randomized labels. The earliest significant
decoding onset is indicated by the vertical dotted line. Rectangles plotted on the x axis indicate time bins when the real decoding is significantly different from chance.
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4.1. Fast neural processing of familiarity

The aim of the current study was to track down the minimum
neural latency underlying face recognition. Using both ERP ana-
lyses and MVPA on EEG signal recorded during a go/no-go task run
under speed constraints and with no repetition of faces, we
identify for the first time a minimal differential activity related to
familiarity for faces starting as soon as 140 ms after stimulus
presentation (Fig. 3) and we show that the N170 component is
modulated by familiarity. This first result confirms previous stu-
dies showing an increase of the N170 amplitude between familiar
and unfamiliar faces (Caharel et al., 2007, 2005, 2002; Wild-Wall
et al., 2008). However, most studies did not report such an effect
and rather suggest that the N170 component indexes face in-
dividuation (Caharel et al., 2014; George et al., 2005; Itier and
Taylor, 2004; Rossion and Caharel, 2011) whatever the stimulus
state (familiar or unfamiliar face; Rossion, 2008). Our results
suggest that some form of familiarity could occur concomitantly
with the N170 and thus concomitantly to face individuation.

Subjects with a large modulation of the N170 performed the
task quicker (smaller overall minimal RT and tendency for fastest
across subjects median RTs) than subjects with a small modulation
of the N170. This timing advantage is accounted for by the pre-
sence of a bimodal distribution of RTs for subjects presenting a
large N170 modulation. As hypothesized in the introduction,
modulation of the N170 in the present study could be related to
the use of speed constraints, which may have encouraged subjects
to use faster strategies and which may also have enhanced neu-
ronal synchronization. However, we report a faster effect than
reported in a previous study where similar speed constraints were
applied (Caharel et al., 2014) (210 ms in Caharel et al. (2014) vs
140 ms in our study). Indeed, Caharel et al. (2014) report a N170
modulation during the first presentation of familiar faces com-
pared to unknown ones but this effect disappeared after repeti-
tion. A possibility is that the current study used single
presentation of a large number of natural stimuli (270 different
identities vs 26 different including subjects' own faces repeated
8 times in Caharel et al. (2014)). This allowed us (1) to exclude any
effect of repetition and (2) to generalize our results to natural
images (i.e. our effect is not related to the use of highly homo-
genous cropped faces). Indeed, the effect of repetition or the effect
of habituation may dramatically impact both neural and beha-
vioural response. For example, in a previous study proposed by
Seeck et al. (1997), the authors reported differential activity
starting as fast as 50 ms post-stimulus onset when subjects had to
recognize a picture presented before. In this kind of task, early
effects are likely accounted for by habituation of low-level features
of the pictures. On the contrary, the current study aimed at testing
familiarity for famous persons presented in pictures never seen
before by the subjects. Thus, subjects have to recognize the person
(involving long term memory retrieval) rather than the picture.
We suggest that the use of unrepeated and natural stimuli con-
comitantly with speed constraints explains our result (i.e., early
modulation of the N170).

A complementary single-trial temporal decoding analyses
provided some more insights into the dynamics of face recognition
as the N170 differential effect appears to be related to a first
transitory phase (transitory bump of decoding power) starting at
around 140 ms, which, however, returned to baseline afterwards.
In addition, the N170 modulation was related to behaviour. Sub-
jects presenting the largest N170 modulation by familiarity
showed an early peak of fast behavioural responses and tended to
be faster than the subjects showing less N170 modulation. Actu-
ally, the group of subjects showing less N170 modulation showed
higher accuracy (and delayed RTs). Importantly, the knowledge
about famous faces (post-experiment ratings) did not differ be-
tween Group 1 and Group 2 suggesting that these two groups did
not differ in their ability to recognize people. We can hypothesize
that the differences observed may be due to the use of different
strategies. Subjects of Group 1 may base some of their response on
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an early representation of familiarity which is at this stage, very
coarse and lead to a larger number of errors (i.e. higher number of
false alarms) and thus lower accuracy, whereas subjects from
Group 2 only use belated, more refined, representation of famil-
iarity. Indeed, in two previous behavioural studies (Barragan-Jason
et al., 2012, 2013), we showed that some subjects were sponta-
neously faster than others (100 ms faster) in a rapid go no go task
similar to the one we used in the current study. In addition, an
extra-analysis comparing the decoding power for the fastest trials
(omedian RT) and the slowest trials (4median RT) regardless of
group revealed that EEG activity related to the fastest trials was
decoded during the N170 time window (i.e., 145 ms). Furthermore,
this early familiarity process doesn't seem to be used by all par-
ticipants. Indeed, RT distributions clearly show a shift to the right
for Group 2 even for their fastest responses. However, a previous
behavioural study showed that if we use even more stringent
speed-constraints (Speed and Accuracy Boosting procedure: SAB),
it seems possible to constrain most subjects to use the fastest
strategy (Barragan-Jason et al., 2013). All in all, our view is thus
that our results reveal that there is a potential for an early famil-
iarity mechanism that could be used in certain circumstances: e.g.
very fast recognition or recognition of highly well-known faces
such as those of kinship. Some subjects would spontaneously use
this fastest strategy most of the time, while others would use it
with more variability. Using even more stringent speed-con-
straints (Barragan-Jason et al., 2013; Besson et al., 2012) could be
very interesting in this context in order to test the hypothesis that
reliance on the putative familiarity processes indexed by the N170
could be increased in some conditions.

