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A B S T R A C T   

Previous studies have focused on the modulatory effects of face familiarity on different components of an event- 
related potential (ERP), but there is controversy in the literature regarding the precise component that reflects 
the process of identity recognition. This may be partly explained by limits to this waveform analysis approach, as 
waveforms elicited by the presentation of a face are likely to reflect a variety of different cognitive processes that 
overlap in time. Using fast periodic visual stimulation and EEG (FPVS-EEG), we directly measured the electro-
physiological response reflecting identity-specific recognition after isolating it from responses attributable to 
low-level visual processing and face-selective processes that are not identity-specific. The observed response 
therefore provides a robust and objective measure of the recognition of a personally familiar face generated 
bilaterally in the occipito-temporal region. We tested the magnitude of this identity-specific response to three 
categories of familiarity: the own-face (high familiarity), a friend’s face (moderate familiarity), and a stranger’s 
face (no familiarity). We found the largest response to the participant’s own-face, followed by an intermediate 
response to a highly personally familiar face, and the smallest response to an unfamiliar face. An additional 
response was observed over the posterior cortical midline for familiar faces only, consistent with theories that 
familiar identity recognition also triggers post-perceptual semantic processing.   

1. Introduction 

A face can be categorized at multiple levels of abstraction such as 
gender, race, and age. However, the critical level in everyday face 
recognition is the identity level where the face is individuated as a 
specific identity. According to models of face recognition, face recog-
nition first requires a structural representation of the visual input to be 
matched to identity-specific, image-invariant perceptual representations 
in long-term memory (originally termed a “face-recognition unit”, or 
FRU), which subsequently leads to the activation of even more abstract 
representations storing identity information, such as name and bio-
graphical information (Bruce and Young, 1986; Burton et al., 1999a; 
Burton et al., 2011; Haxby et al., 2000). The identity’s image-invariant 
representation is an important mediating mechanism in recognition 
because faces undergo constant change due to expression, head move-
ment, and development. Past experience with specific faces demonstrate 
our reliance on identity-specific perceptual representations in face 
recognition: familiar faces can be recognized over different and even 
degraded images, while even small image changes can impair 

recognition of unfamiliar faces (e.g., Jenkins et al., 2011; Burton et al., 
1999b; Hancock et al., 2000; Watier and Collins, 2009; Ramon et al., 
2015). 

Yet, despite its critical role in face recognition and large behavioural 
effects, a reliable neural marker corresponding to the activation of 
identity-specific representations has not been identified. As temporal 
resolution of EEG is required to study the neural dynamics of face 
recognition, previous studies have focused on the modulatory effects of 
familiarity on different event-related potential (ERP) components eli-
cited by familiar and unfamiliar faces. Recently, a late, occipitotemporal 
component peaking at 400 ms and lasting until 600 ms post-stimulus has 
been shown to reliably differentiate between faces of varying familiarity 
(a “sustained familiarity effect” or “SFE”, Wiese et al., 2019). However, 
as speeded recognition tasks have found that familiar faces can be 
identified with response times as fast as 260 ms (Besson et al., 2017; see 
also Barragan-Jason et al., 2015; Ramon et al., 2011), the perceptual 
representations that trigger these behavioural responses are likely to be 
accessed at a much earlier latency. These later components are therefore 
not likely to reflect the stage at which a robust face representation is 
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activated. 
A component that appears more closely related to memory processes 

is the N250. The amplitude of this ventral temporal negativity peaks 
with a latency of 230–330 ms and is enhanced to repeated presentations 
of face images (Begleiter et al., 1995; Schweinberger et al., 1995; Pfütze 
et al., 2002; Schweinberger et al., 2004; Neumann and Schweinberger, 
2008; Neumann et al., 2011) and identities (Schweinberger et al., 2002; 
Bindemann et al., 2008). Its relation to perceptual learning is also shown 
in its sensitivity to newly learned faces (Andrews et al., 2017; Kaufmann 
et al., 2009; Pierce et al., 2011; Tanaka et al., 2006; Joyce and Kutas, 
2005) and newly learned bird species (Scott et al., 2008) that elicit 
greater negativity at the N250. The N250 has commonly been inter-
preted to reflect the transient activation of individual face representa-
tions elicited by repeated exposure and learning (i.e., the activation of 
an FRU; c.f. Pfütze et al., 2002; Schweinberger and Burton, 2003; Pierce 
et al., 2011; Schweinberger and Neumann, 2016); however, it has also 
been said to more specifically reflect the facilitated access to 
post-perceptual representations (i.e., the activation of a PIN) due to 
strengthened input connection from the perceptual face representation 
rather than a change or activation of the perceptual representation itself 
(Schweinberger et al., 2002). 

