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a b s t r a c t

Due to considerable technical and methodological challenges, neuromodulatory effects of 

online and post-stimulation transcranial direct current electrical stimulation (tDCS) on 

human cognition remain unclear. Here we evaluated these effects of tDCS on a sensitive, 

objective and reliable neural marker of human face identity recognition. Eighteen partic

ipants took part in this combined tDCS-EEG study. Following a sham tDCS period during 

rapid periodic individuation of pictures of unfamiliar faces (Phase 1), tDCS was applied for 

10 min during the same visual stimulation over the right occipito-temporal cortex (Phase 

2), followed by a second sham tDCS period (Phase 3). The face individuation neural elec

troencephalographic (EEG) response confined to small frequency bins (.014 Hz bandwidth) 

was significantly reduced by 28% during tDCS. After tDCS, a 66% increase compared to 

during-tDCS level, i.e., ‘rebound’ effect, was observed. These effects were of equal 

magnitude over occipito-temporal regions of the two hemispheres and only limited to 

neural face individuation, with general neural responses to the global periodic visual 

stimuli being unaffected. Overall, these observations demonstrate significant and selective 

neuromodulation of a key human cognitive brain function using a single tDCS session and 

only two HD-ring electrodes, highlighting the interest of frequency-tagged electrophysi

ology to quantify neuromodulation effects.
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1. Introduction

Transcranial direct current electrical stimulation (tDCS) has 

been used for many years in fundamental and translational 

research to non-invasively neuromodulate human sensory, 

motor and cognitive functions (Bastani & Jaberzadeh, 2012; 

Dedoncker et al., 2016; Hill et al., 2016). tDCS is based on 

injecting low-intensity (i.e., a few milliamperes) direct cur

rents onto the scalp for several minutes (for recent review see 

(Antal et al., 2017; Woods et al., 2016)). Since the 2000s, the use 

of tDCS as an alternative (or complementary) treatment for 

different neurological, psychiatric, and cognitive disorders 

has been widely studied (for reviews, see (Ciullo et al., 2021) 

and (Lefaucheur et al., 2017), which address psychiatric and 

neurological conditions, respectively).

However, both online and post-stimulation effects of tDCS 

on human brain function generally remain debated and 

controversial (Friehs & Frings, 2019; �Zivanovi et al., 2021). One 

key issue is that studies of tDCS effects on cognitive brain 

function often rely on explicit behavioral measures (i.e., ac

curacy rates, response times) (Begemann et al., 2020), which 

are influenced by many general factors, such as attention, 

decision-making, and motor coordination. Thus, low accuracy 

or slow response times at a face identity recognition (FIR) task 

for instance may reflect deficits in these general processes 

rather than in the ability to recognize faces. Furthermore, 

these tests are limited by their difficulty in capturing essential 

aspects of real-world face recognition, such as its automaticity 

and speed, as laboratory tasks with long exposure durations 

and artificial stimuli promote analytical strategies that do not 

reflect natural processes (Rossion et al., 2020a; Volfart & 
Rossion, 2024).

Among human cognitive functions, face identity recogni

tion (FIR) is particularly crucial for human social life and in

teractions, involving a large (right predominant) occipito- 

temporal cortical network in our species (Grill-Spector et al., 

2017; Haxby et al., 2000; Jonas et al., 2016; Sergent & 
Signoret, 1992). Several tDCS studies have reported behav

ioral modulations of FIR (Barbieri et al., 2016; Civile et al., 2018; 

Civile & McLaren, 2022; Renzi et al., 2015). However, these ef

fects have been relatively weak, and other studies have failed 

to report congruent effects (Kho et al., 2023; Willis et al., 2019), 

leading to a lack of clear demonstration of tDCS modulation of 

human FIR. Some methodological limitations of reported 

studies may be the tDCS application over non-relevant or 

suboptimal brain locations such as the dorsolateral prefrontal 

cortex (DLPFC) (Civile et al., 2018; Civile & McLaren, 2022). For 

instance, in a series of tDCS studies, Civile et al. (Civile et al., 

2018, 2020; Civile & McLaren, 2022) investigated the face 

inversion effect (i.e., lower FIR performance for inverted 

compared to upright faces). In the stimulation protocol, 

anodal tDCS was delivered over the left dorsolateral prefrontal 

cortex (DLPFC), over area Fp3, while the cathode was placed 

over the right eyebrow. In subsequent studies, Civile and 

colleagues found that stimulation over this area decreased the 

face inversion effect (Civile et al., 2018). With the same neu

romodulation protocol, Civile and Mclaren (Civile & McLaren, 

2022) investigated the face inversion effect for own- or other- 

race faces. They found that anodal tDCS eliminates the other- 

race effect (Meissner & Brigham, 2001; Rossion et al., 2011a) by 

diminishing the face inversion effect for own-race faces. 