4.2. A massive familiarity effect after 200 ms?

We also report a familiarity effect on the N250, as soon as
200 ms after the stimulus presentation (point-by-point analysis
and MVPA, Fig. 3), that is consistent with previous studies (e.g.
Bentin and Deouell, 2000; Eimer et al., 2012; Kaufmann et al.,
2009; Tanaka et al., 2006), although here we focus on the onset of
this activity. MVPA revealed that this activity is not transitory but
that the decoding power keeps increasing after 200 ms (Fig. 3C).
Indeed, it can be argued that the N250 reflects not one, but several
processes taking place during the period when familiarity with a
given face emerges. Actually, familiarity has started to be de-
scribed not as a single process, but as reflecting a cascade of
subprocesses (Besson et al., 2014; Dienes et al., 2011; Whittlesea
and Williams, 2000). First, familiarity requires face processing at
the exemplar level (Scott et al., 2006; Tanaka et al., 2006). Second,
familiarity requires access to memory, i.e. to some internal re-
presentation signalling that the face has already been seen. Third,
familiarity is a more or less strong “sense” of familiarity (e.g. the
butcher-on-the-bus phenomenon; Yovel and Paller, 2004) related
to decisional processes (Philiastides and Sajda, 2006). Last, but not
least, explicit familiarity requires that the subject be aware of this
familiarity (e.g. “noetic consciousness” Tulving, 1985; or access to a
“global neuronal workspace” Dehaene and Changeux, 2011 for a
review). All these processes, and possibly others, may sum up
during the N250 time-course.

However, go/no-go tasks, although very useful to study fast
processes, have limits when making interpretations and conclu-
sions about the role of late familiarity effects. Indeed, since we
used a go/no-go paradigm, it is difficult to disentangle whether the
differential activity observed during the N250 (from 200–350 ms)
or the massive increase of decoding power found after 200 ms
reflect a motor, rather than a familiarity effect. It is well known
that go/no-go tasks elicit a systematic N2 at similar latencies to the
N250 (Eimer, 1993; Gajewski and Falkenstein, 2013). The recent
study of Caharel et al. (2014) using a similar go/no-go paradigm
report that the N250-indexed familiarity and was related with
behaviour. But, since they report RTs as fast as 280 ms (due to the
repetition of stimuli that boosted RTs) and given that about 100–
130 ms are needed for decision and motor responses (Kalaska and
Crammond, 1992; Vanrullen and Thorpe, 2001), it is possible that
the neural effect they found between 200 and 300 ms was largely
contaminated by motor responses. In contrast, the results pre-
sented in Fig. 4 revealed a motor effect on the N250a and the
N250b. However, the subjects who performed a categorization
task in the previous study presented RTs (both minimum RTs or
median RTs) about 180 ms faster than in the current study.
Therefore, this comparison is very conservative and suggests that
any effect of motor activity in our study occurs even later than the
N250b time window. In addition, early effect of familiarity is very
unlikely to be affected by motor responses that only start at
460 ms (minimal RT at 390 ms for the fastest subjects) in our task.
The analysis of motor effect (Fig. 4) thus confirms that the fast
familiarity effect occurring during the N170 time-window is not
contaminated by motor activity.

Considering the fact that some of the subjects did not use this
early familiarity (i.e. no N170 modulation) but did perform the
task, our results strongly suggest that neural processing taking
place as fast as 140 ms are involved in early familiarity for un-
repeated familiar faces but also suggest that rather than a simple
single-process, familiarity for faces is a more complex phenom-
enon that may also imply a cascade of neural processes occurring
right after this time, i.e. during the N250 time-window.

4.3. Spatio-temporal dynamics of face recognition

Three models of the spatio-temporal dynamics of face re-
cognition can be schematized (Fig. 7). A first possibility is that
familiarity for faces emerges concomitantly with the activation of
the posterior areas of the visual ventral stream involved in the
generation of the N170 (Fig. 7A). This set of areas could encompass
the Occipital Face Area (OFA) and the Fusiform Face Area (FFA).
Indeed, the model proposed by Haxby et al. (2000) suggested that
perception of unique identity could result from the activation of
the core network. Furthermore, the FFA and OFA show an adap-
tation effect for identity and could therefore be involved in re-
presenting individual faces (e.g. Ishai et al., 2002; Kriegeskorte
et al., 2007; Parvizi et al., 2012; Rossion, 2008).

However, this concept runs counter to the idea that selectivity
is higher at the top of the visual hierarchy, whereas face familiarity
requires the highest level of selectivity. Furthermore, Hochstein
and Ahissar (2002) have suggested that “vision-with-scrutiny” of
the type required to identify a face could be based on processes
beginning at the top of the visual hierarchy. Many studies (e.g.
Aggleton and Brown, 1999) further suggest that anterior visual
ventral areas are necessary to compute familiarity signals. In-
tracranial EEG recordings have consistently found prominent ac-
tivity evoked by face recognition tasks in these areas, such as in
the perirhinal cortex and the amygdala, or robustly in the hippo-
campus, which sits at the top of this hierarchy (Barbeau et al.,
2008; Dietl et al., 2005; Trautner et al., 2004). This is also in
keeping with the fMRI studies in both animals and humans that
have identified more patches of activity that respond to individual
faces or identity in anterior than in posterior temporal lobe areas
(Freiwald and Tsao, 2010; Kriegeskorte et al., 2007; Rajimehr et al.,
2009; Rotshtein et al., 2005). Another model of familiarity for faces
is thus that face familiarity requires the mandatory activation of
anterior areas, which would translate in longer neuronal latencies
(Fig. 7B).