At the same time, there is now a large body of research suggesting 
that identity-sensitive perceptual representations are accessed before 
250 ms post-stimulus. The N170 component peaks between 140 and 
200 ms in occipitotemporal regions and is the earliest component to 
distinguish between faces and non-face objects (Bentin et al., 1996; 
Rossion and Jacques, 2011). Although early studies found no difference 
in the N170 elicited by famous and non-famous faces (Bentin and 
Deouell, 2000; Eimer, 2000), a large proportion of studies support the 
view that this component is sensitive to face familiarity. First, compared 
to unfamiliar faces, famous faces often do not significantly alter the 
N170 elicited during passive viewing (Andrews et al., 2017; Gosling and 
Eimer, 2011; Anaki et al., 2007; Henson et al., 2003; Pfütze et al., 2002; 
Bentin and Deouell, 2000; Eimer, 2000; but see Jemel et al., 2010), but 
for a personally familiar face, the N170 is often enhanced (Caharel et al., 
2002; Caharel et al., 2005; Herzmann et al., 2004; Wild-Wall et al., 
2008; Keyes et al., 2010; Caharel et al., 2014; but see Tanaka et al., 
2006; Pierce et al., 2011). This is consistent with the view that person-
ally familiar faces have more robust representations (Tong and 
Nakayama, 1999; Carbon, 2008) and more efficient global processing 
(Ramon and Van Belle, 2016; Ramon et al., 2015; Ramon, 2015; Ellis 
et al., 1979; Caharel et al., 2006). Second, identity adaptation paradigms 
have demonstrated that the amplitude of the N170 is modulated by face 
identity (Jacques and Rossion, 2006; Caharel et al., 2009; Caharel et al., 
2011; Johnston et al., 2016) and that familiarity may further influence 
these modulatory effects (Caharel et al., 2011). Similarly, it has been 
found that the N170 is sensitive to identity priming of familiar but not 
unfamiliar faces (Jemel et al., 2003). Finally, whole brain analysis of 
EEG associated with fast and accurate familiarity judgments has shown 
that face familiarity can be reliably decoded as early as 145 ms post 
stimulus (Barragan-Jason et al., 2015). 

Although the effects of familiarity on the N170 are not consistently 
observed across all stimulus types and paradigms, collectively, the above 
findings indicate that identity recognition occurs fast enough to exert 
modulatory effects within 140–200 ms post-stimulus. Consequently, the 
N250 might not reflect the identity-specific representation and may 
instead reflect additional learning or consolidation processes. And yet, 
the N170 presents the problem of not providing a reliable index of 
identity-processing. The difficulty in pinning down the precise stage of 
identity-processing may relate to limitations of the ERP approach of 
comparing average waveforms. First, the waveforms elicited by the 
presentation of face are likely to reflect a variety of different cognitive 
processes that may overlap in time. For example, in the 200–300 ms 
post-stimulus time window, it has been suggested that the N250 
enhancement to repeated faces (i.e., N250r) and the N250 enhancement 
to familiar or newly learned faces may reflect different learning 

mechanisms (c.f. Schweinberger and Neumann, 2016; Kaufmann et al., 
2009), or that this negativity reflects a combination of both 
image-dependent and image-independent processes (Schweinberger 
et al., 2002). Likewise, the N170 may reflect multiple subprocesses in 
the occipito-temporal area given that it is sensitive to a range of 
cognitive factors and shows different response properties to different 
object categories (Rossion et al., 2003). The discrepancy across studies 
could therefore be partly due to the signal related to the activation of an 
identity-specific representation being obscured by other visual and face 
processing signals in the waveform. Second, many image presentations 
are needed to increase signal-to-noise ratio in the average ERP wave-
form, but the components of interest are also sensitive to image repeti-
tion (N170: Caharel et al., 2009; Caharel et al., 2014; Kaufmann et al., 
2009; N250: Kaufmann et al., 2009; SFE: Wiese et al., 2019). For 
example, Caharel et al. (2014) found that familiar faces showed an 
enhanced N170 compared to unfamiliar faces during the first block of 
testing (2 presentations of each image), but an increase in the N170 to 
unfamiliar faces in subsequent blocks eliminated this familiarity effect. 
These modulatory effects might not even be entirely attributable to 
learning or repetition, since Kauffman et al. (2009) also observed 
increased N170 and N250 amplitudes to unfamiliar faces over the 
duration of testing even though each identity was shown only once. This 
suggests that both ERP components are also likely to reflect general 
processes engaged by simply performing a face recognition task and 
highlights the limits of isolating specific processes using this approach. 

The aim of the current study was to use frequency-tagging (via fast 
periodic visual stimulation, or FPVS) to isolate the neurophysiological 
response which reflects recognition of a specific identity, possibly by 
means of the activation of an identity-specific perceptual representation 
in long-term memory. Through neural entrainment, frequency-tagging 
paradigms can be used to measure specific cognitive processes as neu-
ral responses to the stimulus of interest are evoked and quantifiable at 
the exact frequency of presentation (a steady-state visually-evoked po-
tential; Rossion and Boremanse, 2011; Gentile and Rossion, 2014; for 
review, see Norcia et al., 2015; Rossion, 2014). The distinct advantage is 
that signals from processes that overlap in the domain time can be iso-
lated from each other using a dual-frequency paradigm (e.g., Regan and 
Cartwright, 1970; Tononi et al., 1998; Liu-Shuang et al., 2014; Rossion 
et al., 2015). This is accomplished by periodically presenting the stimuli 
of interest within a rapidly presented sequence of other base images. 
Neural responses associated with processes elicited by both the stimuli 
of interest and the base images to be entrained and measurable at the 
general stimulation frequency (F1), while the neural responses that are 
evoked exclusively by the stimuli of interest are only observed at the 
second, slower frequency at which they occur within the sequence (F2). 
For example, when presented in isolation, a single face image will 
generate several neural responses that overlap in time and can make it 
difficult to cleanly separate signals related to low- and mid-level visual 
processing from the high-level visual categorization processes. Howev-
er, when inserted within a stream of object images, the responses asso-
ciated with low-level visual processing and mid-level object perception 
of the face image are captured at the general stimulation frequency 
because they are also evoked by the object images, but the responses that 
are uniquely elicited by the faces are observed only at the face-specific 
frequency (Rossion et al., 2015). This effectively partials out the low- 
and mid-level processing signals from the high-level categorization 
signals. 

