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1.  INTRODUCTION

Electroencephalographic recording from intracranial 

electrodes implanted in epileptic patients (intracranial 

EEG or iEEG) is a long-standing and increasingly used 

approach to understand the neural basis of sensory, 

motor, and cognitive functions in humans (Axmacher, 

2023). Compared with non-invasive methods (e.g., EEG, 

MEG, fMRI), iEEG provides direct recording of neural 
activity with both high spatial and temporal resolution.

An important methodological issue facing iEEG, and 
other electrophysiological measures, is the use of a refer-
ence electrode that is as neutral as possible, the so-
called reference problem (e.g., Joyce & Rossion, 2005; 
Kayser & Tenke, 2010; Nunez & Srinivasan, 2006; Regan, 
1989). Specifically, electrophysiological activity reflects 
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and medial regions of the anterior VOTC. However, SCA also increases the number of significant contacts in the white 
matter. Thus, specificities of each electrode montage should be considered before choosing an iEEG reference, 
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an electric potential difference (voltage) between a 
recording site, the active site, and another site, the refer-
ence site. The ideal situation is usually thought of as hav-
ing the active site close to the source of neural activity of 
interest (e.g., elicited by an internal or external stimulus), 
and the reference site remote from any major neural 
activity (i.e., neutral or silent). The difference of potential 
between the two sites would then essentially reflect the 
measure of brain activity at the active site. However, in 
reality, there are numerous factors that influence the 
magnitude and morphology of the electrophysiological 
signal measured at the active site, which include the 
complex interaction between the location of the active 
and the reference site, the location and distance of the 
neural source(s), and the orientation of the electrical fields 
related to the pattern of cortical folding generating the 
electrical fields. This issue is well known for scalp EEG 
studies, in which the reference (electrode) problem has 
been studied since the 1950s: studies show that different 
reference montages can drastically modify the shape, 
amplitude, and localization of brain activity on the scalp 
(Joyce & Rossion, 2005; Kayser & Tenke, 2010; Nunez & 
Srinivasan, 2006; Regan, 1989; Yao et al., 2019). Thus, to 
achieve a spatially coherent measure, it is important to 
use a reference montage that mainly reflects local activity 
at the active site, maximizing the signals of interest and 
minimizing noise contamination from the reference.

In comparison with scalp EEG, little is known about 
how the reference montage impacts neural activity mea-
sured directly in the gray and white matter with iEEG 
(e.g., Mercier et al., 2022; Parish et al., 2023). Notably, 
iEEG studies typically rely on a wide variety of reference 
montages: a physical site, either on the scalp (SCA), 
inside the white matter or in the skull; a common average 
reference (CAR) using the mean signal over all recording 
sites; or else local reference methods using a site in the 
immediate vicinity of the active site (e.g., its adjacent site, 
i.e., local Bipolar reference (BIP), or the mean of the two 
adjacent sites, i.e., Laplacian reference (LAP)).

Notably, even within the same field of study, various 
reference methods are used. For example, among 60 
iEEG studies that reported brain responses to the presen-
tation of human face stimuli over the last three decades 
(between 1994 and 2024), 24 (40%) used a physical elec-
trode, 18 (30%) used a CAR, and 5 (8%) a local reference 
method (BIP) (14 not reported (23%); see Supplementary 
Table S1 for a list of all studies with their reference mon-
tage). Yet, iEEG studies evaluating the effect of reference 
montages (usually not taking into account whether the 
cortical tissue is functionally relevant to the task-related 
recordings) show that, compared with CAR or physical 
site references, local references minimize inter-channel 
correlations, maximize task-related correlations, and 

increase signal-behavior decoding performance (Li et al., 
2018; S. Liu et al., 2021; Y. Liu et al., 2015; McCarty et al., 
2022; Meisler et al., 2019; see also Mercier et al., 2017). 
Nevertheless, the effect of reference montage on the spa-
tial distribution and temporal profile of functional neural 
activity recorded on a wide functionally relevant cortical 
surface remains largely unknown.