However, this effect could be due to tDCS affecting the con

dition associated with the highest performance.

Beyond behavioral measures, an alternative approach is to 

study the effects of tDCS on implicit measures of brain func

tion using non-invasive electroencephalography (EEG) 

(Schestatsky et al., 2013; Wunder et al., 2018). For instance, 

repetition suppression effects to unfamiliar faces on the face- 

selective N170 event-related potential (Bentin et al., 1996; 

Rossion et al., 2011b) are modulated by DLPFC stimulation 

(Lafontaine et al., 2013). Unfortunately, combining tDCS with 

EEG measures has been seriously limited by the lack of spec

ificity of spontaneous or evoked (i.e., Event-Related Potentials; 

ERPs) EEG activity, its low signal-to-noise ratio (SNR), and the 

subjectivity of definition and quantification of responses of 

interest in the time-domain (peak/window amplitudes and 

latency measures), especially for individual measurements. 

Another important challenge concerns the large electrical 

artifacts generated by the direct current stimulation, which 

generally prevent the measurement of online effects of tDCS 

on neural signals recorded with EEG (Faria et al., 2012; Gebodh 

et al., 2019; Mancini et al., 2015).

Here we circumvent these issues by introducing an original 

approach to measure the (online) effects of transcranial 

stimulation on brain function, combining tDCS with EEG re

cordings during fast periodic (visual) stimulation (FPVS). This 

latter approach, also known as ‘frequency-tagging’, consists 

in presenting visual stimuli at a fixed rate, leading to periodic 

EEG responses that can be expressed in the frequency domain 

after Fourier Transform (‘Steady-State Evoked Potentials’; 

(Regan, 1966; Regan, 1989); see (Norcia et al., 2015) for review). 

It carries considerable advantages in terms of objectivity of 

definition and quantification of neural responses of interest, 

which are confined to one or a few frequencies of interest pre- 

defined by the experimenter. Moreover, signal-to-noise ratio 

(SNR) is usually very high with this approach, owing to the 

advantages of presenting numerous stimuli over a relatively 

short period of time, and the concentration of the signal of 

interest in small frequency bins that are largely unaffected by 

broadband EEG noise (Norcia et al., 2015; Regan, 1989).

In the present study, we capitalize on the advantages of 

this approach to measure FIR before, during and after tDCS as 

applied directly over the right occipito-temporal cortex.

Specifically, we rely on a face identity oddball paradigm 

extensively used and validated for a decade (>35 published 

studies since (Liu-Shuang et al., 2014); see (Rossion et al., 2020b) 

for a review; more recent studies: e.g. (Hagen et al., 2024; Retter 

et al., 2021),). In this paradigm, an unfamiliar face identity 

photograph devoid of external features is repeated with sub

stantial changes of image size at a 6 Hz frequency (i.e., 6 images 

per second), allowing only one gaze fixation per face stimulus. 

Every five stimuli, a different unfamiliar face identity is pre

sented (i.e., AAAABAAAACAAAAD …).

This rapid periodic change of face identities induces an 

electrophysiological response exactly at the identity change 

frequency (i.e., 6/5 = 1.2 Hz) predominant over right occipito- 

temporal regions (Liu-Shuang et al., 2014; Rossion et al., 

2020b). This oddball-like paradigm is associated with typical 

advantages of FPVS-EEG: an implicit direct neural measure 
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with high objectivity (i.e., frequencies of interest are pre- 

defined by the experimenters) and sensitivity (high SNR), 

allowing short experiments of a few minutes. Its validity has 

been firmly established, showing large reductions of ampli

tude for the same face stimuli presented upside-down or 

contrast-reversed (two manipulations known to significantly 

affect human FIR (Liu-Shuang et al., 2014);), abolished or 

severely reduced responses in cases of prosopagnosia (Fisher 

et al., 2020; Liu-Shuang et al., 2016; Volfart et al., 2023) and 

recruiting typical face-selective regions of the ventral 

occipito-temporal cortex in intracerebral recordings (Jacques 

et al., 2020). Hence, this neural measure is particularly well- 

suited to assess the tDCS effects on human FIR.