Compared to an ERP waveform analysis, FPVS avoids the assumption 
that the only difference between the signal of the two different stimuli is 
the process of interest and instead seeks to decompose the response 
signal of a stimulus eliciting the process of interest. It also has the 
additional benefits of having both a higher signal-to-noise ratio (since 
noise does not occur periodically, it does not contaminate the periodic 
signal-of-interest in the predicted frequency bin) and, unlike the practice 
and expectation effects commonly observed in ERPs (Huang et al., 
2017), FPVS responses have been shown to be immune to effects of 
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expectation and temporal predictability (Quek and Rossion, 2017) 
despite the temporal repetition of the stimulation. FPVS may therefore 
be more sensitive to signals that are weak relative to strong general 
visual response signals. 

Based on this logic, we aimed to isolate identity recognition re-
sponses by periodically presenting images of a particular identity within 
base images of different unfamiliar faces and investigate the effect of 
familiarity on this identity-specific response. Recently, Zimmerman and 
colleagues (2019) used a similar approach and observed clear 
identity-specific responses (individual face recognition, or IFR) to 
famous faces interleaved with unfamiliar faces. They found that, aver-
aged across participants, the celebrity rated as being the most familiar 
elicited the strongest identity-specific response, and the celebrity rated 
the least familiar elicited the weakest response. However, in a paradigm 
where the degree of familiarity for each identity is roughly equal across 
participants, comparing different levels of familiarity rests on response 
differences between one single most-familiar face and another single 
least-familiar face. Response differences could therefore reflect differ-
ence in familiarity as well as difference on other dimensions, such as 
distinctiveness or attractiveness (e.g., head size). 

The current research extends these findings and directly compares 
the effect of familiarity on identity-specific responses by equating the 
stimuli (face identities) in each of three categories of personal famil-
iarity: the own-face, a personally familiar friend, and an unfamiliar 
stranger. Exposure to one’s own face is usually continuous and consis-
tent; one study found that people spend an average of 41 min per day 
looking at themselves (Veale and Riley, 2001). By contrast, a visual 
survey of daily face exposure found that participants spent 12 min of 
each waking hour looking at other people’s faces (Oruc et al., 2019). 
Assuming a 16-h day, this would amount to 192 min per day looking at 
other people’s faces. The time spent looking at one’s own face could 
therefore account for as much as 18% of the total “face time” (233 min). 
This exposure has been linked to the processing advantage of one’s 
own-face: The own-face is often recognized faster than less familiar 
faces, such as friends (Sugiura et al., 2008; Keyes and Brady, 2010; Li, 
2011), but not when compared to the recognition of highly familiar 
others such as parents or romantic partners (Kircher et al., 2001; Wang 
et al., 2011; Wang and Zheng, 2015), and a meta-analysis indicated that 
the effect size of the own-face advantage decreases as the own-face is 
compared to unfamiliar, famous familiar, and personally familiar faces 
(Bortolon and Raffard, 2018). These findings suggest that own-face 
recognition is supported by highly robust representations that are 
attributable to the extensive visual experience acquired for the 
own-face. 

For the current study, participants were recruited in pairs. In the 
own-face condition, each observer was presented with their own face; in 
the friend-face condition, each observer was presented with the face of 
the friend; and in the unfamiliar stranger condition, each observer was 
presented with the face of another participant who was a stranger to 
them. Therefore, across the full experiment, the face of each participant 
was used in each familiarity condition. Because, at the group level, the 
same test identities were used in each condition, we controlled for any 
stimulus differences between familiarity conditions arising from test 
identities, and any response differences observed between conditions 
could be attributed to the level of observer familiarity with the test 
stimulus. 

Twelve distinct images were used for each identity to ensure that the 
response generalized across different images of the face. Because per-
sonal familiarity is usually based on in-person interactions, we photo-
graphed each identity as they engaged in a social interaction with the 
experimenter to obtain images that capture the person’s normal range of 
facial expression. Since this dimension of facial variability might be very 
idiosyncratic, our experience with a person’s facial gestures may play an 
important role in how individual faces are represented in memory 
(Redfern and Benton, 2019). Although they do not capture the appear-
ance variability that arises from changes in external features, age, and 

ambient conditions, they provide a different kind of expression vari-
ability than is commonly captured in normal photos and selfies. Most 
importantly, they may reflect a better likeness of the identity as they 
appear during real-life social interactions. 

If representations based on greater visual experience generate a 
larger neural response, we predicted that the response magnitude to the 
own-face should be the greatest, followed by the response to the friend- 
face, and the response to the unfamiliar face should be the lowest. 
Alternatively, it is possible that identity-specific neural areas recruited 
during identification do not actually produce graded responses for more 
familiar faces. In this case, the identity-specific response observed for 
the friend-face and the own-face should not differ. 

2. Materials and methods 

2.1. Participants 

Twelve participants (mean age ¼ 21.3 � 2.4 years, all Caucasian 
females) were recruited through advertisement in the University of 
Victoria’s online psychology participant system and through friends of 
the experimenters. The experiment was described as a study on best 
friends, and candidates were requested to apply along with a good 
friend. Inclusion criteria were that the pairs were friends for a minimum 
of 6 months with at least weekly face-to-face contact. The sample con-
sisted of six pairs of friends who reported having an average friendship 
of 2.6 years (SD ¼ 2.1, range ¼ 0.75–7) and, at the time of testing, 
interacted an average of 2.66 times per week (SD ¼ 1.8, range ¼ 0.5–6). 
Participants reported no brain injury or diagnosed learning disability. 
The experiment and consenting procedures were approved by the 
human research ethics committee of the University of Victoria. 