Lastly, an alternative model (Fig. 7C) is that familiarity for faces
can emerge at different stages of the visual ventral stream de-
pending on the stimuli (robustly encoded or not, see Tong et al.,



Fig. 7. Schematized models of familiarity for faces. (A) familiarity for faces emerges
from the activation of posterior areas and could occur rather early (around the
N170). The black circle schematized the cortical face network (fusiform face area
(FFA) and Occipital face area (OFA) described by Rossion (2008). The purple circle
represents the area involved in memory such as the hippocampus, the para-
hippocampal regions and the temporal pole (B) familiarity for faces requires the
activation of areas at the top of the visual ventral stream hierarchy, areas that could
be critical for selectivity and familiarity signals. In this case, familiarity would occur
later than the activation of posterior areas (e.g. around the N250). The arrow re-
presents the ventral pathway. (C) familiarity for faces can emerge at different stages
of the visual ventral steam depending on stimuli and tasks.
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2000), tasks (fast or not) or strategy of the subjects (e.g. liberal vs
conservative bias; familiarity vs identity-based recognition). We
believe it is useful to conceptualize these models as they can then
be tested, and eventually discarded, in future studies using either
M/EEG or fMRI. The results of the present study clearly favour
model C.

In conclusion, our study provides useful time limits that may be
applied to constrain models of face recognition. Our results
suggest that the N170 could play a role in famous face recognition,
particularly in fast recognition of famous faces. Importantly how-
ever, the current study suggests that familiarity for faces is a
complex phenomenon that may imply a cascade of neural pro-
cesses. Additionally, we illustrate how MVPA can be efficient for
reading out evoked potentials without any a priori on the com-
ponents or electrodes of interest. The use of even more stringent
time-constraints (Barragan-Jason et al., 2013) will be very useful to
assess more precisely the role of the N170 in face familiarity.
Acknowledgements

Support through the Labex IAST (ANR-11-IDEX-0002-02) is
gratefully acknowledged. The authors wish to thank the reviewers
for their helpful suggestions on an earlier version of this manu-
script. Support through the ANR Elma is also acknowledged.
References

Aggleton, J.P., Brown, M.W., 1999. Episodic memory, amnesia, and the hippo-
campal-anterior thalamic axis. Behav. Brain Sci. 22 (3), 425–444, discussion
444‑489.

Allen, E.A., Erhardt, E.B., Calhoun, V.D., 2012. Data visualization in the neu-
rosciences: overcoming the curse of dimensionality. Neuron 74 (4), 603–608.

Anaki, D., Bentin, S., 2009. Familiarity effects on categorization levels of faces and
objects. Cognition 111 (1), 144.

Anaki, D., Zion-Golumbic, E., Bentin, S., 2007. Electrophysiological neural me-
chanisms for detection, configural analysis and recognition of faces. Neuro-
Image 37 (4), 1407–1416. http://dx.doi.org/10.1016/j.neuroimage.2007.05.054.

Baird, L.M., Burton, A.M., 2008. The bilateral advantage for famous faces: inter-
hemispheric communication or competition? Neuropsychologia 46 (5),
1581–1587. http://dx.doi.org/10.1016/j.neuropsychologia.2008.01.001.

Barbeau, E.J., Taylor, M.J., Regis, J., Marquis, P., Chauvel, P., Liégeois-Chauvel, C.,
2008. Spatio temporal dynamics of face recognition. Cereb. Cortex, 18; , pp.
997–1009. http://dx.doi.org/10.1093/cercor/bhm140.

Barragan-Jason, G., Besson, G., Ceccaldi, M., Barbeau, E.J., 2013. Fast and famous:
looking for the fastest speed at which a face can be recognized. Front. Psychol.
4, 100.

Barragan-Jason, G., Lachat, F., Barbeau, E.J., 2012. How fast is famous face recogni-
tion? Front. Percept. Sci. 3, 454. http://dx.doi.org/10.3389/fpsyg.2012.00454.

Begleiter, H., Porjesz, B., Wang, W., 1995. Event-related brain potentials differ-
entiate priming and recognition to familiar and unfamiliar faces. Electro-
encephalogr. Clin. Neurophys. 94 (1), 41–49.

Bentin, S., Deouell, L.Y., 2000. Structural encoding and identification in face pro-
cessing: ERP evidence for separate mechanisms. Cogn. Neuropsychol. 17 (1),
35–55. http://dx.doi.org/10.1080/026432900380472.

Besson, G., Ceccaldi, M., Didic, M., Barbeau, E.J., 2012. The speed of visual re-
cognition memory. Vis. Cogn. 20 (10), 1131–1152. http://dx.doi.org/10.1080/
13506285.2012.724034.

Besson, G., Ceccaldi, M., Tramoni, E., Felician, O., Didic, M., Barbeau, E.J., 2014. Fast,
but not slow, familiarity is preserved in patients with amnestic mild cognitive
impairment. Cortex 65, 36–49.

Blair, R.C., Karniski, W., 1993. An alternative method for significance testing of
waveform difference potentials. Psychophysiology 30 (5), 518–524.

Bruce, V., Young, A., 1986. Understanding face recognition. Br. J. Psychol., 77; , pp.
305–327.

Caharel, S., Bernard, C., Thibaut, F., Haouzir, S., Di Maggio-Clozel, C., Allio, G., Rebaï,
M., 2007. The effects of familiarity and emotional expression on face processing
examined by ERPs in patients with schizophrenia. Schizophr. Res. 95 (1–3),
186–196. http://dx.doi.org/10.1016/j.schres.2007.06.015.

