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Abstract 

Racial-category information in faces is visually and socially salient, and is rapidly extracted by the human brain. Yet, its electrophysio
logical encoding remains unclear. Event-related potentials findings are mixed, reporting contradictory effects of race on neural 
responses. To inform this debate, we used fast periodic visual stimulation (FPVS), an alternative objective and implicit method to mea
sure neural face categorization. In Experiment 1, Western European participants viewed a 6 Hz stream of same- or other-race faces with 
periodic oddball faces from the alternate race. Results showed no above-noise-level race discrimination responses. In Experiment 2, 
oddball faces were embedded in object streams, presented upright or inverted, to test whether race modulates face categorization. 
Neural face categorization responses were above noise level for both same- and other-race faces. Importantly, while upright stimuli 
showed similar responses to both races, inversion selectively reduced responses to same-race faces, resulting in stronger neural 
responses to other-race faces. These findings suggest that face inversion affects neural responses based on visual expertise with face 
categories. Overall, our results demonstrate that racial-category information is robustly indexed by FPVS, highlighting this method as a 
powerful neurofunctional tool to study social vision.
Keywords race, face processing, other-race effect, face inversion effect, fast periodic visual stimulation ............................................................................................................. 

Introduction
Human faces carry crucial social signals that play a central role in in
terpersonal communication and observers exhibit remarkable face 
processing proficiency in rapidly extracting a wide range of facial fea
tures to support various cognitive and social functions (Karnadewi and 
Lipp 2011, Rossion 2018, Young and Burton 2018, Blauch et al. 2021, 
Rodger et al. 2021, Richoz et al. 2024, Rodger and Caldara 2025). This 
expertise in face processing is, however, strongly influenced by an 
observer’s experience with specific categories of faces. Behaviorally, 
this is reflected in the differential processing of faces from the observ
er’s own race (i.e. same-race; SR) compared to those of other-races (OR). 
Two well-documented phenomena illustrate this effect: the Same-Race 
Recognition Advantage (SRRA), characterized by higher recognition ac
curacy for SR faces, and the Other-Race Categorization Advantage 
(ORCA), where race categorization is faster for OR faces. One of the 
main explanations for these phenomena is that perceptual expertise 
tunes the face processing system towards the most frequently encoun
tered and socially relevant category (Meissner and Brigham 2001, 

Singh et al. 2022). While this enhanced specialized neural and cognitive 
processing increases SR face recognition, it has been hypothesized that 
it also slows down their categorization by race (Valentine 1991,
Valentine and Endo 1992, Caldara and Abdi 2006, Ge et al. 2009). In 
contrast, OR faces, which are processed more coarsely, might allow 
faster access to racial information, thereby allowing for a faster cat
egorization.

Race does not only influence face processing under typical viewing 
conditions, but it also modulates the occurrence of other well-established 
face-specific effects. One such phenomenon is the face inversion effect 
(FIE). The FIE refers to the well-documented decline in performance 
when faces are presented inverted rather than upright, an effect that is 
significantly stronger for faces compared to any other non-face object 
(Yin 1969, Albonico et al. 2018). While the majority of behavioral 
studies using face categorization by race tasks reported no race-related 
differences in the FIE (Caharel et al. 2011, Montalan et al. 2013, Wiese 
2013, Colombatto and McCarthy 2017), those using face recognition 
or discrimination paradigms reported larger FIE for SR than OR 
faces, with the decline in face recognition accuracy being more 
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pronounced for SR faces (Rhodes et al. 1989; Nachson and Catz 2003, 
Sangrigoli and De Schonen 2004, Hancock and Rhodes 2008, Megreya 
et al. 2011; but see Valentine and Bruce 1986). A prevailing explanation 
for this difference is rooted in how visual expertise shapes the face 
processing mechanisms. Holistic processing, which refers to the per
ception of a stimulus as a unified whole by relying on the configural in
tegration of its features (i.e. the integration of spatial relationships 
between facial features), is more prominent for faces with which we 
possess extensive experience, such as SR faces (Tanaka et al., 2004, 
Michel et al., 2006a, Michel et al., 2006b, Hancock and Rhodes 2008). In 
contrast, the limited familiarity with OR faces leads to a greater reliance 
on piecemeal processing, wherein individual facial features are ana
lyzed independently. As inversion disrupts the holistic perception of a 
stimulus (Farah et al. 1995, Rossion 2009), or more broadly impairs per
ceptual mechanisms optimized for frequently encountered stimuli 
(Murphy and Cook 2017, Gerlach and Mogensen 2024), it is more detri
mental for SR faces (e.g. Caharel et al. 2011).

Although behavioral differences in the recognition and categoriza
tion by race of SR and OR faces are well established, there is limited 
consensus in the literature on whether, and how, these effects occur 
at the neural level. In the electrophysiological domain, several studies 
using event-related potentials (ERPs) have investigated the impact of 
face race on the N170 component–a face-sensitive negative deflec
tion, peaking around 170 ms after stimulus onset and typically ob
served over posterior temporal sites (Bentin et al. 1996). Despite 
extensive investigation, findings remain inconclusive: while some 
studies have reported larger N170 amplitudes for upright SR than OR 
faces (e.g. Ito and Urland 2005, Senholzi and Ito 2013, de Lissa et al. 
2024), others have found no race-related modulation of the N170 (e.g. 
Caldara et al. 2003, 2004, Stahl et al. 2010, Vizioli et al. 2010, Sun et al. 
2013, Wiese 2013, Lv et al. 2015), or even a reversed pattern, with 
larger amplitudes for OR faces (e.g. Caharel et al. 2011, Montalan et al. 
2013, Herzmann 2016, Spencer et al. 2018, Yao and Zhao 2019). 
Similar inconsistencies have been observed in how the neural FIE 
manifests across face races. For same-race faces, the neural FIE is typ
ically characterized by increased amplitude and delayed latency of 
the N170 component for inverted faces (e.g. Wiese et al. 2009, Vizioli 
et al. 2010, Caharel et al. 2011, Hahn et al. 2012, Chen et al. 2013, 
Montalan et al. 2013, Wiese 2013, Tong et al. 2014, Allen-Davidian 
et al. 2021). As for SR vs. OR FIE differences, some studies revealed 
greater FIE for SR than OR faces (Vizioli et al. 2010, Wiese 2013), 
whereas others reported similar FIEs on the N170 component for 
both races (Wiese et al. 2009, Hahn et al. 2012, Chen et al. 2013, Tong 
et al. 2014, Zhou et al. 2015). Finally, one study reported the reverse 
pattern, with a larger FIE for OR than SR faces (Montalan et al. 2013). 
Such inconsistency in the literature may be attributed to a lack of pre
cision, sensitivity or objectivity in the ERP measure. Specifically, dif
ferent levels of attention or memory load may modulate the N170 
(Morgan et al. 2008, Mohamed 2017). This component is also suscepti
ble to noise, including artifacts from muscle activity (Achaibou et al. 
2008, Sel et al. 2015). In addition, variability in latency across trials 
can reduce the precision of ERP measures (Guy et al. 2021, Yildirim- 
Keles et al. 2025). When responses are averaged, such variability may 
blur the neural signal, leading to less well-defined peaks. The low- 
level properties of the stimuli when not controlled could also modu
late the ERPs responses. Furthermore, the objectivity of ERP analysis 
is often compromised by the subjective determination of filters 

(Zhang et al. 2024) or the timing, amplitude, and location of ERP com
ponents (Mahini et al. 2020), leading to variability in interpretation. 
Finally, the presentation of stimuli in isolation, as is common in ERP 
paradigms, raises questions about whether the recorded neural activ
ity specifically reflects face processing or if it also encompasses more 
general visual processing responses. This highlights the need for an 
alternative methodology that can effectively address these limita
tions, or at least provide more insights to feed this debate.

Fast Periodic Visual Stimulation (FPVS) overcomes these con
straints (Rossion 2014, Norcia et al. 2015). FPVS presents base stimuli 
interspersed with oddball stimuli at predefined frequencies, eliciting 
frequency-tagged neural responses. This paradigm relies on the as
sumption that if the brain can distinguish between base and oddball 
stimuli, it exhibits differential neural response synchronized to the 
two distinct frequency rates. This oddball-FPVS paradigm has exten
sively addressed face identity discrimination (Liu-Shuang et al. 2014, 
Stacchi et al. 2019, Rossion et al. 2020; Stacchi and Caldara 2022), rec
ognition (Zimmermann et al. 2019), face-object categorization (de 
Heering and Rossion 2015, Rossion et al. 2015), and emotional expres
sion discrimination (Dzhelyova et al. 2017, Coll et al. 2019, Van der 
Donck et al. 2020). FPVS enables objective frequency-domain quanti
fication with high signal-to-noise ratio by isolating relevant processes 
to narrow frequency bands while noise spans a broader range (Liu- 
Shuang et al. 2014). Additionally, the rapid presentation prevents 
feature-by-feature processing and limits compensatory strategies 
(Dzhelyova et al. 2020), which might be otherwise used during inver
sion. Using varied natural stimuli within single sequences ensures 
responses are image-independent and mirrors real-life perceptual 
complexity (Zimmermann et al. 2019). Challenging conditions have 
been shown to reveal subtle differences (Ambadar et al. 2005, Bould 
and Morris 2008, Richoz et al. 2024), and might therefore also en
hance SR versus OR processing differences. Altogether, the precision, 
objectivity, ecological validity, and complexity offered by the FPVS 
paradigm makes it well-suited to investigate the neural mechanisms 
underlying SR and OR face processing, as well as its interaction with 
well-known face-specific effects, such as the neural face inversion ef
fect. In the face individuation domain, a recent FPVS study in 6- and 
9-month-old infants found larger face-sensitive responses to SR than 
OR faces, along with significant face individuation responses for both 
races (Wallsinger et al. 2025). However, face race did not impact iden
tity discrimination. The authors suggested that, at 6 months old, 
greater visuocortical resources are allocated to SR than OR faces, but 
race does not appear to modulate face individuation mechanisms per 
se. In adults, where the distinction between familiar SR and less fa
miliar OR faces is typically more robust, race-related effects might be 
expected to emerge more strongly. However, to the best of our knowl
edge, FPVS has not yet been applied to investigate race processing in 
adults, nor has it been used to examine neural race discrimination or 
race-related modulation of face categorization.