The main objective of this study is to quantify the elec

trophysiological effects of a single tDCS session during face 

recognition tasks, with the hypothesis that anodal stimulation 

over the right temporo-occipital region (dominant hemi

sphere for face recognition) should significantly and specif

ically increase the face-selective EEG amplitude response.

2. Material and methods

2.1. Participants

Eighteen participants took part in the study, all of whom pro

vided written informed consent and received financial 

compensation. The number of participants was determined 

based on previous studies reporting significant effects (Cohen's 

d ≈ .44) with the specific FPVS-EEG paradigm used here (e.g. 

(Hauk et al., 2021; Zimmermann et al., 2019)). Four participants 

were excluded due to the presence of muscular artifacts during 

the EEG recordings. In total, fourteen participants (6 females, 8 

males), ranging from 18 to 30 years old, were retained in the 

study. All of them were right-handed and reported no history of 

psychiatric, visual, or neurological disorders. This exploratory 

study was approved by the Lorraine University ethical board 

and conducted in accordance with the general ethical princi

ples of the Declaration of Helsinki (2013).

2.2. Materials

EEG was recorded with a Biosemi® (Biosemi, Amsterdam, 

Netherlands) system, 64 active electrodes (Ag/AgCl) included 

in a cap, sampled at 512 Hz, with a 24-bit resolution. Elec

trodes were positioned according to the international system 

10—20 (Seeck et al., 2017), with additional intermediate posi

tions (Jacques, Jonas, et al., 2020; Rossion et al., 2015) in order 

to increase sampling of occipito-temporal brain regions 

(Koessler et al., 2009). One electrode was placed at the outer 

canthi of the right eye to record the horizontal electrooculo

gram (EOG), while the vertical EOG was measured by posi

tioning two additional electrodes above and below the 

participant's right eye.

For stimuli presentation, an Ultrasharp 27-inch (model 

U2715H) Dell monitor was used, featuring LCD technology and 

LED backlighting. The monitor was positioned at a distance of 

80 cm from the participant's eyes. For the experiment, a 

screen resolution of 1280 × 1024 pixels and a refresh rate of 

60 Hz were configured.

2.3. Transcranial direct current stimulation

For inducing neuromodulation, we employed a MxN-9 HD 

(High definition) Soterix device and two HD ring electrodes 

(12 mm external diameter; Soterix Medical®, New York, NY, 

USA). Electrodes were inserted in an electrode-holder (24 mm 

diameter) filled with a conductive gel, creating a 4.52 cm2 

stimulation area on the scalp for each electrode. Impedances 

were checked before, during, and after each stimulation and 

were always inferior or equal to 10 kΩ. According to the HD 

electrodes’ geometry, current density generated on site was 

.44 mA cm− 2 for 2 mA intensity.

The tDCS montage corresponded to an anode placed over 

the right occipito-temporal cortex (P10 position) and a cathode 

placed on the left basal fronto-temporal cortex (FT9 position) 

(Supplementary material S1). This montage was set by 

considering the highest and robust face-selective and FIR EEG 

responses observed on P10 electrode obtained in previous 

studies (Jacques et al., 2019; Liu-Shuang et al., 2014; Rossion 

et al., 2020b). For the sham stimulations during the pre- and 

post-tDCS phases, the current was increased from 0 mA to 

2 mA within the first 30 sec, followed by a decrease from 2 mA 

to 0 mA over the subsequent 30 sec. Active tDCS was blinded 

to the participants, who were instructed to report any 

discomfort or side effects during the experiment.

2.4. Experimental paradigm

The FVPS paradigm has been used as such in numerous pre

vious studies (Dzhelyova et al., 2019; Liu-Shuang et al., 2014). 

Participants were tested in two conditions: upright and 

inverted faces. Inverted faces were used as a control condi

tion. Pictures of one unfamiliar neutral face were presented at 

a general frequency of 6 Hz, with each face stimulus shown 

every 166.66 ms. This unfamiliar face, either male or female 

(in different sequences) was randomly selected from a data

base of 25 faces, and used as the “base” face (Face A, Fig. 2 and 

all faces in Supplementary material S4). Throughout the FVPS 

sequence, other unfamiliar faces were introduced at a fre

quency of 1.2 Hz, also called the oddball frequency. Thus, face 

identity changes every five faces. As a result, each cycle of 

visual stimulation consists of presenting a total of five stimuli: 

four “base” faces and one “oddball” face, with the entire cycle 

lasting .833 sec. Each cycle was repeated 85 times (i.e., 85 tri

als), totalling 71 sec for each FPVS sequence. To prevent pix

elwise overlap, size of faces varied between 74% and 120% 

throughout the cycles of stimulation as in previous studies 

(e.g. (Dzhelyova & Rossion, 2014; Liu-Shuang et al., 2014),). All 

faces were presented with a sinusoidal modulation of contrast 

ranging from 0% to 100%. For further details about the FPVS 

paradigm, please see (Rossion et al., 2020c). In the inverted 

face condition, face stimuli were flipped vertically.