Caharel, S., Courtay, N., Bernard, C., Lalonde, R., Rebaï, M., 2005. Familiarity and
emotional expression influence an early stage of face processing: an electro-
physiological study. Brain Cogn. 59 (1), 96–100. http://dx.doi.org/10.1016/j.
bandc.2005.05.005.

Caharel, S., Poiroux, S., Bernard, C., Thibaut, F., Lalonde, R., Rebai, M., 2002. ERPs
associated with familiarity and degree of familiarity during face recognition.
Int. J. Neurosci. 112 (12), 1499–1512.

Caharel, S., Ramon, M., Rossion, B., 2014. Face familiarity decisions take 200 ms in
the human brain: electrophysiological evidence from a go/no-go speeded task.
J. Cogn. Neurosci. 26 (1), 81–95. http://dx.doi.org/10.1162/jocn_a_00451.

Cauchoix, M., Arslan, A.B., Fize, D., Serre, T., 2012. The neural dynamics of visual
processing in monkey extrastriate cortex: A comparison between univariate
and multivariate techniques, Machine Learning and Interpretation in Neuroi-
maging. Springer, Berlin, Heidelberg, pp. 164–171.

Cauchoix, M., Barragan-Jason, G., Serre, T., Barbeau, E.J., 2014. The neural dynamics
of face detection in the wild revealed by MVPA. J. Neurosci.: Off. J. Soc. Neurosci.
34 (3), 846–854. http://dx.doi.org/10.1523/JNEUROSCI.3030-13.2014.

Dehaene, S., Changeux, J.-P., 2011. Experimental and theoretical approaches to
conscious processing. Neuron 70 (2), 200–227. http://dx.doi.org/10.1016/j.
neuron.2011.03.018.

http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref1
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref1
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref1
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref1
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref2
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref2
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref2
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref3
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref3
http://dx.doi.org/10.1016/j.neuroimage.2007.05.054
http://dx.doi.org/10.1016/j.neuroimage.2007.05.054
http://dx.doi.org/10.1016/j.neuroimage.2007.05.054
http://dx.doi.org/10.1016/j.neuropsychologia.2008.01.001
http://dx.doi.org/10.1016/j.neuropsychologia.2008.01.001
http://dx.doi.org/10.1016/j.neuropsychologia.2008.01.001
http://dx.doi.org/10.1093/cercor/bhm140
http://dx.doi.org/10.1093/cercor/bhm140
http://dx.doi.org/10.1093/cercor/bhm140
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref7
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref7
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref7
http://dx.doi.org/10.3389/fpsyg.2012.00454
http://dx.doi.org/10.3389/fpsyg.2012.00454
http://dx.doi.org/10.3389/fpsyg.2012.00454
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref9
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref9
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref9
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref9
http://dx.doi.org/10.1080/026432900380472
http://dx.doi.org/10.1080/026432900380472
http://dx.doi.org/10.1080/026432900380472
http://dx.doi.org/10.1080/13506285.2012.724034
http://dx.doi.org/10.1080/13506285.2012.724034
http://dx.doi.org/10.1080/13506285.2012.724034
http://dx.doi.org/10.1080/13506285.2012.724034
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref12
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref12
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref12
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref12
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref13
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref13
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref13
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref14
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref14
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref14
http://dx.doi.org/10.1016/j.schres.2007.06.015
http://dx.doi.org/10.1016/j.schres.2007.06.015
http://dx.doi.org/10.1016/j.schres.2007.06.015
http://dx.doi.org/10.1016/j.bandc.2005.05.005
http://dx.doi.org/10.1016/j.bandc.2005.05.005
http://dx.doi.org/10.1016/j.bandc.2005.05.005
http://dx.doi.org/10.1016/j.bandc.2005.05.005
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref17
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref17
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref17
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref17
http://dx.doi.org/10.1162/jocn_a_00451
http://dx.doi.org/10.1162/jocn_a_00451
http://dx.doi.org/10.1162/jocn_a_00451
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref19
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref19
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref19
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref19
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref19
http://dx.doi.org/10.1523/JNEUROSCI.3030-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.3030-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.3030-13.2014
http://dx.doi.org/10.1016/j.neuron.2011.03.018
http://dx.doi.org/10.1016/j.neuron.2011.03.018
http://dx.doi.org/10.1016/j.neuron.2011.03.018
http://dx.doi.org/10.1016/j.neuron.2011.03.018


G. Barragan-Jason et al. / Neuropsychologia 75 (2015) 390–401 401
Delorme, A., Makeig, S., 2004. EEGLAB: an open source toolbox for analysis of
single-trial EEG dynamics including independent component analysis. J. Neu-
rosci. Methods 134 (1), 9–21. http://dx.doi.org/10.1016/j.jneumeth.2003.10.009.

Delorme, A., Sejnowski, T., Makeig, S., 2007. Enhanced detection of artifacts in EEG
data using higher-order statistics and independent component analysis. Neu-
roimage 34 (4), 1443–1449.

Dienes, Z., Scott, R.B., Wan, L., 2011. The role of familiarity in implicit learning. In:
Higham, Philip A., Leboe, Jason P. (Eds.), The Role of Familiarity in Implicit
Learning. Constructions of Remembering and Metacognition: Essays in Honour
of Bruce Whittlesea. Palgrave Macmillan, Basingstoke.