To address this gap and further inform the debate on the neural 
sensitivity to face race, we recorded EEG from Western European 
participants across two oddball-FPVS experiments. Experiment 1 
assessed upright race discrimination with faces of one race (Eastern 
Asian or Western European) as base stimuli and alternate-race faces 
as oddball stimuli. Experiment 2 assessed face-object categorization 
with oddball faces inserted into object streams, presented both 
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upright and inverted. Participants performed an orthogonal fixation- 
monitoring task.

Experiment 1—race discrimination
Methods

Participants
Forty-four participants of Western European descent (five men) aged 
between 18 to 33 years old (M = 22.7, SD = 3.2) took part in both 
experiments. Participants reported having no close relatives or close 
friends of non-Western European origin and no more than six 
months of residence in countries where Western Europeans are not 
the majority. By restricting the sample to Western European observ
ers, we avoided variability in cross-cultural contact and perceptual 
expertise. This homogeneity allowed us to maintain adequate statisti
cal power within our sample-size constraints. Accordingly, the SR 
and OR labels are defined relative to this specific observer group (SR 
for Western European faces; OR for East Asian faces). All participants 
had normal or corrected-to-normal vision. The majority were under
graduate students at the University of Fribourg, Switzerland, who 
voluntarily participated in exchange for experimental credits. The 
remaining participants were relatives of the experimenters. None of 
the participants had any history of neurological or psychiatric disor
ders. Their informed consent was ensured prior to the experiments 
by the signature of a consent form explaining the primary objectives 
of the study. The local ethics committee of the Department of 
Psychology approved the study.

Materials
We used the same black and white Western European (WE, Same- 
Race) real human face images as employed in a previous oddball- 
FPVS paradigm (Yildirim-Keles et al. 2025). All images were 320 × 320 
pixels and varied in rotation, background, age, gaze direction, and 
the presence of accessories (e.g., jewelry, scarves, beards, glasses). We 
complemented this dataset with an equivalent set of East Asian (EA, 
Other-Race) faces, matched to the WE faces in terms of visual and de
mographic characteristics. The SR and OR stimulus sets were identical 
to those described in Schaller et al. (2023), each comprising 36 faces 
per race group, with equal numbers of men and women (N = 18), a 
comparable number of frontal and profile faces (N = 19), and a similar 
distribution of gaze direction (17 towards, 19 away). Backgrounds 
were also matched (12 plain, 8 clear details, and 16 blurred details), 
as were age categories (1 child, 24 young adults, 6 middle-aged adults, 
and 5 older adults), attractiveness (9 highly attractive faces, 4 women; 
27 faces of standard attractiveness, 14 women), and facial expres
sions (13 slightly smiling, 23 neutral). To quantify within-set physical 
homogeneity, we computed the mean pixel-wise Pearson correlation 
across all possible image pairs within each category (SR and OR). 
While the mean correlation differed statistically between SR 
(M = 0.066; SD = 0.19) and OR (M = 0.044; SD = 0.21) sets, t(1737.9) 
= 2.31, P = .021, this difference was negligible in magnitude (Cohen’s 
d = 0.11). As the absolute difference in mean correlation was minimal 
(0.02), the statistical difference is likely driven by the large number of 
pairwise comparisons (N = 1738 pairs), which provides extremely 
high statistical power to detect even minimal effects. All stimuli were 
equalized in terms of luminance and contrast with the Matlab SHINE 
toolbox with the default option (Willenbockel et al. 2010 ). They were 

all displayed with a scaling factor of 1.4 at the center of a gray screen 
and subtended a visual angle of approximately 6.6� horizontally and 
vertically from a 75 cm-screen distance.

The experiment was launched via Matlab (The MathWorks, Inc., 
2017) with the use of the Psychophysics Toolbox (PTB-3; Brainard 
1997, Kleiner et al. 2007) on a VIEWPixx/3D monitor (VPixx 
Technologies, Saint-Bruno, Canada), with a refresh rate of 120 Hz and 
a resolution of 1920 × 1080 pixels.

Procedure
All participants took part in the two experiments, beginning with the 
face race discrimination task, followed by the upright face categoriza
tion task, and finishing with the inverted face categorization task. 
This specific order was maintained across all participants and was 
chosen based on the very nature of the tasks. The race discrimination 
task was conducted first to ensure optimal alertness of the participants. 
Conversely, the inverted face categorization task, which involved dif
ferent face perception from the typical one, was scheduled last.

More specifically for Experiment 1, each participant attended to 
four stimulation sequences with OR faces as oddball and four with SR 
faces as oddball, presented in a counterbalanced order (Fig. 1). The 
base stimuli were faces from the opposite race. Each stimulation se
quence included 72 cycles consisting of four base stimuli followed by 
one oddball stimulus. Within each trial, stimuli presentation was 
semi-randomized; stimuli within a category (i.e. SR or OR faces) were 
presented in random order, with the constraint that no stimulus was 
repeated consecutively. The base and oddball frequencies were set at 
6 Hz and 1.2 Hz, respectively, as these parameters have been shown 
to elicit significant face identity discrimination and categorization 
(Vettori et al. 2019, Zimmermann et al. 2019, Rossion et al. 2020, Hauk 
et al. 2021, Retter et al. 2021, Yildirim-Keles et al. 2025).

To avoid sudden stimulation onset and offset, 2 seconds of gradual 
fade-in and fade-out were added at the beginning and end of each 
trial. Stimuli were presented through sinusoidal contrast modulation. 
To maintain a constant level of attention during stimulation, partici
pants were instructed to fixate on a central cross superimposed on 
the image and to press a button whenever the cross briefly (200 ms) 
changed color. This change occurred randomly 12 times per stimula
tion sequence.

During the experiment, participants were seated 75 cm away from 
a computer screen alone in an electrically shielded and soundproof 
room. Their head position was stabilized using a chin rest. A short 
pause was enforced every 4 trials. Experiment 1 lasted on average 
approximately 15 minutes.

EEG acquisition and preprocessing
Electrophysiological signals were recorded using a 128-channel 
Biosemi Active-Two (Amsterdam, Netherlands) with Ag/AgCl active 
electrodes and digitized with a sampling rate of 1024 Hz. Offset was 
measured in reference to the CMS and DRL electrodes (Driven Right 
Leg and Common Mode Sense, respectively) and it was reduced and 
maintained between +/- 25 μV throughout the whole testing session. 
Triggers were sent using a VPixx/3D monitor.

EEG data preprocessing was performed using the Matlab-based 
toolbox Letswave 5 (Mouraux and Iannetti 2008, The MathWorks, 
Inc., 2022). We first assigned the standard 10-20 system location to 
the electrodes on the cap (for exact measurements, see www.biosemi. 
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com). A Butterworth bandpass filter (fourth order) was used to per
form high- and low-pass filtering of the signal, within the frequency 
range of 0.1 to 100 Hz. We subsequently downsampled our EEG data 
to 256 Hz to enhance computer processing speed and segmented 
them to include 2 seconds before and after each sequence, resulting 
in epochs with a duration of 66 seconds (ranging from −2 to 
64 seconds). Eye movements and blink artifacts were removed using 
independent component analysis. Electrodes with voltage exceeding 
100 μV were interpolated using the three closest neighboring channels. 
For each participant, no more than 5% of all channels were interpo
lated. To enhance data quality, all epochs were visually inspected, and 
the two with the most artifacts were excluded from analysis. Following 
the cleaning procedure, one participant in Experiment 1 was excluded 
from further analysis due to insufficient data quality. The final sample 
comprised 43 participants (Mage= 22.7, SDage = 3.3, 5 males).

Data were then re-referenced to the common average and seg
mented to exclude the first two and last two seconds of stimulation— 
corresponding to fade-in and fade-out—and to include an integer 
number of oddball cycles. This procedure yielded epochs of approxi
mately 58.3 seconds, comprising 14,933 data points each. Finally, seg
ments were average for each condition (i.e. EA and WE as oddball) 
and participants separately.