2.2. Stimuli 

Prior to the experimental test session, an experimenter conducted 
brief interviews with each participant individually that were video- 
recorded using a Canon EOS Rebel DSLR camera mounted on a tripod. 
The camera was repositioned throughout the interview to capture video 
of the seated participant from the front, the right angle, and the left 
angles. All interviewees sat on the same chair in the same during video 
recording, so that the background and lighting conditions did not differ 
across images. Still frame images (6 frontal, 3/4 right, 3/4 left) were 
randomly selected from the video footage to serve as the image set for 
each identity (12 images per identity). Using Adobe Lightroom, the 
images were cropped so that the face occupied roughly 80% of the image 
with the nose just below centre and then resized to 350 � 350 pixels. 
This procedure was applied to the 6 identities who were not experi-
mental participants in the study. The 72 images that were created from 
these 6 identities served as the image set used for the base stimuli 
described below (the unfamiliar base faces). 

2.3. Procedure 

After electrode cap placement, participants were seated at a table in 
front of a keyboard and LCD monitor. Visual stimulation consisted of 
four 70 s image sequences for each condition (own, friend, unfamiliar) 
and was presented using a custom MATLAB script (SinStim; e.g., Jacques 
et al., 2016) while the EEG was recorded. Breaks of about 1 min were 
provided between each stimulation sequence, and the condition order 
was pseudorandomized for each participant. The total testing time was 
approximately 25 min. 

Within each sequence, stimuli were presented at a constant rate of 6 
Hz (F1 ¼ the visual-stimulation frequency) via sinusoidal contrast 
modulation from 0% to 100%. The image sequence was structured so 
that, depending on the condition, every 7th image was the participant’s 
own face (own), their friend’s face (friend), or the unfamiliar identity 
(stranger), and was drawn randomly from the own/friend/stranger set 

A. Campbell et al.                                                                                                                                                                                                                               



Neuropsychologia 141 (2020) 107415

4

of images. All other images were randomly selected from the set of 
unfamiliar base faces; identity therefore varied at every image cycle. By 
contrast, the face of the own/friend/stranger appeared with a period-
icity of F1/7 � 0.86 Hz (F2 ¼ the identity-specific frequency). 

The presentation of each stimulation sequence was as follows: 1) 2–5 
s black fixation cross appeared on a grey background; 2) 2 s image 
sequence fade-in; 3) 63 s image sequence presentation; 4) 5 s image 
sequence fade-out; 5) 2 s black fixation cross on grey background 
(Fig. 1). The fixation cross remained on the screen for the entire duration 
of the stimulation sequence and was positioned to appear over the centre 
of the image. Across all face images, this roughly corresponded to the 
area just above the nose. Displayed on a monitor from a distance of 0.7 
m, the stimuli subtended an angle of approximately 7 degrees of visual 
angle. 

To maintain a steady point of fixation and attention during visual 
stimulation, participants were asked to engage in a fixation colour 
change detection task during each sequence presentation (e.g., Liu-Sh-
uang et al., 2014). At eight random time points in the sequence, the 
colour of the fixation cross changed briefly (200 ms) to red. Participants 
were told that face images would be presented rapidly on the screen with 
a black fixation cross in the middle of the screen and that their primary 
task was to press the spacebar on the computer keyboard every time they 
detected the colour of the cross changed from black to red. 

2.4. EEG acquisition 

During each stimulation sequence, the electroencephalogram (EEG) 
was recorded using a montage of 42 electrode sites in accordance to the 
extended international 10–20 system (Jasper, 1958). Signals were ac-
quired using Ag/AgCl ring electrodes mounted in a nylon electrode cap 
with an abrasive, conductive gel (EASYCAP GmbH, 
Herrsching-Breitbrunn, Germany). Sig-nals were amplified by low-noise 
electrode differential amplifiers with a frequency response of DC 
0.017–67.5 Hz (90 dB–octave roll off) and digitized at a rate of 250 
samples per second. Digitized signals were recorded to disk using Brain 
Vision Recorder Software (Brainproducts, Munich, Germany). Imped-
ances were kept below 20 kΩ. The EEG was recorded using the average 
reference. 

2.5. EEG analysis 

2.5.1. Preprocessing 
All EEG processing steps were carried out using the free software 

Letswave 6 (https://github.com/NOCIONS/letswave6) running on 
MATLAB (MathWorks). A Butterworth filter with cut-off values of 
0.1–120 Hz and a slope of 24 dB/octet was applied to the data. Across 
participants, the continuously recorded EEG data for each stimulation 
sequence was segmented to include 2 s before and after the stimulation 
sequence. Channels which were artifact-prone across multiple trials (less 
than 5% of channels on average) were re-estimated using linear inter-
polation of the two nearest channels. Independent component analysis 
(ICA) was applied to the data for each stimulation sequence and a single 
component accounting for blink artifacts was removed. All EEG seg-
ments were re-referenced to a common average reference. 

2.5.2. Frequency-domain analysis 
The EEG for each sequence was re-segmented, beginning from 

sequence onset until approximately 64 s (before stimulus fade-out), to 
contain an integer number of 0.86 Hz cycles (55 cycles, 16,035 time bins 
in total � 64 s). For every participant, the four segmented sequences 
within the own, friend, unfamiliar face conditions were averaged in the 
time-domain to reduce EEG activity that is not phase-locked to the 
stimulus. A Fast Fourier Transform (FFT) was then applied to the aver-
aged segments to represent the data of each channel as a normalized 
amplitude spectrum (μV) in the frequency domain with a frequency 
resolution of 0.0156 Hz (i.e., 1/64.14 s). 