Dietl, T., Trautner, P., Staedtgen, M., Vannuchi, M., Mecklinger, A., Grunwald, T.,
Kurthen, M., 2005. Processing of famous faces and medial temporal lobe event-
related potentials: a depth electrode study. NeuroImage 25 (2), 401–407. http:
//dx.doi.org/10.1016/j.neuroimage.2004.11.033.

Eimer, M., 1993. Effects of attention and stimulus probability on ERPs in a Go/Nogo
task. Biol. Psychol. 35 (2), 123–138.

Eimer, M., 2000. Event-related brain potentials distinguish processing stages in-
volved in face perception and recognition. Clin. Neurophys.: Off. J. Int. Fed. Clin.
Neurophys. 111 (4), 694–705.

Eimer, M., Gosling, A., Duchaine, B., 2012. Electrophysiological markers of covert
face recognition in developmental prosopagnosia. Brain: J. Neurol., 135; , pp.
542–554. http://dx.doi.org/10.1093/brain/awr347.

Fan, R.-E., Chen, P.-H., Lin, C.-J., 2005. Working set selection using second order
information for training support vector machines. J. Mach. Learn. Res. 6,
1889–1918.

Freiwald, W.A., Tsao, D.Y., 2010. Functional compartmentalization and viewpoint
generalization within the macaque face-processing system. Science 330 (6005),
845–851. http://dx.doi.org/10.1126/science.1194908.

Gajewski, P.D., Falkenstein, M., 2013. Effects of task complexity on ERP components
in Go/Nogo tasks. Int. J. Psychophysiol.: Off. J. Int. Org. Psychophysiol. 87 (3),
273–278. http://dx.doi.org/10.1016/j.ijpsycho.2012.08.007.

George, N., Jemel, B., Fiori, N., Chaby, L., Renault, B., 2005. Electrophysiological
correlates of facial decision: insights from upright and upside-down Mooney-
face perception. Brain Res. Cogn. Brain Res. 24 (3), 663–673. http://dx.doi.org/
10.1016/j.cogbrainres.2005.03.017.

Gosling, A., Eimer, M., 2011. An event-related brain potential study of explicit face
recognition. Neuropsychologia 49 (9), 2736–2745. http://dx.doi.org/10.1016/j.
neuropsychologia.2011.05.025.

Groppe, D.M., Urbach, T.P., Kutas, M., 2011. Mass univariate analysis of event-related
brain potentials/fields I: a critical tutorial review. Psychophysiology 48 (12),
1711–1725.

Haxby, J.V., Hoffman, E.A., Gobbini, M.I., 2000. The distributed human neural sys-
tem for face perception. Trends Cogn. Sci. 4 (6), 223–233. http://dx.doi.org/
10.1016/S1364-6613(00)01482-0.

Herzmann, G., Schweinberger, S.R., Sommer, W., Jentzsch, I., 2004. What’s special
about personally familiar faces? A multimodal approach. Psychophysiology 41
(5), 688–701. http://dx.doi.org/10.1111/j.1469-8986.2004.00196.x.

Hochstein, S., Ahissar, M., 2002. View from the top: hierarchies and reverse hier-
archies in the visual system. Neuron 36 (5), 791–804.

Hupé, J., 2015. Statistical inferences under the null hypothesis: common mistakes
and pitfalls in neuroimaging studies. Front. Neurosci. 9, 18.

Ishai, A., Haxby, J.V., Ungerleider, L.G., 2002. Visual imagery of famous faces: effects
of memory and attention revealed by fMRI. NeuroImage 17 (4), 1729–1741.

Itier, R.J., Taylor, M.J., 2004. N170 or N1? Spatiotemporal differences between object
and face processing using ERPs. Cereb. Cortex 14, 132–142.

Jemel, B., Pisani, M., Calabria, M., Crommelinck, M., Bruyer, R., 2003. Is the N170 for
faces cognitively penetrable? Evidence from repetition priming of Mooney fa-
ces of familiar and unfamiliar persons. Brain Res. Cogn. Brain Res. 17 (2),
431–446.

Jemel, B., Schuller, A.-M., Goffaux, V., 2010. Characterizing the spatio-temporal
dynamics of the neural events occurring prior to and up to overt recognition of
famous faces. J. Cogn. Neurosci. 22 (10), 2289–2305. http://dx.doi.org/10.1162/
jocn.2009.21320.

Kalaska, J., Crammond, D., 1992. Cerebral cortical mechanisms of reaching move-
ments. Science 255 (5051), 1517–1523.

Kamijo, K., Takeda, Y., 2014. The association of physical activity to occipito-temporal
processing during face recognition. Psychol. Sport Exerc. 15 (3), 255–259.

Kampf, M., Nachson, I., Babkoff, H., 2002. A serial test of the laterality of familiar
face recognition. Brain Cogn. 50 (1), 35–50.

Kaufmann, J.M., Schweinberger, S.R., Burton, A.M., 2009. N250 ERP correlates of the
acquisition of face representations across different images. J. Cogn. Neurosci. 21
(4), 625–641. http://dx.doi.org/10.1162/jocn.2009.21080.

Kriegeskorte, N., Formisano, E., Sorger, B., Goebel, R., 2007. Individual faces elicit
distinct response patterns in human anterior temporal cortex. Proc. Natl. Acad.
Sci. USA 104 (51), 20600–20605. http://dx.doi.org/10.1073/pnas.0705654104.

Leleu, A., Caharel, S., Carré, J., Montalan, B., Snoussi, M., Vom Hofe, A., Rebaï, M.,
2010. Perceptual interactions between visual processing of facial familiarity and
emotional expression: an event-related potentials study during task-switching.
Neurosci. Lett. 482 (2), 106–111.