Frequency domain. Fast Fourier Transform (FFT) was applied to the 
averaged segments to extract the amplitude of the frequency spec
trum. To assess the statistical significance of the neural response to 
oddball stimuli, we calculated the Z-scores from the FFT spectra at the 
fundamental oddball frequency and its harmonics separately for 
each electrode, participant and race. This was done by subtracting 
the mean amplitude of the 20 surrounding bins (excluding the two 
immediately adjacent bins) from the amplitude of the bin of interest 
and dividing the result by the standard deviation of these bins’ ampli
tude. These Z-scores were then averaged across participants and race, 
and used to identify the presence of significant harmonics (i.e. 
Z-scores larger than 1.64 for two consecutive harmonics, P < .05, one- 
tailed). We examined electrodes at occipitotemporal sites (A9–A16, 
A21–A29, B6–B11, D31–D32) covering regions most consistently asso
ciated with the face-specific N170 ERP component (e.g. Stahl et al. 
2010, Caharel et al. 2011, Senholzi and Ito 2013, Sun et al. 2013, Yao 
and Zhao 2019, de Lissa et al. 2024).

Statistical analysis. We analyzed behavioral data in R (RStudio 
2023.12.1). As residual diagnostics indicated non-normal response 
times (RT) residuals (Q–Q tail deviations), and non-normality per
sisted after log transformation, W = 0.63, P < .001, RT was analyzed 
with a Gamma generalized linear mixed-effects models (log link) 
(lme4; Bates et al. 2015). Accuracy was analyzed with binomial gener
alized linear mixed-effects models (logit link). Fixed within-subject 

effects included Face Race and scaled/centered Trial Number. Random 
effects included participant-specific intercepts and participant-specific 
slopes for Trial Number. Fixed effects in RT models were evaluated 
with ANOVA using Kenward–Roger degrees of freedom, whereas fixed 
effects in accuracy models were evaluated using Type-III Wald chi- 
square tests.

Results
Behavioral data. A significant main effect of race was observed on ac
curacy, χ2(1) = 7.5, P = .006. Estimated marginal means indicated that 
accuracy was higher during sequences with SR (94.7%, 95% CI 
[92.6%, 96.2%]) than OR oddballs (92.5%, 95% CI [89.9%, 94.5]). Other 
effects on RT or accuracy were not significant (Ps > .05).

Neural data. Z-scores revealed that the neural response at the odd
ball frequency (fundamental frequency or its harmonics) was not sig
nificantly above noise level (Fig. 2, Table 1). Therefore, no further 
analyses were conducted on these data.

Experiment 2—face categorization and impact 
of inversion

Experiment 2 explored the neural categorization responses of SR and 
OR faces from objects. To assess the impact of stimulus inversion on 
race-related neural response, Experiment 2 was conducted once with 
all stimuli presented upright and once with all stimuli inverted.

Methods
Participants

The same participants as in Experiment 1 took part in Experiment 2.

Materials
A total of 211 non-face objects previously used in other oddball- 
FPVS paradigms (de Heering and Rossion 2015, Rossion et al. 2015, 
Yildirim-Keles et al. 2025) were added to the face sample. They 
matched the dimensions of the face pictures (320 × 320 pixels), were 
also equalized for luminance and contrast, and varied in terms of po
sition and background. The pictures could represent living entities or 
parts of living entities (e.g. plants, fruits, N = 82), or inanimate items 
(e.g. houses, built objects, N = 129). The computer and software were 
the same as in Experiment 1.

Procedure
The frequency of visual stimulation and number of trials in 
Experiment 2 were the same as those reported for Experiment 1. 

Figure 1 The paradigm of the oddball-FPVS race discrimination task. Note that the pictures provided are merely examples and do not represent an 
actual sequence of images.
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However, while as in Experiment 1, faces from either race were pre
sented as oddballs, here base stimuli consisted of images of non-face 
objects (Fig. 3). Eight trials with upright stimuli (four trials per race) 
were followed by eight trials with inverted stimuli (lasting approxi
mately 25–30 minutes in total). The stimuli in each trial were presented 
following the same semi-randomized procedure as in Experiment 1.

EEG acquisition and preprocessing
The EEG system, recording settings and pre-processing steps were the 
same as those reported for Experiment 1. Due to excessive artifacts in 
the signal, two additional participants (three in total from the original 
sample) were excluded from formal analysis, resulting in a final sam
ple size of 41 participants (Mage = 22.8, SDage = 3.3, 5 males).

Frequency domain. As for Experiment 1, FFT was applied and 
Z-scores were computed on the FFT spectra of each electrode and 
subsequently averaged across participants, race and orientation. 
Significant responses (Z-scores larger than 1.64 in occipitotemporal 
channels, P < .05) were observed at the oddball frequency (1.2 Hz) 
and 9 of its harmonics (i.e. 2.4 Hz, 3.6 Hz, 4.8 Hz, 7.2 Hz, 8.4 Hz, 9.6 Hz, 
10.8 Hz, 13.2 Hz, and 14.4 Hz). Amplitudes were baseline corrected by 
subtracting, from each frequency bin, the mean amplitude of the 20 
surrounding bins (excluding the two adjacent bins) (Fig. 4). Baseline- 
corrected amplitudes were summed across significant oddball fre
quencies for each face race (SR or OR) × orientation (upright or 
inverted) combination.

Statistical analysis. Behavioral data were analyzed with the same 
software (RStudio 2023.12.1) and tests (Gamma generalized linear 

Figure 2 Averaged baseline corrected spectrum for the race discrimination task.
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mixed-effects models with ANOVA and binomial generalized linear 
mixed-effects models with chi-square tests) as for the race discrimina
tion task. However, orientation was included as an additional within- 
subject fixed effect.

Neural data analyses were performed using RStudio 2023.12.1. 
We fitted a linear mixed-effects model using the lme4 package 
(Bates et al. 2015). The model included face race, orientation, and ROI 
as fixed within-subject factors, with participants as random factors 
for race, orientation, and ROI. The significance of the fixed effects 
was assessed using an ANOVA, with degrees of freedom estimated 
with the Kenward–Roger method. Post hoc contrasts were corrected 
for multiple comparisons using the Tukey method. The analyses were 
performed within two occipitotemporal regions of interest (ROI): a 
left ROI (encompassing electrodes A10–A15 and D31–D32) and a right 
ROI (A26–28 and B7–11), encompassing the electrodes P7, P9, PO7, 
PO9, PO11, O1, POI1, I1 and O2, POI2, I2, PO8, PO10, PO12, P8, P10 in 
the 10-20 system (see Rossion et al. 2015), respectively (Fig. 5).

Results
Behavioral data. Accuracy showed a significant Race x Orientation in
teraction, χ2(1) = 4.38, P = .04. Holm-corrected simple-effects compari
sons at the centered trial value (TrialNumber_z = 0) showed that 
accuracy in fixation color’s detection was higher for SR oddballs 
(95.1%, 95% CI [93.6%, 96.3%]) than OR oddballs (93.6%, 95% CI 
[91.8%, 95.1%]) in the upright condition, P = .048. In contrast, no Race 
difference was observed in the inverted condition (SR = 93.5%, 95% 
CI [91.6%, 95.0%]; OR = 94.2%, 95% CI [92.5%, 95.6%]), P = .33. The ef
fect of Orientation was significant during sequences with SR oddballs, 
P = .03, but not with OR ones, P = .43. No other effects reached signifi
cance for accuracy or response times in either the race discrimination 
or face categorization tasks (all ps > .05).

Neural data. The ANOVA revealed a main effect of Race, F(1, 40) 
= 10.33, P = .003, η2 = .21, with greater response amplitudes for OR 
(M = 3.2, SD = 1.6) than for SR oddballs (M = 3, SD = 1.5) (Fig. 6). There 
was also a main effect of Orientation, F(1, 40) = 4.63, P = .04, η2 = .1, 
with greater response amplitudes for Upright (M = 3.2, SD = 1.6) than 
Inverted stimuli (M = 3, SD = 1.4). Additionally, a significant main ef
fect of Hemisphere was observed, F(1, 40) = 17.84, P < .001, η2 = .31. 
Response amplitudes were larger in the right (M = 3.6, SD = 1.9) than 
in the left ROI (M = 2.5, SD = 0.8). The interaction of Race × Orientation 
also reached significance, F(1, 160) = 5.43, P = .02, η2 = .03. Post hoc 
contrasts revealed that, in the upright condition, oddball response 
amplitudes were similar for OR (M = 3.2, SD = 1.7) and SR oddballs 
(M = 3.1, SD = 1.6), P = .21, d = .23. In contrast, when stimuli were 
inverted, SR oddballs (M = 2.8, SD = 1.3) led to a weaker neural re
sponse than OR ones (M = 3.1, SD = 1.5), P < .001, d = .75. This pattern 
of response was driven by the inversion, which significantly reduced 
the response to SR oddballs (P = .006, d = .83), but not to OR ones 
(P = .28, d = .32). None of the other interaction effects reached signifi
cance (all P > .08).

Table 1 Mean (M) and standard deviation (SD) of Z-scores and 
baseline-corrected amplitudes at the oddball frequency (1.2 Hz) and 
its non-base-rate harmonics (2.4, 3.6, and 4.8 Hz) for East Asian (EA) 
and Western European (WE) oddball conditions (N = 43 
per condition).
...........................................................................
Z scores Baseline corrected spectrum

Race Frequency M SD M SD...........................................................................
EA 1.2 0.53 1.1 0.06 0.12

2.4 0.66 1.07 0.05 0.08
3.6 0.59 0.88 0.04 0.05
4.8 0.76 1.08 0.04 0.06

WE 1.2 0.69 0.98 0.07 0.12
2.4 0.87 1 0.07 0.07
3.6 0.83 0.87 0.05 0.05
4.8 0.9 1.05 0.05 0.07...........................................................................