2.5. Procedure

Data collection took place in a quiet and dimly lit room. Visual 

stimuli were presented at a general frequency of 6 Hz with 

codes written in Java. Participants were asked to maintain 

central fixation and attend to the images, responding by 

pressing a key whenever the fixation point briefly changed 
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colour from black to red. These changes were presented at 

irregular intervals, each lasting 200 msec, and occurred on 

average 8.5 times per minute during the experimental session. 

The experiment was divided into three phases: P1 (pr�e), P2 

(during tDCS) and P3 (post tDCS) (Fig. 1). In each one, four 

blocks of stimulus were presented, encompassing the two 

versions of the FVPS task (upright and inverted) with male and 

female faces (Fig. 2).

Participants performed the FPVS task for 10 min during 

each of the three phases of the protocol. In Phase 2 (active), 

tDCS was delivered for 20 min—10 min before FPVS onset plus 

10 min during the FPVS task. Therefore, for the electrophysi

ological analyses, the same duration of 10-min FPVS blocks in 

each phase was analysed, ensuring comparable time windows 

across the three phases.

2.6. Data analysis

As in previous EEG-FPVS studies (Rossion et al., 2020c), EEG 

data were analyzed using the open-source software Letswave 

6.0 (https://github.com/NOCIONS/Letswave6), running on 

MATLAB R2023a (MathWorks, USA). Data analysis included 

the following four different steps.

2.6.1. Preprocessing

First, EEG data were filtered using a 4th-order zero-phase 

Butterworth filter with a high-pass cut-off set at .1 Hz and a 

low-pass cut-off at 100 Hz. A Fast Fourier Transform (FFT) 

multi-notch filter was also applied with a width of .5 Hz to 

remove electrical noise at 50 Hz frequency and 2 harmonics 

(100 and 150 Hz). After downsampling to 256 Hz to reduce 

computational load and storage space, the data were 

segmented by sequence, including 2 sec before and after the 

sequence (− 2 to 75 sec). For four participants (out of 14) with 

an average blinking rate above .2 times/sec, eyeblink artifacts 

were corrected using independent component analysis (ICA) 

(Retter & Rossion, 2016). Channels with excessive noise (above 

100 μV) in multiple sequences were excluded and interpolated 

with the adjacent channel values, up to the limit of 5% of the 

total of channels per participant. Next, data were re- 

referenced to the average of the 64 electrodes.

2.6.2. Frequency domain analysis

Fade-in and fade-out phases were excluded, and EEG data was 

re-segmented into an integer number of 1.2 Hz cycles. Each 

epoch was 71 sec long and encompassing 85 complete cycles 

of stimulation, with each cycle composed of four 'base' faces 

and one 'oddball' face, lasting .833 sec per cycle. Next, epochs 

were averaged within participants in the time-domain to 

improve SNR.

A Fast Fourier Transform (FFT) was applied to these 

averaged segments, and the amplitude spectra was extrac

ted. EEG evoked responses was then characterized using 

three methods: 1) Signal-to-noise (SNR) ratio, calculated by 

dividing the peak amplitude of each frequency in the EEG 

spectrum by the average of the baseline, usually for visuali

zation purposes, 2) subtraction of the EEG noise (baseline) 

from the summed harmonics, with responses expressed in 

microvolts (μV), for response quantification and 3) Z-score 

spectra, calculated by dividing the difference between peak 

amplitude of the frequency of interest and the mean ampli

tude of 22 surrounding bins by the standard deviation of 

those 22 surrounding bins.

Response amplitudes were quantified considering the sum 

of baseline-corrected amplitudes of significant harmonics 

(Retter et al., 2021; Retter & Rossion, 2016) and reported with 

their standard-deviations. All amplitude values are available 

in open-access (Mendeley Data: doi: 10.17632/sh76m2vgbc.1). 

A significance threshold Z > 1.64 (p < .05), one-tailed 

(signal > noise), was employed to identify the significant EEG 

responses in the frequency domain.