2.5.3. Harmonic selection 
As responses are expected to be observed across multiple harmonics 

of the stimulation frequencies (see Rossion et al., 2015), we determined 
how many harmonics to include for the response analysis of each 
stimulation frequency (i.e., F1, F2) by pooling all channels and selecting 
harmonics based on their z-scores from the averaged spectra. The pro-
cedure was as follows: 1) Within each condition, individual amplitude 
spectra were averaged across participants and all channels; 2) For re-
sponses at all frequencies of interest (i.e., F1 ¼ 6 Hz, F2 ¼ 0.86 Hz, and 
their harmonics), z-scores were computed as the difference between the 

Fig. 1. Visual stimulation sequence. 
The visual stimulation sequences con-
sisted of face images contrast modulated 
at a rate of 6 Hz (each image cycle had a 
duration of ~167 ms). Depending on 
the condition, every 7th image pre-
sented was either the participant’s own 
face, the face of their friend, or the face 
of an unfamiliar stranger (another sub-
ject who was unfamiliar to the partici-
pant). The own-, friend-, or stranger- 
face therefore appeared at a rate of 6 
Hz/7 ¼ 0.86 Hz. All other images were 
selected randomly from a set of faces 
that were unfamiliar to all participants. 
During visual stimulation, participants 
engaged in a fixation cross colour 
change detection task (not that required 
them to press the spacebar every time 
that a fixation cross superimposed in the 
middle of the screen changed from black 
to red. Fixation cross changes occurred 
8 times at random intervals. Face im-
ages are shown here with permission 
from the participants/models. (For 
interpretation of the references to 
colour in this figure legend, the reader is 
referred to the Web version of this 
article.)   
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amplitude at the frequency of interest and the mean amplitude of the 
local baseline divided by the standard deviation of local baseline (local 
baseline ¼ 20 surrounding frequency bins, excluding the immediately 
adjacent bins and the bins containing the minimum and maximum 
response); 3) Using the z-scores as a stopping rule, the range of har-
monics to include for each stimulation frequency was constrained to the 
highest number of consecutively significant harmonics observed in any 
one condition (e.g., 1F2, 2F2, 3F2, etc., where each z ≧ 3.1, p < .001, 
1-tailed, i.e., signal > noise). For visual-stimulation responses, 8 sig-
nificant harmonics were selected (up to 8F1 ¼ 48 Hz); for 
identity-specific responses, 10 significant harmonics were selected (up 
to 11F2 ¼ 9.43 Hz, but excluding 7F2 ¼ 6.00 Hz because it is confounded 
with the 6 Hz visual-stimulation frequency). 

2.5.4. Baseline correction 
To visualize the signal-to-noise ratio (SNR) across the frequency 

spectrum, a baseline-division correction was applied to the amplitude 
spectra using the same local baseline definition used for the z-score 
(Fig. 2). For response quantification and scalp topographies, a baseline- 
subtraction correction was applied instead (Figs. 3 and 4). 

2.5.5. Region-of-interest analysis 
For each stimulation frequency, responses were quantified as the 

summed amplitude of the relevant amplitudes (the summed-harmonic 
responses) and the three channels with the maximum summed- 
harmonic response were used to define a region-of-interest (ROI). At 
the visual-stimulation frequency (F1), the channels of maximum 

response were P8, Oz, and PO8, and, with the addition of the left 
hemisphere homologues PO7 and P7, defined an occipital region. At the 
identity-specific frequency (F2), the channels of maximum response 
were P10, P8, and TP10, and, with the addition of the left hemisphere 
homologues P9, P7, and TP9, defined an occipito-temporal region. Then, 
for each condition, the visual-stimulation and identity-specific responses 
were quantified as the summed-harmonic response averaged across ROI 
channels. Repeated-measures ANOVA were conducted on baseline- 

Fig. 2. Signal-to-noise ratio within the frequency spectrum. The EEG amplitude spectra averaged across participants and conditions and represented as the 
signal-to-noise ratio at the channels of maximum response. At the visual stimulation frequency (6 Hz and its harmonics), SNR was highest in channel P8 and Oz. At 
the identity-specific frequency (0.86 Hz and its harmonics), SNR was highest in channel P10 (the homologous channel in the left hemisphere, P9, is also shown). 

Fig. 3. Scalp topographies of the group-averaged visual-stimulation and 
identity-specific response in each condition. Summed-harmonic response 
(baseline-subtracted amplitudes) at the identity-specific and visual stimulation 
frequency, averaged across all participants. 
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corrected amplitudes for both the visual-stimulation and the identity- 
specific responses with condition (own, friend, stranger) as a within- 
subject factor. Mauchly’s test for specificity was performed and a 
Greenhouse-Geisser correction was applied whenever sphericity was 
violated. Pairwise comparisons were carried out using paired-sample t- 
tests with a Bonferroni-Holm correction for multiple comparisons. 

The lateralization of the identity-specific response was defined based 
on the magnitude of the left and right channels of the occipito-temporal 
ROI and expressed as the lateralization index: (R-L)/(R þ L). 

2.5.6. Harmonic analysis 
To examine the neural dynamics of the identity-specific response, we 

grand-averaged the individual baseline-subtracted spectra for each 
channel and computed their z-scores to compare the topography of 
significant neural responses of each harmonic. This was done for each 
condition separately. 

3. Results 

3.1. Fixation cross task 

Response times (RT) were calculated relative to the onset of fixation 
cross colour change and for responses recorded within 1500 ms of the 
colour change. Analyses were based on correct RTs. Accuracy for the 
colour change detection task was close to ceiling in all three conditions 
(own: M ¼ 97.0%, SD ¼ 6.7%; friend: M ¼ 95.4%, SD ¼ 15.1%; stranger: 
M ¼ 94.9%, SD ¼ 10.3%; F < 1). There was no difference in reaction 
times across conditions (own: M ¼ 450 ms, SD ¼ 63 ms; friend: M ¼ 446 
ms, SD ¼ 92 ms; stranger: M ¼ 448 ms, SD ¼ 79 ms; F < 1). 