Figure 3 The paradigm of the oddball-FPVS face categorization task with upright and inverted stimuli.
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Discussion
This study aimed to investigate rapid neural face categorization 
responses to same-race (SR; Western European) and other-race (OR; 
East Asian) faces using an oddball fast periodic visual stimulation 
(FPVS) paradigm and examined how these responses are modulated 
by stimulus inversion. In Experiment 1, we assessed neural race dis
crimination by presenting faces of a specific race as base stimuli, 
while faces of the alternative race served as oddballs. Experiment 2 
explored neural face categorization responses to SR and OR faces us
ing non-face objects as base stimuli and faces of either race as odd
balls. To investigate the impact of stimulus orientation on rapid 
categorization, the sequences of stimuli were presented either up
right or inverted.

Results from Experiment 1 showed that oddball response during 
neural face race discrimination was not significantly above noise 
level for either face race. In contrast, in Experiment 2, we found sig
nificant oddball responses to both face races during rapid neural face 
categorization. Accordingly, subsequent analysis exclusively focused 
on data collected during the latter experiment. Results revealed that 
rapid neural face categorization was stronger for OR compared to SR 
faces, for Upright than Inverted stimuli, as well as in the right relative 
to the left Hemisphere. Additionally, we found a significant interac
tion between face race and orientation. Specifically, while neural 
responses to SR and OR faces were comparable in the upright view
ing condition, stimulus inversion selectively reduced responses to SR 
faces, with no such reduction observed for OR faces. Finally, the be
havioral results revealed a higher detection rate of fixation color 
changes during sequences containing SR oddballs compared to those 
with OR oddballs. This effect was observed in both the race discrimi
nation task and the face categorization task with upright stimuli, but 
it disappeared when the stimuli were inverted. This pattern was 

driven by a significant orientation effect that reduced performance 
during SR oddball sequences, whereas performance during OR odd
ball sequences was not affected by inversion.

Behavioral results
The superior performance observed during upright SR oddball 
sequences in the orthogonal task may reflect differential attentional 
capture by different face races (Schaller and Caldara, in press). This 
aligns with previous research suggesting that categorization by race 
occurs more automatically for OR than SR faces (Duncan et al. 2022), 
and that OR faces can unconsciously guide visual attention (Hu et al. 
submitted) and capture attention more strongly than SR faces (Al- 
Janabi et al. 2012). Specifically, during upright face categorization, 
greater attentional resources to OR oddball faces might have left com
paratively fewer resources available for the color detection task. 
Familiarity with a stimulus category may also explain why perfor
mance on the orthogonal task decreased with inversion but no longer 
differed across face races. It is possible that inversion causes both 
face races to become equally unfamiliar. Consequently, inverted SR 
oddball faces may capture more attention than when they are pre
sented upright, matching the unfamiliarity level of OR oddball faces.

According to this explanation, for the face race discrimination task, 
one might initially expect, contrary to our findings, that sequences 
with a greater proportion of OR faces would disrupt performance at 
the orthogonal task to a greater extent than sequences with more SR 
faces. However, we suggest that familiarity remains the most plausi
ble explanation in this scenario as well. Because OR faces belong to 
an unfamiliar face category, individual identities within OR faces are 
less distinctive, a hallmark of the Same-Race Recognition Advantage 
(Valentine 1991, Singh et al. 2022). By presenting multiple consecu
tive OR faces during SR oddball sequences, it is possible that their 

Figure 4 Averaged baseline corrected spectrum for the face categorization tasks and topographies of raw voltage.
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Figure 5 Representation of the ROIs on the EEG 128-electrode system (Biosemi). The green and blue markers indicate the electrodes selected for the 
left and right ROIs, respectively.

Figure 6 FPVS response amplitude in two regions of interest for upright and inverted face categorization tasks. *P < .05, **P < .001.
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higher perceptual homogeneity reduced their overall visual saliency 
and therefore their impact on attentional distribution. On the other 
hand, when OR faces are presented as oddball among SR faces, their 
infrequent appearance coupled with their unfamiliarity makes them 
highly distinctive. This is consistent with results from face detection 
paradigms where out-group faces act as highly salient visual features 
that more readily capture attention than SR faces (e.g. Levin 
1996, 2000).

It is crucial to note that these explanations require further research. 
This is especially important because, although the reported effect is 
significant, the effect size is small, and participants reach ceiling per
formance across all conditions. Nevertheless, these results suggest 
that differences in neural responses cannot be accounted for by per
formance on the orthogonal task, as greater color detection perfor
mance is not reflected in stronger oddball responses.

Face race discrimination
The lack of a neural race discrimination response in Experiment 1 
requires explanation. At first sight, one might hypothesize that rapid 
stimulus presentation combined with high visual variability inter
fered with race processing. However, prior evidence argues against 
this interpretation. Race-related information is processed rapidly and 
efficiently under challenging conditions, including rapid presenta
tions (100 ms, Caldara et al. 2004), peripheral vision (de Lissa et al. 
2021), and visual noise (de Lissa et al. 2022, 2024), suggesting that 
our 166 ms stimulus duration was sufficient for neural race dis
crimination.

We instead propose that the null result reflects inherent FPVS prop
erties. Oddball-FPVS requires reliable differential neural responses 
between base and oddball stimuli to generate a detectable frequency- 
domain peak. Because all stimuli in Experiment 1 were faces, which 
evoke strong neural responses (Bentin et al. 1996), the periodic odd
ball response likely overlapped in amplitude and topography with 
the base face response. This overlap prevented emergence of a dis
tinct oddball-specific peak, suggesting that neural processing differ
ences based on race were too subtle to produce a separable response, 
particularly given our use of complex natural images rather than simpli
fied stimuli. However, further studies are necessary to disentangle 
whether the results we observed here are due to an insufficient signal to 
noise ratio or a genuine lack of sensitivity to race with this paradigm.

Face categorization
In Experiment 2, the stronger contrast between the neural response 
evoked by objects and faces elicited a clear oddball-specific response, 
with significant peaks above noise level in the frequency spectrum. 
This finding is in line with prior work using FPVS, which found signif
icant neural categorization of SR faces from non-face objects in both 
infants (de Heering and Rossion 2015) and adults (Rossion et al. 2015) 
and extends them by showing that OR faces are also efficiently dis
criminated from non-face objects. Based on these observations, we 
compared the strength of the oddball response across face races, ori
entations and hemispheres.

Larger oddball responses were observed in the right relative to the 
left hemisphere. This hemispheric asymmetry may be related to dif
ferences in face-processing specialization. A substantial body of liter
ature recognizes the right hemisphere as the dominant locus for face 
processing, consistently exhibiting stronger face-selective responses 

relative to the left hemisphere (Behrmann and Plaut 2020, Lesinger 
et al. 2023). Importantly, this main effect of ROI was not characterized 
by an interaction with Race, suggesting that hemispheric lateraliza
tion was comparable across face categories. This interpretation is 
consistent with studies reporting that race processing relies on a 
broad and distributed neural network (Schaller et al. 2023, 2025). 
Additionally, using an FPVS paradigm, Wallsinger et al. (2025) re
cently demonstrated that neural face identity discrimination becomes 
increasingly right lateralized throughout infancy and is not impacted 
by race in infants. These findings suggest that right-hemisphere dom
inance for face individuation can be observed in the absence of race- 
related modulation. Our results show that this pattern may also 
emerge during face categorization in adults, where we observed a 
larger oddball response in the right hemisphere that was not modu
lated by race.

The results also showed a stronger response amplitude to OR than 
SR oddballs. Importantly, this main effect of Race was qualified by 
a significant Race × Orientation interaction. Specifically, response 
amplitudes did not significantly differ between SR and OR oddballs in 
the upright condition, whereas a significant difference emerged in 
the inverted condition. This effect was driven by a selective decrease 
in response amplitude to SR faces, while responses to OR faces 
remained stable. Because FPVS and ERP index different responses 
(Yildirim-Keles et al. 2025) and the paradigms differed with previous 
electrophysiological studies (i.e. faces shown in isolation vs. embed
ded in an object stream), a direct comparison is precluded. 
Nevertheless, these results align with ERPs findings showing stronger 
inversion effect on the P100 (Colombatto and McCarthy 2017) or 
N170 (Vizioli et al. 2010, Wiese 2013) for same- than other-race faces. 
Additionally, at the behavioral level, inversion disproportionately dis
rupts recognition of objects categories with which individuals devel
oped expertise as compared to less familiar categories, suggesting 
that the FIE may serve as a general marker of expertise-related proc
essing (Diamond and Carey 1986, Campbell and Tanaka 2018, Gahl 
et al. 2024). As such, the neural FPVS responses observed for inverted 
stimuli might relate to a marked visual expertise for same- compared 
to other-race faces.