Here we address the issue of the reference montage 
for iEEG studies, comparing five reference montages. 
Our contribution aims at providing valuable information 
for iEEG studies in general and is original at several lev-
els. First, we rely on a particularly large sample of iEEG 
recordings from depth electrodes (SEEG), that is, 77 indi-
vidual brains, yielding a rich dataset to address the refer-
ence issue. Second, we focus on a specific, yet densely 
sampled and extensive cortical territory, the ventral 
occipito-temporal cortex (VOTC), running from the occip-
ital pole to the temporal pole over many distinct anatom-
ical regions, in both hemispheres. Third, rather than 
measuring general unspecific responses, we focus on 
isolated functional neural activity, namely category-
selective activity recorded to human faces, that is, highly 
familiar, ecologically valid, stimuli recruiting a large por-
tion of the human VOTC (Duchaine & Yovel, 2015; Gao 
et al., 2018; Grill-Spector et al., 2017; Haxby et al., 2000; 
Sergent et al., 1992). Since face-selective activity is typi-
cally recorded bilaterally with a right hemisphere advan-
tage (Gao et al., 2018; Sergent et al., 1992; see Rossion 
& Lochy, 2022) and with the largest amplitude in well-
known discrete VOTC regions, this also provides us with 
the opportunity to test for the effect of reference elec-
trode montage on hemispheric lateralization and localiza-
tion. Fourth, to overcome the challenge of comparing 
across multiple reference montages with rich iEEG sig-
nals, we rely on a powerful frequency-tagging method 
(Norcia et al., 2015; Regan, 1989; Rossion et al., 2018) 
that provides objective identification (i.e., at the stimu-
lated frequency) and quantification (in the frequency 
domain) of neural activity separately for both low- and 
high-frequency ranges (see Fig. 1).

2.  METHODS

2.1.  Participants

The study included 77 patients (33 females, mean age: 
31.7 ± 8.5 years, 69 right handed, 1 ambidextrous, 7 left 
handed) undergoing clinical intracerebral evaluation with 
depth electrodes (StereoElectroEncephaloGraphy, SEEG) 
for refractory partial epilepsy, studied in the Epilepsy Unit 
of the University Hospital of Nancy. Patients gave written 
informed consent to participate in the study which was 
conducted according to the Declaration of Helsinki and 



3

S. Hagen, C. Jacques, R. Ranta et al.	 Imaging Neuroscience, Volume 3, 2025

Fig. 1.  Recording and quantifying SEEG low-frequency (LF) and high-frequency (HF) face-selective signals in the VOTC 
(adapted from Jacques et al., 2022). (A) Left: Coronal slice of an example depth (SEEG) electrode implanted in the right 
VOTC of an individual participant. Right: the same SEEG electrode array is shown on the reconstructed white matter 
surface of the participant (ventral view of the right hemisphere). Intracerebral electrode arrays consist of 8–15 contiguous 
recording contacts (small white rectangles in the coronal slice, white circles on the 3D surface) spread along the electrode 
length. Electrodes penetrate both gyral and sulcal cortical tissues. Here the electrode extends from the fusiform gyrus 
to the middle temporal gyrus. The recording contact located at the junction between the lateral fusiform gyrus and 
occipito-temporal sulcus and where the signal shown in panels D–F is measured is highlighted in red (left: red rectangles 
surrounded by a circle; right: red circles, see the black arrow). COS: collateral sulcus; OTS: occipito-temporal sulcus; FG: 
fusiform gyrus; IOG: inferior occipital gyrus. (B) The fast periodic visual stimulation (FPVS) (or frequency-tagging) paradigm 
used to quantify face-selective neural activity (originally from Rossion et al., 2015; see e.g., Jacques et al., 2016; Rossion 
et al., 2018): natural images of non-face objects are presented by sinusoidal contrast modulation at a rate of six stimuli 
per second (6 Hz) with highly variable face images presented every five stimuli. Common neural activity to faces and 
non-face objects is expressed at 6 Hz and harmonics in the iEEG signals, so that any selective (i.e., differential) activity 
elicited reliably by face stimuli appears at the frequency of 6/5 = 1.2 Hz. Each stimulation sequence lasts for 70 s (2 s 
shown here). (C) Representative examples of natural face images used in the study (actual images not shown for copyright 
reasons). (D) Top: example raw intracranial EEG time-domain signal measured at the recording contact shown in panel 
(A). The signal is shown from –1.5 to 20 s relative to the onset of a stimulation sequence. The time series displayed is an 
average of two sequences. Above the time series, red vertical ticks indicate the appearance of face image in the sequence 
every 0.835 s (i.e., every 5th image at 6 Hz) and small black vertical ticks indicate the appearance of non-face objects every 
0.167 s. Example images shown in each sequence are shown in panel B. Middle: a time-frequency representation of the 
SEEG data in the HF range (40–160 Hz) is obtained with a wavelet transform. The plot shows the percent signal change 
at each frequency relative to a pre-stimulus baseline period (–1.6 s to –0.3 s). This highlights distinct periodic burst of HF 
activity occurring at the frequency of face stimulation (i.e., 1.2 Hz) after the start of the stimulation sequence. Bottom: 
The modulation of HF amplitude over time (i.e., HF amplitude envelope) is obtained by averaging time-frequency signals 
across the 40–160 Hz frequency range. Red vertical ticks indicate the appearance of face images in the sequence. (E) LF 
face-selective amplitude is quantified by transforming the time-domain iEEG signal to the frequency domain (Fast Fourier 
Transform, FFT) and summing amplitudes of the signal at 12 harmonics of the frequency of face stimulation (1.2, 2.4, 3.6, 
4.8, … Hz, excluding harmonics of the 6 Hz base stimulation rate). (F) HF face-selective amplitude is quantified in the 
same manner as for LF (panel E) with FFT applied to the HF amplitude envelope.
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approved by the ethical board of the CHRU-Nancy. They 
were included in the study if they had at least one intra-
cerebral electrode implanted in the VOTC.