2.6.3. Region of interest analysis

Based on previous scalp EEG studies (Dzhelyova et al., 2019; 

Rossion et al., 2020c; Vettori et al., 2019), the following re

gions of interest (ROIs) related to face identification were 

defined to investigate hemispheric dominance: 1) Right 

occipital-temporal region (RIGHT OT: electrodes P8/P10/PO8); 

2) Left occipital-temporal region (LEFT OT: electrodes P7/P9/ 

P07). Additionally, a middle occipital ROI was defined 

considering the middle posterior channels (Oz/Iz/O1/O2), 

which are associated with low-level features in visual pro

cessing. For the sake of completion, we also present the data 

average across all electrodes, denoted as ALL ELECTRODES. 

For each ROI, EEG signals were averaged within each phase 

(pre-tDCS, during tDCS, and after tDCS).

2.6.4. Statistical analysis

Baseline-corrected amplitudes of face selective EEG evoked 

responses were compared with a three-way repeated measure 

Fig. 1 — Schematic view of the tDCS experiment with three successive phases. In Phase 1 (pre tCDS), participants underwent 

the sham tDCS stimulation concurrently to the FPVS paradigms. In Phase 2 (during tDCS), participants received 10 min of 

tDCS stimulation before performing the FPVS tasks during the ongoing stimulation. In Phase 3 (post tDCS), participants 

underwent an additional sham session with the FPVS tasks.
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ANOVA with the factors Stimulation phases (pre-tDCS, during 

tDCS, post-tDCS), Face orientation (Upright, Inverted) and 

Hemisphere (Left OT, Right OT). For the general visual response 

(i.e., 6 Hz and harmonics) two-way repeated measure ANOVAs 

was used with the factors Stimulation phases and ROI (Left OT, 

middle occipital region, right OT). When the assumption of 

sphericity was violated, Greenhouse—Geisser corrections 

were applied. In cases of statistically significant effects, post 

hoc pairwise t-tests were performed on the estimated mar

ginal means (EMMs), and p-values were adjusted using the 

Holm correction to control for multiple comparisons. In all 

cases, a significance level of 5% was used (p-value <.05).

3. Results

3.1. Significant and selective effect of tDCS on face 

individuation

Significant EEG responses were observed at 1.2 Hz and its 

harmonic frequencies for upright faces at all three phases, i.e., 

before, during and after tDCS (Fig. 3). Z-scores computed on 

the average of all electrodes revealed different number of 

significant harmonics between phases. The full set of exact p- 

values for the Z-scores across all harmonics is presented in 

Supplementary material S2.

For upright faces, five significant 1.2 Hz harmonics were 

found before and after tDCS (before: 1.2 Hz, 2.4 Hz, 3.6 Hz, 

4.8 Hz and 7.2 Hz; after: 2.4 Hz, 3.6 Hz, 4.8 Hz, 7.2 Hz and 8.4 Hz; 

Z > 1.64, p < .05), whereas only three 1.2 Hz harmonics were 

significant during tDCS (2.4 Hz, 3.6 Hz and 4.8 Hz, Z > 1.64, 

p < .05). For inverted faces, three and two harmonics were 

significant before and after tDCS, respectively (before: 2.4 Hz, 

3.6 Hz and 4.8 Hz, Z > 1.64, p < .05; after: 1.2 Hz, 4.8 Hz, Z > 1.64, 

p < .05), whereas only one reached significance during tDCS 

(4.8 Hz, Z > 1.64, p < .05).

Based on these results, the number of harmonics to 

consider for the summation was defined according to the 

highest significant consecutive harmonics across phases and 

face orientation. Therefore, six consecutive harmonics 

(except peaks at 6 Hz that were also corresponding to “base” 
frequency) were summed in all conditions to quantify the face 

selective amplitude response. This number of harmonics is 

also in line with the number of harmonics generally consid

ered in this paradigm (Rossion et al., 2020c).

EEG responses were maximal at OT channels and in all 

phases, with a right hemisphere dominance before and after 

tDCS (Figs. 3—5). Over the right OT ROI, the average amplitude 

for upright faces was 1.25 ± .64 μV (mean ± SD) before tDCS. It 

dropped to .90 ± 1.14 μV during tDCS (i.e., − 28%), then increased 

after tDCS to 1.50 ± .74 μV (i.e., +66% compared to during tDCS 

and +20% compared to before tDCS) (Figs. 4 and 5). For SNR 

values, see Supplementary material S3.