Regarding more specifically the race-related difference in response 
amplitudes in the inverted condition, although our findings are lim
ited to a single cohort of Western European participants, which 
restricts immediate generalizability across cultures, they show that 
FPVS can successfully capture race-related neural differences. 
Importantly, differences in physical stimulus properties are unlikely 
to fully account for the observed effect. First, luminance and contrast 
were matched between set. Second, the difference in physical homo
geneity between the SR and the OR stimuli sets was negligible 
(Cohen’s d = 0.11). And third, the same face set did not elicit a signifi
cant oddball response in medial electrodes in Experiment 1, likely be
cause the low-level visual differences between face races were too 
subtle to elicit a measurable distinct neural response. Additionally, 
these findings are partially in line with Vizioli et al. (2010) who found 
race-related modulation of the N170 for inverted but not upright 
faces. However, this study measured transient ERPs to spatially iso
lated face stimuli, whereas the present study specifically examined 
the neural categorization of faces from non-face objects. Our results 
are also consistent with fMRI studies showing race-related activations 
of the FFA and/or OFA (Golby et al. 2001, Feng et al. 2011, Natu and 
O’Toole 2011, Golarai et al. 2021). A possible interpretation for our 
findings is that the OR advantage driven by the greater saliency of OR 
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faces (Levin 1996, 2000, Thornton et al. 2019, de Lissa et al. 2021) 
might be masked in the upright condition by human’s proficiency in 
face processing (Behrmann and Plaut 2020, Lesinger et al. 2023), and 
only become apparent under more challenging viewing condition, 
such as when stimuli are presented inverted. Altogether, our data 
show that, while visually demanding, FPVS can capture race-related 
neural differences. The detection of race in the context of a rapid vi
sual stream of objects and faces highlights the sensitivity of this elec
trophysiological technique and paradigm to socially relevant visual 
cues, even under ecologically valid conditions reflecting real-life di
versity. Stronger neural responses to other-race faces may reflect 
their heightened perceptual salience and the greater automaticity of 
categorization processes, regardless of stimulus orientation.

Conclusions
This study is the first to use FPVS to investigate race effects in face cat
egorization rather than transient ERPs to isolated faces. Our findings 
suggest that, in Western European participants, while race-related 
cues may not always elicit robust differential neural responses to SR 
vs. OR faces during rapid face-only streams under naturalistic condi
tions, such differences may emerge when faces are contrasted with 
object bases. Importantly, race did not modulate FPVS response am
plitude in the upright condition, yet inversion uncovered differential 
SR and OR neural responses, highlighting the role of expertise in 
shaping perceptual mechanisms. As inversion uncovered race- 
related modulations that were absent in the upright condition, it 
would be of interest for future FPVS studies to investigate whether 
inverting faces would elicit significant race discrimination. Overall, 
the data support frequency-tagged EEG as a sensitive approach to 
studying race-selective and broader social categorization mecha
nisms, complementing insights from functional neuroimaging and 
opening new research avenues.

Author contributions
Pauline Schaller (Data curation [lead], Formal analysis [lead], Investigation 
[lead], Software [supporting], Supervision [equal], Visualization [lead], 
Writing—original draft [lead], Writing—review & editing [equal]), Lisa 
Stacchi (Conceptualization [equal], Data curation [supporting], Formal 
analysis [supporting], Methodology [lead], Software [lead], Writing—review 
& editing [lead]), Peter de Lissa (Writing—review & editing [equal]), Roberto 
Caldara (Conceptualization [equal], Funding acquisition [lead], Project ad
ministration [equal], Resources [lead], Supervision [equal], Writing—review 
& editing [equal]), and Anne-Rapha€elle Richoz (Project administration 
[equal], Supervision [equal], Writing—review & editing [equal])

Conflicts of interest
None declared.

Funding
This work was supported by a grant from the Swiss National Science 
Foundation [n◦100019_189018] awarded to R.C.

Data availability
Data used in this study are available on the Open Science Foundation 
(OSF) repository at https://osf.io/wbrny/overview? view_only=238eeb1 
d3f614de38dc5afd5ad1c1b4a

References
Al-Janabi S, MacLeod C, Rhodes G. Non-threatening other-race faces cap

ture visual attention: evidence from a dot-probe task. PLoS One 
2012;7:Article e46119. https://doi.org/10.1371/journal.pone.0046119

Achaibou A, Pourtois G, Schwartz S et al. Simultaneous recording of EEG 
and facial muscle reactions during spontaneous emotional mimicry. 
Neuropsychologia 2008;46:1104–13. https://doi.org/10.1016/j.neuro 
psychologia.2007.10.019

Albonico A, Furubacke A, Barton JJ et al. Perceptual efficiency and the 
inversion effect for faces, words and houses. Vision Res 2018;153: 
91–7. https://doi.org/10.1016/j.visres.2018.10.008

Allen-Davidian Y, Russo M, Yamamoto N et al. Turning the face inver
sion effect on its head: violated expectations of orientation, lighting, 
and gravity enhance N170 amplitudes. J Cogn Neurosci 2021;33: 
303–14. https://doi.org/10.1162/jocn_a_01656

Ambadar Z, Schooler JW, Cohn JF. Deciphering the enigmatic face: the 
importance of facial dynamics in interpreting subtle facial expres
sions. Psychol Sci 2005;16:403–10. https://doi.org/10.1111/j.0956- 
7976.2005.01548.x

Bates D, M€achler M, Bolker Benjamin M et al. Fitting linear mixed- 
effects models using lme4. J Stat Soft 2015;67:1–51. https://doi.org/10. 
18637/jss.v067.i01

Behrmann M, Plaut DC. Hemispheric organization for visual object rec
ognition: a theoretical account and empirical evidence. Perception 
2020;49:373–404. https://doi.org/10.1177/0301006619899049

Bentin S, Allison T, Puce A et al. Electrophysiological studies of face per
ception in humans. J Cogn Neurosci 1996;8:551–65. https://doi.org/10. 
1162/jocn.1996.8.6.551

Blauch NM, Behrmann M, Plaut DC. Computational insights into human 
perceptual expertise for familiar and unfamiliar face recognition. 
Cognition 2021;208:104341–13. (https://doi.org/10.1016/j.cognition. 
2020.104341

Bould E, Morris N. Role of motion signals in recognizing subtle facial 
expressions of emotion. Br J Psychol 2008;99:167–89. https://doi.org/ 
10.1348/000712607X206702

Brainard DH. The psychophysics toolbox. Spat Vis 1997;10:433–6. 
https://doi.org/10.1163/156856897X00357

Caharel S, Montalan B, Fromager E et al. Other-race and inversion 
effects during the structural encoding stage of face processing in a 
race categorization task: an event-related brain potential study. Int J 
Psychophysiol 2011;79:266–71. https://doi.org/10.1016/j.ijpsycho.2010. 
10.018

Caldara R, Abdi H. Simulating the ‘other-race’effect with autoassociative 
neural networks: further evidence in favor of the face-space model. 
Perception 2006;35:659–70. https://doi.org/10.1068/p5360

Caldara R, Rossion B, Bovet P et al. Event-related potentials and time 
course of the ‘other-race’face classification advantage. Neuroreport 
2004;15:905–10. https://doi.org/:10.1097/01.wnr.0000119729.93564.3e

Caldara R, Thut G, Servoir P et al. Face versus non-face object perception 
and the ‘other-race’ effect: a spatio-temporal event-related potential 
study. Clin Neurophysiol 2003;114:515–28. https://doi.org/10.1016/ 
S1388-2457(02)00407-8

Campbell A, Tanaka JW. Inversion impairs expert budgerigar identity 
recognition: a face-like effect for a nonface object of expertise. 
Perception 2018;47:647–59. https://doi.org/10.1177/0301006618771806

10 | Social Cognitive and Affective Neuroscience, 2026, Vol, 21, Issue 1  
D

ow
nloaded from

 https://academ
ic.oup.com

/scan/article/21/1/nsag059/8738161 by guest on 10 August 2026

https://osf.io/wbrny/overview?%20view_only=238eeb1d3f614de38dc5afd5ad1c1b4a
https://osf.io/wbrny/overview?%20view_only=238eeb1d3f614de38dc5afd5ad1c1b4a
https://doi.org/10.1371/journal.pone.0046119
https://doi.org/10.1016/j.neuropsychologia.2007.10.019
https://doi.org/10.1016/j.neuropsychologia.2007.10.019
https://doi.org/10.1016/j.visres.2018.10.008
https://doi.org/10.1162/jocn_a_01656
https://doi.org/10.1111/j.0956-7976.2005.01548.x
https://doi.org/10.1111/j.0956-7976.2005.01548.x
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1177/0301006619899049
https://doi.org/10.1162/jocn.1996.8.6.551
https://doi.org/10.1162/jocn.1996.8.6.551
https://doi.org/10.1016/j.cognition.2020.104341
https://doi.org/10.1016/j.cognition.2020.104341
https://doi.org/10.1348/000712607X206702
https://doi.org/10.1348/000712607X206702
https://doi.org/10.1163/156856897X00357
https://doi.org/10.1016/j.ijpsycho.2010.10.018
https://doi.org/10.1016/j.ijpsycho.2010.10.018
https://doi.org/10.1068/p5360
https://doi.org/:10.1097/01.wnr.0000119729.93564.3e
https://doi.org/10.1016/S1388-2457(02)00407-8
https://doi.org/10.1016/S1388-2457(02)00407-8
https://doi.org/10.1177/0301006618771806