2.2.  Intracerebral electrode implantation  
and recording

The methods are the same as in previous studies (Hagen 
et al., 2020; Jonas et al., 2016). Intracerebral electrodes 
were stereotactically implanted within the participants’ 
brains (Fig. 1A) for clinical purposes, that is, to delineate 
their seizure onset zones and to functionally map the sur-
rounding cortex in the perspective of an epilepsy surgery 
(Bédos-Ulvin et al., 2017). Each 0.8 mm diameter intrace-
rebral electrode contains 8–15 independent recording 
contacts of 2 mm in length separated by 1.5 mm from 
edge to edge (for details about the electrode implantation 
procedure; see Salado et al., 2018).

Intracerebral EEG was sampled at a 512  Hz with a 
256-channel amplifier (Micromed) and recorded using a 
single electrode reference on the scalp (SCA), that is, 
specifically a midline prefrontal scalp electrode (FPz).

2.3.  Fast periodic visual stimulation (FPVS) 
paradigm

2.3.1.  Stimuli

We used 200 grayscale natural images of various non-
face objects (from 14 non-face categories: cats [n = 9], 
dogs [n = 5], horses [n = 5], birds [n = 24], flowers [n = 15], 
fruits [n = 28], vegetables [n = 21], houseplants [n = 15], 
phones [n = 13], chairs [n = 15], cameras [n = 6], dishes 
[n = 15], guitars [n = 15], lamps [n = 14]), and 50 grayscale 
natural images of faces (see Fig. 1B, C for examples of 
stimuli; all images taken from a paradigm validated in 
scalp EEG and iEEG studies; e.g., Rossion et al., 2015, 
2018). Each image contained an unsegmented object or 
a face, which were located near the center. Faces and 
objects varied substantially in terms of size, viewpoint, 
lighting conditions, and background across images (see 
Rossion et  al., 2015). Images were equalized for mean 
pixel luminance and contrast (i.e., standard deviation 
across pixels).

2.3.2.  Experimental procedure

Participants viewed continuous sequences of natural 
images of objects presented at a fast rate of 6 Hz through 
sinusoidal contrast modulation, in which faces were pre-
sented periodically as every 5th stimulus so that the fre-
quency of face presentation was 1.2  Hz (i.e., 6  Hz/5) 
(Fig.  1B). All images were randomly selected from their 

respective categories. A sequence lasted 70  s: 66  s of 
stimulation at full-contrast flanked by 2 s of fade-in and 
fade-out, where contrast gradually increased or decreased, 
respectively. During the sequences, participants per-
formed an orthogonal color-change detection task on the 
fixation cross, where they were instructed to detect brief 
(500 ms) black to red changes. Sequences were repeated 
a minimum of two times (average sequences across 
patients: 2.8, range: 2–5).