Makeig, S., Jung, T.-P., Bell, A.J., Ghahremani, D., Sejnowski, T.J., 1997. Blind se-
paration of auditory event-related brain responses into independent compo-
nents. Proc. Natl. Acad. Sci. 94 (20), 10979–10984. http://dx.doi.org/10.1073/
pnas.94.20.10979.

Maris, E., Oostenveld, R., 2007. Nonparametric statistical testing of EEG-and MEG-
data. J. Neurosci. Methods 164 (1), 177–190.

Parvizi, J., Jacques, C., Foster, B.L., Withoft, N., Rangarajan, V., Weiner, K.S., Grill-
Spector, K., 2012. Electrical stimulation of human fusiform face-selective re-
gions distorts face perception. J. Neurosci.: Off. J. Soc. Neurosc. 32 (43),
14915–14920. http://dx.doi.org/10.1523/JNEUROSCI.2609-12.2012.
Philiastides, M.G., Sajda, P., 2006. Temporal characterization of the neural correlates

of perceptual decision making in the human brain. Cereb. Cortex, 16; , pp.
509–518. http://dx.doi.org/10.1093/cercor/bhi130 (New York, N.Y.: 1991).

Pierce, L.J., Scott, L.S., Boddington, S., Droucker, D., Curran, T., Tanaka, J.W., 2011. The
N250 brain potential to personally familiar and newly learned faces and ob-
jects. Front. Hum. Neurosci. 5, 111.

Rajimehr, R., Young, J.C., Tootell, R.B.H., 2009. An anterior temporal face patch in
human cortex, predicted by macaque maps. Proc. Natl. Acad. Sci. USA 106 (6),
1995–2000. http://dx.doi.org/10.1073/pnas.0807304106.

Ramon, M., Caharel, S., Rossion, B., 2011. The speed of recognition of personally
familiar faces. Perception 40 (4), 437–449.

Rossion, B., 2008. Constraining the cortical face network by neuroimaging studies
of acquired prosopagnosia. NeuroImage 40 (2), 423–426. http://dx.doi.org/
10.1016/j.neuroimage.2007.10.047.

Rossion, B., Caharel, S., 2011. ERP evidence for the speed of face categorization in
the human brain: Disentangling the contribution of low-level visual cues from
face perception. Vis. Res. 51 (12), 1297–1311. http://dx.doi.org/10.1016/j.
visres.2011.04.003.

Rossion, B., Jacques, C., 2008. Does physical interstimulus variance account for early
electrophysiological face sensitive responses in the human brain? Ten lessons
on the N170. NeuroImage 39 (4), 1959–1979. http://dx.doi.org/10.1016/j.
neuroimage.2007.10.011.

Rotshtein, P., Henson, R.N.A., Treves, A., Driver, J., Dolan, R.J., 2005. Morphing
Marilyn into Maggie dissociates physical and identity face representations in
the brain. Nat. Neurosc. 8 (1), 107–113. http://dx.doi.org/10.1038/nn1370.

Rousselet, G. a, Macé, M.J.-M., Fabre-Thorpe, M., 2003. Is it an animal? Is it a human
face? Fast processing in upright and inverted natural scenes. J. Vis. 3 (6),
440–455, http://doi.org/10:1167/3.6.5.

Sagan, C., 2011. Demon-Haunted World: Science as a Candle in the Dark. Random
House Digital, Inc., New York.

Scholte, H.S., Ghebreab, S., Waldorp, L., Smeulders, A.W.M., Lamme, V.A.F., 2009.
Brain responses strongly correlate with Weibull image statistics when proces-
sing natural images. J. Vis. 9 (4), 1–15. http://dx.doi.org/10.1167/9.4.29 29..

Schweinberger, S.R., Huddy, V., Burton, A.M., 2004. N250r: a face-selective brain
response to stimulus repetitions. Neuroreport 15 (9), 1501–1505.

Schweinberger, S.R., Pfütze, E.-M., Sommer, W., 1995. Repetition priming and as-
sociative priming of face recognition: evidence from event-related potentials. J.
Exp. Psychol.: Learn. Mem. Cogn. 21 (3), 722–736, http://doi.org/doi:.

Scott, L.S., Tanaka, J.W., Sheinberg, D.L., Curran, T., 2006. A reevaluation of the
electrophysiological correlates of expert object processing. J. Cogn. Neurosci. 18
(9), 1453–1465.

Seeck, M., Michel, C.M., Mainwaring, N., Cosgrove, R., Blume, H., Ives, J., Schomer, D.
L., 1997. Evidence for rapid face recognition from human scalp and intracranial
electrodes. Neuroreport 8 (12), 2749–2754.

Tanaka, J.W., Curran, T., Porterfield, A.L., Collins, D., 2006. Activation of preexisting
and acquired face representations: the N250 event-related potential as an in-
dex of face familiarity. J. Cogn. Neurosci. 18 (9), 1488–1497. http://dx.doi.org/
10.1162/jocn.2006.18.9.1488.

Todd, R.M., Lewis, M.D., Meusel, L.-A., Zelazo, P.D., 2008. The time course of social-
emotional processing in early childhood: ERP responses to facial affect and
personal familiarity in a Go-Nogo task. Neuropsychologia 46 (2), 595–613. http:
//dx.doi.org/10.1016/j.neuropsychologia.2007.10.011.

Tong, F., Nakayama, K., Moscovitch, M., Weinrib, O., Kanwisher, N., 2000. Response
properties of the human fusiform face area. Cogn. Neuropsychol. 17 (1–3),
257–280.