Chen Y, Pan F, Wang H et al. Electrophysiological correlates of process
ing own-and other-race faces. Brain Topogr 2013;26:606–15. https:// 
doi.org/10.1007/s10548-013-0286-x

Coll M-P, Murphy J, Catmur C et al. The importance of stimulus variabil
ity when studying face processing using fast periodic visual stimula
tion: a novel ‘mixed-emotions’ paradigm. Cortex 2019;117:182–95. 
https://doi.org/10.1016/j.cortex.2019.03.006

Colombatto C, McCarthy G. The effects of face inversion and face race on 
the P100 ERP. J Cogn Neurosci 2017;29:664–76. https://doi.org/10. 
1162/jocn_a_01079

de Heering A, Rossion B. Rapid categorization of natural face images in 
the infant right hemisphere. Elife 2015;4:e06564. https://doi.org/10. 
7554/eLife.06564

de Lissa P, Schaller P, Caldara R. The speed of race. Soc Cogn Affect 
Neurosci 2024;19:1–11. https://doi.org/10.1093/scan/nsad076

de Lissa P, Sokhn N, Lasrado S et al. Rapid saccadic categorization of 
other-race faces. J Vis 2021;21:1–17. https://doi.org/10.1167/jov.21.12.1

de Lissa P, Watanabe K, Gu L et al. Race categorization in noise. 
Iperception 2022;13:20416695221119530–14. https://doi.org/10.1177/ 
20416695221119530

Diamond R, Carey S. Why faces are and are not special: an effect of ex
pertise. J Exp Psychol Gen 1986;115:107–17.

Duncan J, Galinier C, Blais C et al. Early automatic processes shape 
other-race effects for faces. J Vis 2022;22:3648– https://doi.org/10. 
1167/jov.22.14.3648

Dzhelyova M, Jacques C, Rossion B. At a single glance: fast periodic vi
sual stimulation uncovers the spatio-temporal dynamics of brief fa
cial expression changes in the human brain. Cereb Cortex 2017;27: 
4106–23. https://doi.org/10.1093/cercor/bhw223

Dzhelyova M, Schiltz C, Rossion B. The relationship between the Benton 
face recognition test and electrophysiological unfamiliar face individ
uation response as revealed by fast periodic stimulation. Perception 
2020;49:210–21. https://doi.org/10.1177/0301006619897495

Farah M, Tanaka J, Drain H. What causes the face inversion effect? J Exp 
Psychol Hum Percept Perform 1995;21:628–34. https://doi.org/10. 
1037/0096-1523.21.3.628

Feng L, Liu J, Wang Z et al. The other face of the other-race effect: an 
fMRI investigation of the other-race face categorization advantage. 
Neuropsychologia 2011;49:3739–49. https://doi.org/10.1016/j.neuro 
psychologia.2011.09.031

Gahl M, Kulkarni S, Pathak N, (2024). Visual expertise explains image in
version effects. Proceedings of UniReps: The First Workshop on 
Unifying Representations in Neural Models, 243, 279–290. https://pro 
ceedings.mlr.press/v243/gahl24a.html

Ge L, Zhang H, Wang Z et al. Two faces of the other-race effect: recogni
tion and categorisation of Caucasian and Chinese faces. Perception 
2009;38:1199–210. https://doi.org/10.1068/p6136

Gerlach C, Mogensen E. The face inversion effect does not provide a 
pure measure of holistic face processing. Behav Res Methods 2024; 
56:330–41. https://doi.org/10.3758/s13428-022-02054-5

Golarai G, Ghahremani DG, Greenwood AC et al. The development of 
race effects in face processing from childhood through adulthood: 
neural and behavioral evidence. Dev Sci 2021;24:e13058. https://doi. 
org/10.1111/desc.13058

Golby A, Gabrieli J, Chiao J et al. Differential fusiform responses to same- 
and other-race faces. Nat Neurosci 2001;4:845–50. https://doi.org/10. 
1038/90565

Guy MW, Conte S, Bursalıo�glu A et al. Peak selection and latency jitter 
correction in developmental event-related potentials. Dev Psychobiol 
2021;63:e22193. https://doi.org/10.1002/dev.22193

Hahn AC, Jantzen KJ, Symons LA. Thatcherization impacts the process
ing of own-race faces more so than other-race faces: an ERP study. 
Soc Neurosci 2012;7:113–25. https://doi.org/10.1080/17470919.2011. 
583080

Hancock KJ, Rhodes G. Contact, configural coding and the other-race ef
fect in face recognition. Br J Psychol 2008;99:45–56. https://doi.org/ 
10.1348/000712607X199981

Hauk O, Rice GE, Volfart A et al. Face-selective responses in combined 
EEG/MEG recordings with fast periodic visual stimulation (FPVS). 
Neuroimage 2021;242:118460–13. (https://doi.org/10.1016/j.neuroimage. 
2021.118460

Herzmann G. Increased N250 amplitudes for other-race faces reflect 
more effortful processing at the individual level. Int J Psychophysiol 
2016;105:57–65. https://doi.org/10.1016/j.ijpsycho.2016.05.001

Hu J, Badde S, de Lissa P, et al. Out-Group Faces Capture Gaze in the 
Absence of Visual Awareness [Manuscript Submitted for Publication]. 
Department of Psychology, University of Fribourg

Ito TA, Urland GR. The influence of processing objectives on the percep
tion of faces: an ERP study of race and gender perception. Cogn Affect 
Behav Neurosci 2005;5:21–36. https://doi.org/10.3758/CABN.5.1.21

Karnadewi F, Lipp OV. The processing of invariant and variant face 
cues in the garner paradigm. Emotion 2011;11:563–71. https://doi. 
org/10.1037/a0021333

Kleiner M, Brainard D, Pelli D et al. What’s new in psychtoolbox-3. 
Perception 2007;36:1–16. https://doi.org/10.1068/v070821

Lesinger K, Rosenthal G, Pierce K et al. Functional connectivity of the hu
man face network exhibits right hemispheric lateralization from in
fancy to adulthood. Sci Rep 2023;13:20831–12. https://doi.org/10. 
1038/s41598-023-47581-z

Levin DT. Classifying faces by race: the structure of face categories. J Exp 
Psychol 1996;22:1364–82. https://doi.org/10.1037/0278-7393.22.6.1364

Levin DT. Race as a visual feature: using visual search and perceptual 
discrimination tasks to understand face categories and the cross- 
race recognition. J Exp Psychol Gen 2000;129:559–74. https://doi.org/ 
10.1037/0096-3445.129.4.559

Liu-Shuang J, Norcia AM, Rossion B. An objective index of individual 
face discrimination in the right occipito-temporal cortex by means 
of fast periodic oddball stimulation. Neuropsychologia 2014;52: 
57–72. https://doi.org/10.1016/j.neuropsychologia.2013.10.022

Lv J, Yan T, Tao L et al. The role of configural processing in face classifi
cation by race: an ERP study. Front Hum Neurosci 2015;9:679–8. 
https://doi.org/10.3389/fnhum.2015.00679

Mahini R, Li Y, Ding W et al. Determination of the time window of event- 
related potential using multiple-set consensus clustering. Front 
Neurosci 2020;14:521595–16. https://doi.org/10.3389/fnins.2020.52 
1595

Megreya AM, White D, Burton AM. The other-race effect does not rely 
on memory: evidence from a matching task. Q J Exp Psychol (Hove) 
2011;64:1473–83. https://doi.org/10.1080/17470218.2011.575228

Meissner CA, Brigham JC. Thirty years of investigating the own-race 
bias in memory for faces: a meta-analytic review. Psychology, Public 
Policy, and Law 2001;7:3–35. https://doi.org/10.1037/1076-8971.7.1.3

Michel C, Caldara R, Rossion B. Same-race faces are perceived more ho
listically than other-race faces. Vis Cogn 2006a;14:55–73. https://doi. 
org/10.1080/13506280500158761

Michel C, Rossion B, Han J et al. Holistic processing is finely tuned for 
faces of one’s own race. Psychol Sci 2006b;17:608–15. https://doi.org/ 
10.1111/j.1467-9280.2006.01752.x

Mohamed TN. Dissociating attentional effects on the N170 event-related 
potential of faces and body parts. Anuario de Psicolog�ıa 2017;47: 
107–14. https://doi.org/10.1016/j.anpsic.2017.10.004