A repeated-measures ANOVA showed a main effect of Face 

orientation (F1,13 = 33.1, p < .001) with a larger amplitude for 

Upright (1.12 ± .79 μV) than Inverted faces (.30 ± .47 μV). In 

addition, there was a significant Stimulation phase effect 

(F1.38,17.89 = 10.84, p = .002) with post-hoc t-tests revealing a 

significant amplitude decrease of the response between 

before and during tDCS (t13 = 3.11, p = .017), a significant in

crease between during and after tDCS (t13 = 3.63, p = .009), and 

a significant increase after compared to before tDCS (t13 = 2.19, 

p = .048). No significant effect of Hemisphere was observed 

(F1,13 = 2.12, p = .17), and no significant two-way interaction 

Fig. 2 — The FPVS paradigm measuring unfamiliar face individuation. (A) Faces were presented at a general frequency of 

6 Hz, with sinusoidal modulation of contrast. Face identity changes every five images (from Face B to Face C, and so on), so 

that identity changes occur at a frequency of 1.2 Hz (6 Hz divided by 5). (B) Representation of the paradigm for upright (blue) 

and inverted faces (red). Adapted from Dzhelyova et al. (2019) and Liu-Shuang et al. (2014).
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Fig. 3 — Grand-average SNR FFT spectra at right OT region for each stimulation phases for upright faces. Black stars indicate 

significant 1.2 Hz and harmonics response (Z > 1.64, p < .05). Scalp EEG topographies of the SNR are presented at 1.2 Hz and 

its harmonics (2.4, 3.6, 4.8, 7.2, 8.4 and 9.6 Hz; except for 6 Hz that also correspond to base frequency stimulation). Note the 

large reduction of SNR during tDCS, with fewer peaks of smaller ratios, followed by a significant ‘rebound’ effect, with higher 

peaks after tDCS.

Fig. 4 — Grand average SNR of the sum of the six first 1.2 Hz harmonics quantified at bilateral OT, in black solid line for 

upright faces and in dotted grey line for inverted faces (A) before tDCS, (B) during tDCS and (C) after tDCS. The spectrum is 

centred on the frequency bin of interest. Above are presented the scalp mal topographies of the 1.2 Hz and harmonics 

baseline corrected amplitude response.
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between Hemisphere and Face orientation (F1,13 = .38, p = .55), 

Face orientation and Stimulation phase (F2,26 = 1.29, p = .29), 

Stimulation phase and Hemisphere (F1.33,17.25 = 3.10, p = .09) or 

three-way interactions were found (F1.31,17.06 = .20, p = .72).

Additionally, to evaluate consistency across individuals, as 

recommended in the literature on interindividual variability 

in tDCS (Bergmann and Hartwigsen, 2021), we conducted a 

two-step analysis. Given the absence of a main effect of 

Hemisphere and of interactions with the other experimental 

factors (Stimulation Phase and Face Orientation), EEG re

sponses from the left and right occipitotemporal regions of 

interest (Left OT and Right OT) were collapsed across hemi

spheres for the following analyses.

First, we quantified the proportion of participants showing 

effects in the expected direction for each pairwise phase 

contrast: P2—P1, 8/14 (57.1%) negative; P3—P2, 12/14 (85.7%) 

positive; and P3—P1, 12/14 (85.7%) positive, indicating a 

consistent group-level trend in the post-intervention phases. 

Second, we applied interquartile-range (IQR) outlier detection, 

defining extreme values as those outside [Q1 − 1.5 × IQR; 

Q3 + 1.5 × IQR]. No statistical outliers were detected in any of 

the three contrasts.

Taken together, these findings indicate that, despite ex

pected interindividual variability in tDCS, the effects are 

consistent in most participants and are not driven by a small 

number of extreme responders, reinforcing the group-level 

pattern across the evaluated phases.

3.2. No tDCS effect on general visual EEG responses 

(base frequency)

A significant response was observed for upright faces for all 

phases at the general visual base frequency (i.e., 6 Hz), also up 

to five harmonics (i.e., 12 Hz, 18 Hz, 24 Hz, 30 Hz and 36 Hz, 

Z > 1.64, p < .05) on the average of all electrodes (Fig. 6A). 

Quantification of the EEG responses was therefore computed 

with the sum of these six first harmonics. The base rate 

response was localized primarily over the middle occipital 

ROI, extending to the right OT region (Fig. 6B). Scalp EEG 

amplitude maps displayed consistent topographies across the 

three phases of the experiment (Fig. 6C).