3.2. Frequency domain 

The signal-to-noise ratio (SNR) of electrophysiological responses 
during FPVS are shown in Fig. 2. Clear responses were visible at the 
visual-stimulation frequency (1F1 ¼ 6 Hz) up to the 8th significant 
harmonic (8F1 ¼ 48 Hz). Responses at these frequencies reflect the onset 
and offset of each visual stimulus in the sequence and therefore the 
processing that is common to all stimuli. These include responses eli-
cited by low-level properties, such as colour and spatial frequency, but 
also high-level properties: as each stimulus is the onset of a face, each 
stimulus would elicit a face categorization response and, as each stim-
ulus is the onset of an identity, each stimulus would elicit a face indi-
viduation response. Consistent with this, SNR at 6 Hz and its harmonics 
was maximal in the medial occipital region (Oz; average SNR of 7.04) as 
well as the occipito-temporal region (P8; average SNR of 5.38). 

Responses at the identity-specific frequency (1F2 ¼ 0.86 Hz) were 
significant up to the 11th significant harmonic (11F2 ¼ 9.43 Hz; Fig. 2). 
Responses at these frequencies are driven by the onset of either the own, 
friend, or stranger face. However, responses elicited by these face im-
ages that are common to responses elicited by unfamiliar face images 
should be captured at the common presentation rate of 6 Hz and its 
harmonics (the visual-stimulation frequency). The responses at the 
identity-specific frequency (and its harmonics) therefore reflect any 
processing that is unique to the identity of the face images, such as the 
activation of an identity-specific face representation. As predicted, the 
SNR at 0.86 Hz and its harmonics was maximal in the occipito-temporal 
region (P10; average SNR of 3.50). 

The scalp topography of the summed-harmonic responses averaged 
across participants for each condition and stimulation frequency are 
shown in Fig. 3. Individual differences in the scalp distribution of the 
summed-harmonic identity-specific response are shown in Fig. 4. 

3.3. Identity-specific and visual-stimulation response analysis 

For each stimulation frequency, we compared the summed-harmonic 
response across conditions in the regions-of-interest defined by the 
channels of maximum response. The identity condition had no effect on 
the magnitude of the visual-stimulation responses in the occipital region 
(P8/7, Oz, PO8/O7; own: 1.50 � 0.81 μV; friend: 1.49 � 0.79 μV; 
stranger: 1.48 � 0.74 μV; F < 1). However, there was a main effect of 
identity on the magnitude of the identity-specific responses in the 
occipito-temporal region (P10/9, P8/7, TP10/9), F(2, 22) ¼ 86.12, p <
.001, ηp

2 ¼ 0.89. Pairwise comparisons showed that the response to the 
friend-face (0.94 � 0.50 μV) was significantly greater than the response 
to the stranger-face (0.31 � 0.32 μV; t(11) ¼ 6.82, p ¼ .001), and the 
response to the own-face (2.31 � 1.20 μV) was significantly greater than 
both the friend, t(11) ¼ 8.54, p < .001, and stranger, t(11) ¼ 10.18, p <
.001. In all participants, the magnitude of the identity-specific response 
in the occipito-temporal region was greater to the friend than the 
stranger, and the response to the own-face was greatest in magnitude 
(Fig. 5). 

The lateralization index of the identity-specific responses revealed 
that the occipito-temporal response was right lateralized in all three 
conditions (own: M ¼ 0.33, SD ¼ 0.22; friend: M ¼ 0.21, SD ¼ 0.21; 
stranger: M ¼ 0.42, SD ¼ 0.40) and was not significantly different across 
conditions, F(2, 22) ¼ 1.63, p ¼ .22 (Fig. 6). 

3.4. Harmonic analysis 

At the first harmonic of the 6 Hz visual-stimulation frequency, the 

Fig. 4. Scalp topographies of the identity-specific response for each participant and condition. Scalp distribution of each participant’s identity-specific 
response to a stranger (top row), friend (middle row), and their own face (bottom row). The amplitude scale used for each participant is reported at the bottom 
of each subject’s column. 
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largest response was observed over the right occipito-temporal region. 
Higher harmonics (e.g., 12 Hz, 18 Hz, up to 48 Hz) were focused on the 
medial occipital channel Oz (Fig. 7A). For all harmonics of the 0.86 Hz 
identity-specific frequency (0.86 Hz, 1.72 Hz, up to 9.43 Hz), the largest 
response was over the right occipito-temporal region (e.g., P10, P8, 
TP10). However, in the first harmonic (0.86 Hz), an additional response 
at the centro-parietal channels Pz and POz was observed in response to 

the own-face and friend-face, but not to the face of a stranger (Fig. 7B). 
Importantly, this additional response is dissociable from the occipito- 
temporal response, since the occipito-temporal response increases in 
magnitude in subsequent harmonics while the centro-parietal response 
decreases (Fig. 7B). 

Individual responses at this first harmonic (0.86 Hz) were examined 
by calculating z-scores for each participant. A less conservative 
threshold of z > 1.64 (p < .05, one-tailed, signal > noise) was used for 
the participant-level as the 0.86 Hz response is located in a highly noisy 
area of the frequency spectrum. Significant responses were observed 
over the centro-parietal region (POz or Pz) in 8 of 12 participants for the 
friend condition and in 11 of 12 participants in the own-face condition 
(Fig. 8). Pairwise comparison of the average amplitude of Pz and POz in 
the first harmonic (0.86 Hz) revealed a stronger response to the own- 
face (0.23 � 0.15 μV) compared to the friend-face (0.08 � 0.12 μV; t 
(11) ¼ 3.13, p ¼ .01). 