Social Cognitive and Affective Neuroscience, 2026, Vol, 21, Issue 1 | 11  
D

ow
nloaded from

 https://academ
ic.oup.com

/scan/article/21/1/nsag059/8738161 by guest on 10 August 2026

https://doi.org/10.1007/s10548-013-0286-x
https://doi.org/10.1007/s10548-013-0286-x
https://doi.org/10.1016/j.cortex.2019.03.006
https://doi.org/10.1162/jocn_a_01079
https://doi.org/10.1162/jocn_a_01079
https://doi.org/10.7554/eLife.06564
https://doi.org/10.7554/eLife.06564
https://doi.org/10.1093/scan/nsad076
https://doi.org/10.1167/jov.21.12.1
https://doi.org/10.1177/20416695221119530
https://doi.org/10.1177/20416695221119530
https://doi.org/10.1167/jov.22.14.3648
https://doi.org/10.1167/jov.22.14.3648
https://doi.org/10.1093/cercor/bhw223
https://doi.org/10.1177/0301006619897495
https://doi.org/10.1037/0096-1523.21.3.628
https://doi.org/10.1037/0096-1523.21.3.628
https://doi.org/10.1016/j.neuropsychologia.2011.09.031
https://doi.org/10.1016/j.neuropsychologia.2011.09.031
https://proceedings.mlr.press/v243/gahl24a.html
https://proceedings.mlr.press/v243/gahl24a.html
https://doi.org/10.1068/p6136
https://doi.org/10.3758/s13428-022-02054-5
https://doi.org/10.1111/desc.13058
https://doi.org/10.1111/desc.13058
https://doi.org/10.1038/90565
https://doi.org/10.1038/90565
https://doi.org/10.1002/dev.22193
https://doi.org/10.1080/17470919.2011.583080
https://doi.org/10.1080/17470919.2011.583080
https://doi.org/10.1348/000712607X199981
https://doi.org/10.1348/000712607X199981
https://doi.org/10.1016/j.neuroimage.2021.118460
https://doi.org/10.1016/j.neuroimage.2021.118460
https://doi.org/10.1016/j.ijpsycho.2016.05.001
https://doi.org/10.3758/CABN.5.1.21
https://doi.org/10.1037/a0021333
https://doi.org/10.1037/a0021333
https://doi.org/10.1068/v070821
https://doi.org/10.1038/s41598-023-47581-z
https://doi.org/10.1038/s41598-023-47581-z
https://doi.org/10.1037/0278-7393.22.6.1364
https://doi.org/10.1037/0096-3445.129.4.559
https://doi.org/10.1037/0096-3445.129.4.559
https://doi.org/10.1016/j.neuropsychologia.2013.10.022
https://doi.org/10.3389/fnhum.2015.00679
https://doi.org/10.3389/fnins.2020.521595
https://doi.org/10.3389/fnins.2020.521595
https://doi.org/10.1080/17470218.2011.575228
https://doi.org/10.1037/1076-8971.7.1.3
https://doi.org/10.1080/13506280500158761
https://doi.org/10.1080/13506280500158761
https://doi.org/10.1111/j.1467-9280.2006.01752.x
https://doi.org/10.1111/j.1467-9280.2006.01752.x
https://doi.org/10.1016/j.anpsic.2017.10.004


Montalan B, Veujoz M, Boitout A et al. Investigation of effects of face ro
tation on race processing: an ERPs study. Brain Cogn 2013;81:360–9. 
https://doi.org/10.1016/j.bandc.2012.12.004

Morgan HM, Klein C, Boehm SG et al. Working memory load for faces 
modulates P300, N170, and N250r. J Cogn Neurosci 2008;20: 
989–1002. https://doi.org/10.1162/jocn.2008.20072

Mouraux A, Iannetti GD. Across-trial averaging of event-related EEG 
responses and beyond. Magn Reson Imaging 2008;26:1041–54. 
https://doi.org/10.1016/j.mri.2008.01.011

Murphy J, Cook R. Revealing the mechanisms of human face perception 
using dynamic apertures. Cognition 2017;169:25–35. https://doi.org/ 
10.1016/j.cognition.2017.08.001

Nachson I, Catz O. Inversion effects in recognizing Caucasian and 
Japanese faces. JHES 2003;1:31–6. https://doi.org/10.4189/shes.1.1_31

Natu V, O’Toole AJ. The neural processing of familiar and unfamiliar 
faces: a review and synopsis. Br J Psychol 2011;102:726–47. https:// 
doi.org/10.1111/j.2044-8295.2011.02053.x

Norcia AM, Appelbaum LG, Ales JM et al. The steady-state visual evoked 
potential in vision research: a review. J Vis 2015;15:4–46. https://doi. 
org/10.1167/15.6.4

Retter TL, Jiang F, Webster MA et al. Varying stimulus duration reveals 
consistent neural activity and behavior for human face individua
tion. Neuroscience 2021;472:138–56. https://doi.org/10.1016/j.neuro 
science.2021.07.025

Rhodes G, Brake S, Taylor K et al. Expertise and configural coding in face 
recognition. Br J Psychol 1989;80 ( Pt 3):313–31. https://doi.org/10. 
1111/j.2044-8295.1989.tb02323.x

Richoz A-R, Stacchi L, Schaller P et al. Recognizing facial expressions of 
emotion amid noise: a dynamic advantage. J Vis 2024;24:7–22. 
https://doi.org/10.1167/jov.24.1.7

Rodger H, Caldara R. The perception of facial expressions of emotion. In: 
J Armony, P Vuilleumier (eds.). The Cambridge Handbook of Human 
Affective Neuroscience. 2nd edition. Cambridge University Press, 
2025, 185–206.

Rodger H, Lao J, Stoll C et al. The recognition of facial expressions of 
emotion in deaf and hearing individuals. Heliyon 2021;7:e07018. 
https://doi.org/10.1016/j.heliyon.2021.e07018

Rossion B. Distinguishing the cause and consequence of face inversion: 
the perceptual field hypothesis. Acta Psychol (Amst) 2009;132: 
300–12. https://doi.org/10.1016/j.actpsy.2009.08.002

Rossion B. Understanding individual face discrimination by means of 
fast periodic visual stimulation. Exp Brain Res 2014;232:1599–621. 
https://doi.org/10.1007/s00221-014-3934-9

Rossion B. Humans are visual experts at unfamiliar face recognition. 
Trends Cogn Sci 2018;22:471–2. https://doi.org/10.1016/j.tics.2018. 
03.002

Rossion B, Retter TL, Liu-Shuang J. Understanding human individuation 
of unfamiliar faces with oddball fast periodic visual stimulation and 
electroencephalography. Eur J Neurosci 2020;52:4283–344. https:// 
doi.org/10.1111/ejn.14865

Rossion B, Torfs K, Jacques C et al. Fast periodic presentation of natural 
images reveals a robust face-selective electrophysiological response 
in the human brain. J Vis 2015;15:15.1.18–8. https://doi.org/10.1167/ 
15.1.18

Sangrigoli S, De Schonen S. Effect of visual experience on face process
ing: a developmental study of inversion and non-native effects. Dev 
Sci 2004;7:74–87. https://doi.org/10.1111/j.1467-7687.2004.00324.x

Schaller P, Caldara R. Demographic factors in face perception: other- 
race, other-age, and other-gender effects. In: J Barton, B Duchaine, W 
Freiwald, A O’Toole, G Yovel, (eds.). The Face Book. Oxford, UK: 
Oxford University Press. Manuscript submitted for publication.

Schaller P, Caldara R, Richoz A-R. Prosopagnosia does not abolish other- 
race effects. Neuropsychologia 2023;180:108479–13. (https://doi.org/ 
10.1016/j.neuropsychologia.2023.108479

Schaller P, Richoz A-R, Duncan J et al. Prosopagnosia and the role of 
face-sensitive areas in race perception. Sci Rep 2025;15:5751–12. 
https://doi.org/10.1038/s41598-025-88769-9

Sel A, Calvo-Merino B, Tuettenberg S et al. When you smile, the world 
smiles at you: ERP evidence for self-expression effects on face proc
essing. Soc Cogn Affect Neurosci 2015;10:1316–22. https://doi.org/10. 
1093/scan/nsv009

Senholzi KB, Ito TA. Structural face encoding: how task affects the 
N170’s sensitivity to race. Soc Cogn Affect Neurosci 2013;8:937–42. 
https://doi.org/10.1093/scan/nss091

Singh B, Mellinger C, Earls HA et al. Does cross-race contact improve 
cross-race face perception? A meta-analysis of the cross-race deficit 
and contact. Pers Soc Psychol Bull 2022;48:865–87. https://doi.org/10. 
1177/01461672211024463

Spencer H, Heitland I, Montoya ER et al. Ethnic effects when facing chil
dren: an ERP study. Biol Psychol 2018;138:56–62. https://doi.org/10. 
1016/j.biopsycho.2018.08.015

Stacchi L, Caldara R. Stimulus size modulates idiosyncratic neural face 
identity discrimination. J Vis 2022;22:9–16. https://doi.org/10.1167/ 
jov.22.13.9

Stacchi L, Liu-Shuang J, Ramon M et al. Reliability of individual differen
ces in neural face identity discrimination. Neuroimage 2019;189: 
468–75. https://doi.org/10.1016/j.neuroimage.2019.01.023

Stahl J, Wiese H, Schweinberger SR. Learning task affects ERP-correlates 
of the own-race bias, but not recognition memory performance. 
Neuropsychologia 2010;48:2027–40. https://doi.org/10.1016/j.neuro 
psychologia.2010.03.024

Sun G, Song L, Bentin S et al. Visual search for faces by race: a cross-race 
study. Vision Res 2013;89:39–46. https://doi.org/10.1016/j.visres.2013. 
07.001

Tanaka JW, Kiefer M, Bukach CM. A holistic account of the own-race 
effect in face recognition: evidence from a cross-cultural study. 
Cognition 2004;93:B1–B9. https://doi.org/10.1016/j.cognition.2003. 
09.011

The MathWorks, Inc. (2017). MATLAB (Version R2017b). Natick, MA. 
https://ch.mathworks.com/products/matlab.html

The MathWorks, Inc. (2022). MATLAB (Version R2022b). Natick, MA. 
https://ch.mathworks.com/products/matlab.html