Torralba, A., Oliva, A., 2003. Statistics of natural image categories. Network 14 (3),
391–412.

Trautner, P., Dietl, T., Staedtgen, M., Mecklinger, A., Grunwald, T., Elger, C.E., Kur-
then, M., 2004. Recognition of famous faces in the medial temporal lobe: an
invasive ERP study. Neurology 63 (7), 1203–1208.

Tulving, E., 1985. Memory and consciousness. Can. Psychol. 26 (1), 1.
Valentine, T., 2001. Face-space models of face recognition. In: Wenger, M.J.,

Townsend, J.T. (Eds.), Computational, Geometric, and Process Perspectives on
Facial Cognition: Contexts and Challenges, pp. 83–113.

Vanrullen, R., Thorpe, S.J., 2001. The time course of visual processing: from early
perception to decision-making. J. Cogn. Neurosci. 13 (4), 454–461.

Webb, S.J., Jones, E.J., Merkle, K., Murias, M., Greenson, J., Richards, T., Dawson, G.,
2010. Response to familiar faces, newly familiar faces, and novel faces as as-
sessed by ERPs is intact in adults with autism spectrum disorders. Int. J. Psy-
chophys. 77 (2), 106–117.

Whittlesea, B.W., Williams, L.D., 2000. The source of feelings of familiarity: the
discrepancy-attribution hypothesis. J. Exp. Psychol. Learn. Mem. Cogn. 26 (3),
547–565.

Wild-Wall, N., Dimigen, O., Sommer, W., 2008. Interaction of facial expressions and
familiarity: ERP evidence. Biol. Psychol. 77 (2), 138–149. http://dx.doi.org/
10.1016/j.biopsycho.2007.10.001.

Wu, J., Duan, H., Tian, X., Wang, P., Zhang, K., 2012. The effects of visual imagery on
face identification: an ERP study. Front. Hum. Neurosci. 6, 305. http://dx.doi.
org/10.3389/fnhum.2012.00305.

Yovel, G., Paller, K.A., 2004. The neural basis of the butcher-on-the-bus phenom-
enon: when a face seems familiar but is not remembered. NeuroImage 21 (2),
789–800. http://dx.doi.org/10.1016/j.neuroimage.2003.09.034.

Zheng, X., Mondloch, C.J., Segalowitz, S.J., 2012. The timing of individual face re-
cognition in the brain. Neuropsychologia 50 (7), 1451–1461. http://dx.doi.org/
10.1016/j.neuropsychologia.2012.02.030.