4. Discussion 

Using a fast periodic visual stimulation paradigm (e.g., Liu-Shuang 
et al., 2014; Rossion et al., 2015), we sought to measure the neuro-
physiological response signals related to image-invariant face identifi-
cation. This was achieved by periodically presenting either the 
participant’s own face, the face of their friend, or the face of a stranger 
within a sequence of unfamiliar face images. This presentation tech-
nique splits the neural response evoked by the identity of interest (own, 
friend, or stranger) into two separate response frequencies. Although 
these specific identities are presented at 0.86 Hz, the low-level visual 
and general face categorization responses evoked by these images are 
also evoked by the other unfamiliar face images in the stimulation se-
quences, and this leads these responses to entrain to and be observed at 
the 6 Hz visual stimulation frequency. The response that remains 
observable at the 0.86 Hz identity-specific frequency therefore reflects 
the isolated response of any population of neurons that are specifically 
responsive to the own, friend, or stranger face. Compared to previous 
ERP studies which have been limited to waveform-subtraction analysis 
to indirectly measure processes specific to familiar faces (e.g., Herzmann 
et al., 2004; Caharel et al., 2005; Sui et al., 2006; Wild-Wall et al., 2008; 

Fig. 5. Summed-harmonic response 
for the visual-stimulation and 
identity-specific responses. Visual- 
stimulation and identity-specific re-
sponses for each condition and partici-
pant, quantified as the average summed- 
harmonic response of the channels of 
maximal response. For the visual- 
stimulation response, the channels P8, 
Oz, PO8, P7 and PO7 defined the oc-
cipital region of interest. For the 
identity-specific response, the channels 
P10, P8, TP10, P9, P7, and TP9 defined 
the occipito-temporal region of interest.   

Fig. 6. Lateralization indices for each participant and condition. The 
lateralization index for identity-specific responses in the occipito-temporal re-
gion. Expressed as (R–L)/(R þ L), based on magnitude of right and left hemi-
sphere channel responses. Positive values indicate stronger right 
hemisphere response. 
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Fig. 7. Scalp topographies of the significant harmonic responses. Scalp topography maps of significant grand-averaged EEG responses (baseline-subtracted) 
observed for each significant harmonic (z > 3.1, p < .001, 1-tailed) in each condition (own, friend, and stranger). The amplitude scale used for each harmonic is 
reported below each map. Grey indicates no significant response. A. Scalp topography of 8 significant visual-stimulation frequency harmonics. B. Scalp topography of 
11 significant identity-specific frequency harmonics. 

Fig. 8. Scalp topographies of the first harmonic of 0.86 Hz identity-specific response. Subject scalp topography maps of baseline-corrected EEG responses 
observed at the first harmonic of the identity-specific frequency (0.86 Hz) in the friend- and own-face conditions. Subjects showing a significant response over the 
centro-parietals channels (POz or Pz, z > 1.64, p < .05, 1-tailed) are indicated by an asterisk. 
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Keyes et al., 2010; Caharel et al., 2014; Barragan-Jason et al., 2015; 
Andrews et al., 2017; Wiese et al., 2019; Alzueta et al., 2019), the fast 
periodic visual stimulation technique allows identity-specific processes 
to be measured directly because they are parsed from other 
identity-general processes and objectively because they are observed at 
the exact frequency predicted by the presentation frequency. 

The 6 Hz response was maximal over medial-occipital and occipito- 
temporal regions. This is consistent with the observations made in pre-
vious FPVS-EEG studies using sequences of objects (Rossion et al., 2015; 
Jacques et al., 2016; Retter and Rossion, 2016) and faces (Liu-Shuang 
et al., 2014; Xu et al., 2017; Dzhelyova et al., 2019) and the prediction 
that this response reflects low-level visual processing in early visual 
areas and face-selective processes in high-level visual areas. As pre-
dicted, the familiarity condition had no effect on the scalp distribution 
or the magnitude of this response. The similarity of the general stimu-
lation response across the own-, friend-, and stranger-face conditions 
indicates that, beyond identity-processing, the overall neural response 
did not differ across testing conditions. In other words, having seen or 
potentially expecting to see an image of a familiar face did not have an 
effect on how images in the test sequences were processed. 

By contrast, the 0.86 Hz response that was expected to reflect 
identity-specific processes was strongest over the right occipito- 
temporal channels and the magnitude varied according to personal fa-
miliarity: responses were greatest to the participant’s own face, followed 
by the friend’s face, and were smallest to the stranger’s face. 

Notably, a stranger’s face interleaved in other unfamiliar faces eli-
cited a weaker yet significant response. A smaller response for an un-
familiar face compared to a familiar face is consistent with behavioural 
studies showing reduced identity recognition of an unfamiliar face 
across different images (Hancock et al., 2000; Jenkins et al., 2011). 
However, because images of each identity were taken on the same day, 
it’s possible that part of the signal observed at the 0.86 Hz frequency 
reflects image regularities due to clothing and external features such a 
hair. 

The topography of the 0.86 Hz identity-specific response was similar 
across conditions at both the group and individual level (Figs. 3 and 4) 
and is consistent with the topography of several identity-sensitive ERP 
components (e.g., Caharel et al., 2014; Gosling and Eimer, 2011; Pierce 
et al., 2011) and face individuation responses measured with FPVS 
(Zimmerman et al., 2019; Dzhelyova et al., 2019; Vettori et al., 2018; 
Dwyer et al., 2019; Xu et al., 2017; Liu-Shuang et al., 2014). We also 
found that the identity-specific response was right lateralized for all 
participants and in all conditions (Fig. 4), and that the degree of this 
lateralization did not differ across categories of familiarity. The fact that 
lateralization did not change highlights that greater familiarity elicited a 
stronger response in both the right and left occipito-temporal regions. 
This is consistent with previous studies showing an increased bilateral 
response to familiar faces or to the own-face, and even reduced later-
alization to more familiar faces (Keyes et al., 2010; Taylor et al., 2009), 
but that the response remains stronger in the right hemisphere 
compared to the left (Ma and Han, 2012; Keyes et al., 2010; Taylor et al., 
2009; Pierce et al., 2011; Tanaka et al., 2006; Gobbini et al., 2004; 
Rossion et al., 2003; Sugiura et al., 2008). 