Thornton IM, Srismith D, Oxner M et al. Other-race faces are given more 
weight than own-race faces when assessing the composition of 
crowds. Vision Res 2019;157:159–68. https://doi.org/10.1016/j.visres. 
2018.02.008

Tong Y, Yu Y, Chen L et al. Configural processing advantage for 
Mongoloid than Caucasian faces during the structure coding stage. 
J Integr Neurosci 2014;13:693–705. https://doi.org/10.1142/S0219 
635214500277

Valentine T. A unified account of the effects of distinctiveness, inversion, 
and race in face recognition. Q J Exp Psychol A 1991;43:161–204. 
https://doi.org/10.1080/14640749108400966

Valentine T, Bruce V. The effect of race, inversion and encoding activity 
upon face recognition. Acta Psychol (Amst) 1986;61:259–73. https:// 
doi.org/10.1016/0001-6918(86)90085-5

Valentine T, Endo M. Towards an exemplar model of face processing: 
the effects of race and distinctiveness. Q J Exp Psychol A 1992;44: 
671–703. https://doi.org/10.1080/14640749208401305

Van der Donck S, Dzhelyova M, Vettori S et al. Rapid neural categoriza
tion of angry and fearful faces is specifically impaired in boys with 

12 | Social Cognitive and Affective Neuroscience, 2026, Vol, 21, Issue 1  
D

ow
nloaded from

 https://academ
ic.oup.com

/scan/article/21/1/nsag059/8738161 by guest on 10 August 2026

https://doi.org/10.1016/j.bandc.2012.12.004
https://doi.org/10.1162/jocn.2008.20072
https://doi.org/10.1016/j.mri.2008.01.011
https://doi.org/10.1016/j.cognition.2017.08.001
https://doi.org/10.1016/j.cognition.2017.08.001
https://doi.org/10.4189/shes.1.1_31
https://doi.org/10.1111/j.2044-8295.2011.02053.x
https://doi.org/10.1111/j.2044-8295.2011.02053.x
https://doi.org/10.1167/15.6.4
https://doi.org/10.1167/15.6.4
https://doi.org/10.1016/j.neuroscience.2021.07.025
https://doi.org/10.1016/j.neuroscience.2021.07.025
https://doi.org/10.1111/j.2044-8295.1989.tb02323.x
https://doi.org/10.1111/j.2044-8295.1989.tb02323.x
https://doi.org/10.1167/jov.24.1.7
https://doi.org/10.1016/j.heliyon.2021.e07018
https://doi.org/10.1016/j.actpsy.2009.08.002
https://doi.org/10.1007/s00221-014-3934-9
https://doi.org/10.1016/j.tics.2018.03.002
https://doi.org/10.1016/j.tics.2018.03.002
https://doi.org/10.1111/ejn.14865
https://doi.org/10.1111/ejn.14865
https://doi.org/10.1167/15.1.18
https://doi.org/10.1167/15.1.18
https://doi.org/10.1111/j.1467-7687.2004.00324.x
https://doi.org/10.1016/j.neuropsychologia.2023.108479
https://doi.org/10.1016/j.neuropsychologia.2023.108479
https://doi.org/10.1038/s41598-025-88769-9
https://doi.org/10.1093/scan/nsv009
https://doi.org/10.1093/scan/nsv009
https://doi.org/10.1093/scan/nss091
https://doi.org/10.1177/01461672211024463
https://doi.org/10.1177/01461672211024463
https://doi.org/10.1016/j.biopsycho.2018.08.015
https://doi.org/10.1016/j.biopsycho.2018.08.015
https://doi.org/10.1167/jov.22.13.9
https://doi.org/10.1167/jov.22.13.9
https://doi.org/10.1016/j.neuroimage.2019.01.023
https://doi.org/10.1016/j.neuropsychologia.2010.03.024
https://doi.org/10.1016/j.neuropsychologia.2010.03.024
https://doi.org/10.1016/j.visres.2013.07.001
https://doi.org/10.1016/j.visres.2013.07.001
https://doi.org/10.1016/j.cognition.2003.09.011
https://doi.org/10.1016/j.cognition.2003.09.011
https://ch.mathworks.com/products/matlab.html
https://ch.mathworks.com/products/matlab.html
https://doi.org/10.1016/j.visres.2018.02.008
https://doi.org/10.1016/j.visres.2018.02.008
https://doi.org/10.1142/S0219635214500277
https://doi.org/10.1142/S0219635214500277
https://doi.org/10.1080/14640749108400966
https://doi.org/10.1016/0001-6918(86)90085-5
https://doi.org/10.1016/0001-6918(86)90085-5
https://doi.org/10.1080/14640749208401305


autism spectrum disorder. J Child Psychol Psychiatry 2020;61: 
1019–29. https://doi.org/10.1111/jcpp.13201

Vettori S, Dzhelyova M, Van der Donck S et al. Reduced neural sensitivity 
to rapid individual face discrimination in autism spectrum disorder. 
Neuroimage Clin 2019;21:101613–1. (https://doi.org/10.1016/j.nicl. 
2018.101613

Vizioli L, Foreman K, Rousselet GA et al. Inverting faces elicits sensitivity 
to race on the N170 component: a cross-cultural study. J Vis 2010;10: 
15.1–23. https://doi.org/10.1167/10.1.15

Wallsinger G, Boylan MR, Figueira JSB et al. Experience with face groups 
impacts face processing, but not face differentiation in 6-and 9- 
month-old infants. Dev Psychobiol 2025;67:e70050. https://doi.org/10. 
1002/dev.70050

Wiese H. Do neural correlates of face expertise vary with task demands? 
Event-related potential correlates of own-and other-race face inver
sion. Front Hum Neurosci 2013;7:898–14. https://doi.org/10.3389/ 
fnhum.2013.00898

Wiese H, Stahl J, Schweinberger SR. Configural processing of other-race 
faces is delayed but not decreased. Biol Psychol 2009;81:103–9. 
https://doi.org/10.1016/j.biopsycho.2009.03.002

Willenbockel V, Sadr J, Fiset D et al. Controlling low-level image proper
ties: the SHINE toolbox. Behav Res Methods 2010;42:671–84. https:// 
doi.org/10.3758/BRM.42.3.671

Yao Q, Zhao L. Using spatial frequency scales for processing own-race 
and other-race faces: an ERP analysis. Neurosci Lett 2019;705: 
167–71. https://doi.org/10.1016/j.neulet.2019.04.059

Yildirim-Keles FZ, Stacchi L, Caldara R. Cross-validating the electrophysi
ological markers of early face categorization. eNeuro 2025;12:1–15. 
https://doi.org/10.1523/ENEURO.0317-24.2024

Yin RK. Looking at upside-down faces. J Exp Psychol 1969;81:141–5. 
https://doi.org/10.1037/h0027474

Young AW, Burton AM. Are we face experts? Trends Cogn Sci 2018;22: 
100–10. https://doi.org/10.1016/j.tics.2017.11.007

Zhang G, Garrett DR, Luck SJ. Optimal filters for ERP research II: 
recommended settings for seven common ERP com
ponents. Psychophysiology 2024;61:e14530. https://doi.org/10.1111/ 
psyp.14530

Zhou G, Cheng Z, Yue Z et al. Own-race faces capture attention faster 
than other-race faces: evidence from response time and the 
N2pc. PLoS One 2015;10:e0127709. https://doi.org/10.1371/journal. 
pone.0127709

Zimmermann FGS, Yan X, Rossion B. An objective, sensitive and ecologi
cally valid neural measure of rapid human individual face recogni
tion. R Soc Open Sci 2019;6:181904–18. https://doi.org/10.1098/rsos. 
181904

Social Cognitive and Affective Neuroscience, 2026, Vol, 21, Issue 1 | 13  
D

ow
nloaded from

 https://academ
ic.oup.com

/scan/article/21/1/nsag059/8738161 by guest on 10 August 2026

https://doi.org/10.1111/jcpp.13201
https://doi.org/10.1016/j.nicl.2018.101613
https://doi.org/10.1016/j.nicl.2018.101613
https://doi.org/10.1167/10.1.15
https://doi.org/10.1002/dev.70050
https://doi.org/10.1002/dev.70050
https://doi.org/10.3389/fnhum.2013.00898
https://doi.org/10.3389/fnhum.2013.00898
https://doi.org/10.1016/j.biopsycho.2009.03.002
https://doi.org/10.3758/BRM.42.3.671
https://doi.org/10.3758/BRM.42.3.671
https://doi.org/10.1016/j.neulet.2019.04.059
https://doi.org/10.1523/ENEURO.0317-24.2024
https://doi.org/10.1037/h0027474
https://doi.org/10.1016/j.tics.2017.11.007
https://doi.org/10.1111/psyp.14530
https://doi.org/10.1111/psyp.14530
https://doi.org/10.1371/journal.pone.0127709
https://doi.org/10.1371/journal.pone.0127709
https://doi.org/10.1098/rsos.181904
https://doi.org/10.1098/rsos.181904

	Active Content List
	Introduction
	Experiment 1&#x02014;race discrimination
	Experiment 2&#x02014;face categorization and impact of inversion
	Discussion
	Conclusions
	Author contributions
	Conflicts of interest
	Funding
	Data availability
	References