The repeated measure ANOVA showed a main effect of ROI 

(F2,26 = 4.63, p = .02) with post hoc tests demonstrating a sig

nificant difference between left OT and middle occipital ROI 

(left OT: 1.38 ± .47 μV, middle occipital ROI: 2.27 ± 1.17 μV, 

t13 = 3.04, p = .03), but not between left OT and right OT (right 

OT: 1.90 ± 1.09 μV, t13 = 2.14, p = .10) and not between middle 

occipital ROI and right OT (t13 = 1.11, p = .29) (Fig. 4C). No 

significant effect of Stimulation phase (before: 1.88 ± 1.05 μV, 

during: 1.78 ± 1.05 μV, after: 1.90 ± .98 μV, F1.43,18.63 = 2.59, 

p = .11) and no interaction between the two factors 

(F4,52 = 1.26, p = .30) were found.

4. Discussion

We explored the neuromodulatory effects of tDCS on face 

identity recognition by means of concurrent tDCS-FPVS-EEG. 

While the analysis of scalp EEG during tDCS is usually hin

dered by artifacts caused by electrical stimulation (Gebodh et 

al., 2019), presenting stimuli periodically for relatively long 

stimulation sequences provide electrophysiological responses 

confined to small frequency bins (frequency resolution: 1/ 

71sec = .014 Hz) in the EEG frequency domain that are almost 

immune from broadband EEG noise (Regan, 1989). Moreover, 

EEG amplitude can be objectively identified and quantified at 

predefined frequency bins.

Our participants underwent a well-validated FPVS para

digm consisting of the presentation of faces at three experi

mental phases: before, during, and after tDCS application. 

TDCS induced distinct EEG response patterns for the base and 

oddball frequency rates. Responses to the base frequency and 

Fig. 5 — Histogram of corrected amplitude response at the sum of 1.2 Hz and harmonics across the different ROIs and 

stimulation phases of upright faces. Bars represent standard mean errors, and the mean is reported on top of each bar. ROT: 

right occipito-temporal region, LOT: left occipito-temporal region.
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its harmonics, which reflect the general visual response to the 

flickering face stimuli (a mixture of low- and high-level visual 

processes) remained relatively stable (no neuromodulation) 

across all three experimental phases (before, during, and after 

tDCS), with stronger responses found over the middle occipi

tal region, as expected (Liu-Shuang et al., 2014; Rossion et al., 

2020c). In contrast, and most interestingly, significant neuro

modulations due to tDCS were found at the oddball frequency 

and its harmonics, reflecting FIR. Specifically, there was sub

stantial reduction of amplitude during tDCS, followed by 

subsequent post-tDCS increase.

These large effects found over the typically most sensitive 

right occipito-temporal region can be attributed to the tDCS 

montage i.e., the placement of the anode next to the right 

occipito-temporal cortex, in particular the inferior occipital 

gyrus, holding face-selective populations of neurons (‘Occip

ital Face Area’, OFA) (Jacques et al., 2019, 2020b; Pitcher et al., 

2011), might have facilitated the current flow, thereby 

inducing a high electric field in this region (Louviot et al., 2022). 

Transcranial magnetic stimulation (TMS) applied over this 

right OFA region leads to modest but consistent behavioral 

decreases in performance in FIR tasks (Pitcher et al., 2007, 

2011; Solomon-Harris et al., 2013). However, and particularly 

interestingly, here the neuromodulation effects were found 

both over the right (where tDCS was applied) and the left 

homologous occipito-temporal region, without any significant 

difference across hemispheres. Thus, tDCS appears to have 

(transiently) affected the bilateral cortical face network 

involved in FIR, strongly suggesting that additional down

stream regions of the ventral occipito-temporal cortex such as 

the fusiform face area (Kanwisher et al., 1997), which is key for 

FIR (Jacques et al., 2020), may have also been significantly 

neuromodulated (see (Angelini et al., 2024; Solomon-Harris 

et al., 2016) for evidence of remote effects of TMS and direct 

electrical stimulation, respectively, within the cortical face 

network). Whether application of tDCS over the left hemi

sphere, typically more weakly involved in face (identity) 

recognition, would lead to same neuromodulation over right 

homologous region is an outstanding question that could be 

addressed in future studies with the same approach intro

duced here.

Several studies have demonstrated that the tDCS elicits 

changes in cortical excitability, depending on electrodes po

larity (Nitsche & Paulus, 2000; Purpura & McMurtry, 1965). 