When the harmonics of the visual-stimulation and identity-specific 
response were examined individually, we observed systematic changes 
in the scalp distribution of the response across harmonics. In the first 
harmonic of the 6 Hz visual-stimulation response, we observed a right 
lateral occipito-temporal response, but in the higher harmonics, we 
observed mostly medial occipital responses. This dissociation of the 
harmonic scalp topographies is typical of fast periodic presentation of 
faces and objects (Zimmerman et al., 2019; Xu et al., 2017; Jacques 
et al., 2016; Gentile and Rossion, 2014; Rossion et al., 2015) and sug-
gests that low-level visual processes reflected by activity in the medial 
occipital cortex are captured at higher frequencies, while higher-level 
visual processes (e.g., shape-related processes, face individuation) in 
the lateral occipital cortex are captured at lower frequencies. This is 

consistent with the general finding that the frequency of maximal 
response decreases when moving up in the ventral visual stream 
(Hawken et al., 1996; McKeeff et al., 2007; Gauthier et al., 2012). 

Similarly, we observed a distinct scalp topography in the first har-
monic of the 0.86 Hz identity-specific response where there was a strong 
response over the posterior midline cortex in addition to the right 
occipito-temporal cortex for familiar faces (own, friend) but not the 
stranger face. In the same way that low- and high-level visual processes 
are captured in different harmonics of the general visual-stimulation 
frequency, it is possible that certain processes elicited by familiar 
faces are subtended by regions that respond only at very low frequencies 
(in this case, below 1 Hz) but not at higher frequencies. For example, 
functional neuroimaging studies show that areas of the cortical midline 
are sensitive to face familiarity, with the precuneus and posterior 
cingulate being consistently reported to respond more strongly to 
personally familiar (Taylor et al., 2008; Gobbini and Haxby, 2007), 
famous (Avidan and Berhmann, 2009; Eger et al., 2005; Leveroni et al., 
2000), and learned faces (Gobbini and Haxby, 2006; Kosaka et al., 2003; 
Leveroni et al., 2000) relative to unfamiliar faces, with personally 
familiar faces evoking a larger response compared to famous faces 
(Gobbini et al., 2004). Additionally, the precuneus has been reported to 
respond differentially to the own-face compared to less familiar faces 
(Platek and Kemp, 2009; Devue et al., 2007; Kircher et al., 2000, 2001; 
Platek et al., 2004; Platek et al., 2006; Sugiura et al., 2000, 2005) and, 
using pattern-based analyses, the precuneus has also been shown to 
contain representations useful for the classification of familiar compared 
to unfamiliar faces (Natu & O’Toole, 2015; di Oleggio Castello et al., 
2017), with the dorsal region playing a larger role in identity-specific 
representations (di Oleggio Castello et al., 2017). Conversely, partici-
pants with congenital prosopagnosia fail to show a selective response in 
the precuneus and posterior cingulate cortex to famous faces compared 
to unfamiliar faces demonstrated in healthy controls (Avidan and 
Behrmann, 2009). Functionally, this area is generally linked to the 
retrieval of long-term episodic and autobiographical memory (Burgess 
et al., 2001; Ishai et al., 2000; Fletcher et al., 1995; Gorno-Tempini et al., 
1998) and, as it is responsive to familiar identity stimuli across sensory 
modalities (Nakamura et al., 2000; Shah et al., 2001), may reflect 
post-perceptual person knowledge processing (Gobbini and Haxby, 
2006, 2007). In line with the view that recognition of personally familiar 
individuals entails both visual recognition and semantic retrieval of 
person knowledge (Gobbini and Haxby, 2007; for review, see Ramon 
and Gobbini, 2018), it is possible that the posterior midline response 
reflects post-perceptual person recognition processes while the higher 
harmonics reflect the perceptual face representations of the familiar 
face. 

A limitation of the current study is that the degree of familiarity 
might vary between participant pairs (e.g., one pair might be more 
familiar with each other than another pair) and even within pairs (e.g., 
one friend might be more familiar with their partner than vice versa). 
Second, although processing advantages for the own-face have been 
linked to high visual experience for the own-face compared to other 
familiar faces (Bortolon and Raffard, 2018), the ratio of exposure to the 
own-face compared to a personally familiar friend has not be quantified 
and future work should also attempt to control for variability of famil-
iarity between categories. Finally, the responses observed in both the 
current study and Zimmerman et al. (2019) may reflect a general face 
familiarity signal in addition to the identity-specific response which 
could differentially impact the lateralization of less familiar (famous) or 
highly familiar faces (Denkova et al., 2006). In future studies, a general 
face familiarity signal could be inferred by comparing the response to 
the exact same familiar face identity when interleaved in other familiar 
faces relative to when it is interleaved in unfamiliar faces. 

In conclusion, we used fast periodic visual stimulation to isolate 
electrophysiological responses reflecting image-invariant identity 
recognition processes elicited by a personally familiar face from general 
visual and face individuation processing. These identity-specific 
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responses were observed bilaterally over the occipito-temporal cortex 
but were stronger in the right hemisphere and greater in magnitude for 
more familiar faces. Only familiar faces evoked an additional response in 
a posterior midline in the first harmonic of the identity-specific 
response, adding further evidence that this region in involved in 
personally familiar face processing, even during rapid and implicit 
recognition. 
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