http://dx.doi.org/10.1016/j.jneumeth.2003.10.009
http://dx.doi.org/10.1016/j.jneumeth.2003.10.009
http://dx.doi.org/10.1016/j.jneumeth.2003.10.009
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref23
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref23
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref23
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref23
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref24
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref24
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref24
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref24
http://dx.doi.org/10.1016/j.neuroimage.2004.11.033
http://dx.doi.org/10.1016/j.neuroimage.2004.11.033
http://dx.doi.org/10.1016/j.neuroimage.2004.11.033
http://dx.doi.org/10.1016/j.neuroimage.2004.11.033
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref26
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref26
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref26
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref27
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref27
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref27
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref27
http://dx.doi.org/10.1093/brain/awr347
http://dx.doi.org/10.1093/brain/awr347
http://dx.doi.org/10.1093/brain/awr347
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref29
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref29
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref29
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref29
http://dx.doi.org/10.1126/science.1194908
http://dx.doi.org/10.1126/science.1194908
http://dx.doi.org/10.1126/science.1194908
http://dx.doi.org/10.1016/j.ijpsycho.2012.08.007
http://dx.doi.org/10.1016/j.ijpsycho.2012.08.007
http://dx.doi.org/10.1016/j.ijpsycho.2012.08.007
http://dx.doi.org/10.1016/j.cogbrainres.2005.03.017
http://dx.doi.org/10.1016/j.cogbrainres.2005.03.017
http://dx.doi.org/10.1016/j.cogbrainres.2005.03.017
http://dx.doi.org/10.1016/j.cogbrainres.2005.03.017
http://dx.doi.org/10.1016/j.neuropsychologia.2011.05.025
http://dx.doi.org/10.1016/j.neuropsychologia.2011.05.025
http://dx.doi.org/10.1016/j.neuropsychologia.2011.05.025
http://dx.doi.org/10.1016/j.neuropsychologia.2011.05.025
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref34
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref34
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref34
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref34
http://dx.doi.org/10.1016/S1364-6613(00)01482-0
http://dx.doi.org/10.1016/S1364-6613(00)01482-0
http://dx.doi.org/10.1016/S1364-6613(00)01482-0
http://dx.doi.org/10.1016/S1364-6613(00)01482-0
http://dx.doi.org/10.1111/j.1469-8986.2004.00196.x
http://dx.doi.org/10.1111/j.1469-8986.2004.00196.x
http://dx.doi.org/10.1111/j.1469-8986.2004.00196.x
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref37
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref37
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref37
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref38
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref38
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref39
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref39
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref39
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref40
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref40
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref40
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref41
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref41
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref41
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref41
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref41
http://dx.doi.org/10.1162/jocn.2009.21320
http://dx.doi.org/10.1162/jocn.2009.21320
http://dx.doi.org/10.1162/jocn.2009.21320
http://dx.doi.org/10.1162/jocn.2009.21320
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref43
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref43
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref43
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref44
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref44
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref44
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref45
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref45
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref45
http://dx.doi.org/10.1162/jocn.2009.21080
http://dx.doi.org/10.1162/jocn.2009.21080
http://dx.doi.org/10.1162/jocn.2009.21080
http://dx.doi.org/10.1073/pnas.0705654104
http://dx.doi.org/10.1073/pnas.0705654104
http://dx.doi.org/10.1073/pnas.0705654104
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref48
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref48
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref48
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref48
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref48
http://dx.doi.org/10.1073/pnas.94.20.10979
http://dx.doi.org/10.1073/pnas.94.20.10979
http://dx.doi.org/10.1073/pnas.94.20.10979
http://dx.doi.org/10.1073/pnas.94.20.10979
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref50
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref50
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref50
http://dx.doi.org/10.1523/JNEUROSCI.2609-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.2609-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.2609-12.2012
http://dx.doi.org/10.1093/cercor/bhi130
http://dx.doi.org/10.1093/cercor/bhi130
http://dx.doi.org/10.1093/cercor/bhi130
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref53
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref53
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref53
http://dx.doi.org/10.1073/pnas.0807304106
http://dx.doi.org/10.1073/pnas.0807304106
http://dx.doi.org/10.1073/pnas.0807304106
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref55
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref55
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref55
http://dx.doi.org/10.1016/j.neuroimage.2007.10.047
http://dx.doi.org/10.1016/j.neuroimage.2007.10.047
http://dx.doi.org/10.1016/j.neuroimage.2007.10.047
http://dx.doi.org/10.1016/j.neuroimage.2007.10.047
http://dx.doi.org/10.1016/j.visres.2011.04.003
http://dx.doi.org/10.1016/j.visres.2011.04.003
http://dx.doi.org/10.1016/j.visres.2011.04.003
http://dx.doi.org/10.1016/j.visres.2011.04.003
http://dx.doi.org/10.1016/j.neuroimage.2007.10.011
http://dx.doi.org/10.1016/j.neuroimage.2007.10.011
http://dx.doi.org/10.1016/j.neuroimage.2007.10.011
http://dx.doi.org/10.1016/j.neuroimage.2007.10.011
http://dx.doi.org/10.1038/nn1370
http://dx.doi.org/10.1038/nn1370
http://dx.doi.org/10.1038/nn1370
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref60
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref60
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref60
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref60
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref61
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref61
http://dx.doi.org/10.1167/9.4.29
http://dx.doi.org/10.1167/9.4.29
http://dx.doi.org/10.1167/9.4.29
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref63
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref63
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref63
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref64
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref64
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref64
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref64
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref65
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref65
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref65
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref65
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref66
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref66
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref66
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref66
http://dx.doi.org/10.1162/jocn.2006.18.9.1488
http://dx.doi.org/10.1162/jocn.2006.18.9.1488
http://dx.doi.org/10.1162/jocn.2006.18.9.1488
http://dx.doi.org/10.1162/jocn.2006.18.9.1488
http://dx.doi.org/10.1016/j.neuropsychologia.2007.10.011
http://dx.doi.org/10.1016/j.neuropsychologia.2007.10.011
http://dx.doi.org/10.1016/j.neuropsychologia.2007.10.011
http://dx.doi.org/10.1016/j.neuropsychologia.2007.10.011
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref69
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref69
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref69
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref69
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref70
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref70
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref70
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref71
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref71
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref71
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref71
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref72
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref73
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref73
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref73
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref73
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref74
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref74
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref74
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref75
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref75
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref75
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref75
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref75
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref76
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref76
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref76
http://refhub.elsevier.com/S0028-3932(15)30065-8/sbref76
http://dx.doi.org/10.1016/j.biopsycho.2007.10.001
http://dx.doi.org/10.1016/j.biopsycho.2007.10.001
http://dx.doi.org/10.1016/j.biopsycho.2007.10.001
http://dx.doi.org/10.1016/j.biopsycho.2007.10.001
http://dx.doi.org/10.3389/fnhum.2012.00305
http://dx.doi.org/10.3389/fnhum.2012.00305
http://dx.doi.org/10.3389/fnhum.2012.00305
http://dx.doi.org/10.3389/fnhum.2012.00305
http://dx.doi.org/10.1016/j.neuroimage.2003.09.034
http://dx.doi.org/10.1016/j.neuroimage.2003.09.034
http://dx.doi.org/10.1016/j.neuroimage.2003.09.034
http://dx.doi.org/10.1016/j.neuropsychologia.2012.02.030
http://dx.doi.org/10.1016/j.neuropsychologia.2012.02.030
http://dx.doi.org/10.1016/j.neuropsychologia.2012.02.030
http://dx.doi.org/10.1016/j.neuropsychologia.2012.02.030

	The neural speed of familiar face recognition
	Introduction
	Methods
	Participants
	Stimuli
	Experimental setting
	Experimental design
	Speed constraints
	Behavioural performance analyses
	EEG recording
	ERP analyses
	Multivariate Pattern Analysis (MVPA)

	Results
	Behavioural performance
	ERP analysis
	MVPA analysis
	EEG and behaviour

	Discussion
	Fast neural processing of familiarity
	A massive familiarity effect after 200ms?
	Spatio-temporal dynamics of face recognition

	Acknowledgements
	References