With opposite post-effects, anodal tDCS increases cortical 

excitability, while cathodal tDCS promotes cortical inhibition, 

leading to secondary changes in cortical activity (Schestatsky 

et al., 2013; Tabikh et al., 2025). Since anodal DCS triggers 

vasodilation and enhances perfusion during the stimulation, 

specifically within a subset of cortical vessels (Gellner et al., 

Fig. 6 — (A) Grand average SNR FFT spectrum of the EEG responses at PO8 electrode for upright faces across the three 

stimulation phases. High SNR peaks are observed at the base frequency. (B) Grand average SNR of the sum of the six first 

6 Hz harmonics at PO8 electrode for the three stimulation phases. Scalp map topographies of the baseline corrected EEG 

response at 6 Hz and harmonics are presented above. (C) Histogram of the baseline-corrected amplitude for each ROI and 

each stimulation phases. Bars represent standard mean errors and the mean is reported on top of each bar. OT: occipito- 

temporal.
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2023; Vernieri et al., 2010), vascular changes could also ac

count for decreases in amplitude during tDCS. That is, an 

increased amount of blood would flow to this part of the brain, 

which may in turn reduce blood flow in neighboring regions, 

such as more anterior regions of the occipito-temporal cortex 

involved in FIR (posterior to anterior fusiform gyrus (Jacques et 

al., 2020)).

Following tDCS, a significant increase in amplitude of the 

neural FIR response was observed, even surpassing the level of 

activity pre-tDCS. This ‘rebound’ effect, which is substantial 

here, might be explained by different neurophysiological 

mechanisms. First, tDCS can increase neuronal excitability by 

causing sustained depolarization of neurons, particularly with 

anodal stimulation (Stagg et al., 2018). In this case, stimulation 

can induce long-lasting changes in synaptic strength, known as 

long-term potentiation (LTP) (Polanı́ et al., 2018), enhancing the 

responsiveness of neuronal circuits involved in specific tasks 

such as FIR. Besides that, changes in neurovascular coupling 

induced by tDCS can also be considered. Gellner et al. (2023), in 

their in vivo study, demonstrated that anodal DCS increased 

the permeability of cortical vessels and perivascular microglia 

mobility after it ended. Thus, the observed increase in ampli

tudes related to FIR post-stimulation may result from changes 

in cortical permeability induced by the prior application of 

tDCS. These combined factors may explain the increased 

response amplitude observed after tDCS, resulting in a rebound 

effect that could potentially enhance FIR performance.

In line with this observation, here we conjecture that the 

increased amplitudes found over occipito-temporal region 

following tDCS stimulation could improve efficacy in recog

nizing face identities, not only well beyond limited and 

spurious effects found for DLPFC stimulation (e.g., Yang et al., 

2018) but also specifically for this function. If this is the case, 

then our findings would hold clinical relevance for neuro

psychological conditions involving FIR deficits such as pro

sopagnosia (Barton, 2024; Bodamer, 1947; Rossion, 2022; 

Volfart & Rossion, 2024) or developmental difficulties at FIR 

(prosopdysgnosia, e.g., Nørkæ et al., 2024; Rossion, 2018), in 

line with the potential therapeutic effects of tDCS in various 

neurological disorders, such as migraines, fibromyalgia, drug- 

resistant major depressive episodes, and addiction/craving 

(Lefaucheur et al., 2017).

Besides, we observed a robust main effect of Orientation, 

with larger face-selective amplitudes for upright than inver

ted faces (upright: 1.12 ± .79 μV; inverted: .30 ± .47 μV), 

consistent with the face inversion literature and a right- 

lateralized distribution. Crucially, no interactions involving 

Stimulation phase and Orientation were observed, indicating 

that tDCS modulated the face-selective response similarly for 

both orientations. Thus, the observed effects are face-related 

in that they selectively affect the neural response indexing 

individual face discrimination, but they are not orientation- 

specific. This interpretation if further supported by the 

absence of any modulation of the general visual response at 

the base frequency.

To the best of our knowledge, the present study represents 

the first instance of concurrent combination of EEG recording 

with tDCS targeting regions supporting human face (identity) 

recognition. During ongoing stimulation, EEG amplitude over 

the occipito-temporal region marking face identity recognition 

was substantially and specifically reduced, followed by 

increased amplitude after tDCS, well above and beyond the 

initial response. This latter result suggests that a single- 

session of tDCS may have potential clinical significance for 

addressing pathologies marked by deficiencies in face identity 

recognition and that the combination of FPVS-EEG represents a 

valuable approach to quantify neural tDCS effects.
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