Participants were not informed about the periodicity of 
the stimulation and were unaware of the objectives of the 
study. No participant had seizures in the 2 h preceding 
fast periodic visual stimulation (FPVS) recordings.

2.4.  SEEG signal processing and analyses

2.4.1.  Referencing

Segments of SEEG corresponding to stimulation 
sequences were extracted (74 s segments, -2 s to +72 s). 
Each recorded epoch was acquired with a scalp refer-
ence montage (SCA). These datasets were subsequently 
referenced to four other montages: (1) a local Bipolar 
montage (BIP), where signals are referenced to the neigh-
boring medial contact on the same electrode array; (2) a 
Laplacian montage (LAP), where signals are referenced 
to the average value of the two neighboring lateral and 
medial contacts on the same electrode; (3) a common 
average montage (CAR), where signals are referenced to 
the average amplitude of all contacts (Offner, 1950); (4) a 
“zero reference” montage (REF0), where signals are refer-
enced to a virtual reference computed as a weighted 
average among the raw signals: REF0 = ∑(w_i*SCA_i)/N, 
where the weights w_i are computed using the semi-
blind beamformer introduced in previous work (Hu et al., 
2007; Ranta et al., 2010). This zero reference, developed 
to better determine and eliminate the reference signal 
from the electrode montage, has previously been vali-
dated with SEEG recordings at rest (Madhu et al., 2012).

2.4.2.  Low-frequency activity analysis

The 74 s data segments were cropped to contain an inte-
ger number of 1.2 Hz cycles (face oddball rate) beginning 
2 s after the onset of the sequence (right at the end of the 
fade-in period) until approximately 65  s, that is, before 
stimulus fade-out (75 face cycles ≈ 63  s). Next, the 
recorded temporal sequences of voltage were averaged 
separately for each reference montage and contact. 
Averaging sequences in the time domain cancels out 
non-phase locked noise, and so increases the signal-to-
noise ratio of the subsequent Fast Fourier Transform 
(FFT) (described below). No artifact correction was 
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applied because (1) (S)EEG artifacts generate noise at 
frequencies that locate mostly outside of the frequencies 
of interest (1.2 Hz and associated harmonics) and, most 
importantly, the noise is broadband while the signal 
locates in narrow frequency bins due to the very high-
frequency resolution of our approach (Regan, 1989; 
Rossion, 2014).

Subsequently, an FFT was applied to the full length of 
the cropped averaged time sequences for each reference 
montage. The amplitude spectra were extracted for all 
contacts by taking the modulus of the Fourier coefficients 
at each frequency bin normalized (by dividing) by half of 
the number of time samples in the time series. The long 
recording sequence resulted in a spectrum with a high-
frequency resolution of 0.0159 Hz (1/63 s). No data seg-
ments were excluded from the analysis. No other 
processing was performed to the data.

The FPVS approach used here allows identifying and 
separating two distinct types of responses to the face 
stimuli: (1) a general visual response occurring at the 
base stimulation frequency and its harmonics (6  Hz, 
12 Hz, 18 Hz, …), as well as (2) a face-selective response 
at the oddball stimulation frequency and its harmonics 
(1.2 Hz, 2.4 Hz, 3.6 Hz, …). Face-selective responses sig-
nificantly above noise level at the face frequency and its 
harmonics for each reference montage were determined 
as follows: (1) the FFT spectrum was cropped into 4 seg-
ments centered at the face frequency and harmonics, 
from the 1st until the 4th (faces: 1.2 until 4.8 Hz), and sur-
rounded by 25 neighboring bins on each side, corre-
sponding to a frequency band of 0.8 Hz centered on the 
harmonics of interest; (2) the amplitude values in these 4 
segments of FFT spectra were summed; and (3) the 
summed FFT spectrum was transformed into a Z-score. 
Z-scores were computed as the difference between the 
amplitude at the face frequency bin and the mean ampli-
tude of 48 surrounding bins (25 bins on each side, exclud-
ing the 2 bins directly adjacent to the bin of interest, i.e., 
48 bins) divided by the standard deviation of amplitudes 
in the corresponding 48 surrounding bins. A contact was 
considered as showing a face-selective response in each 
reference montage if the Z-score at the frequency bin of 
face stimulation exceeded 3.1 (i.e., p < 0.001 one-tailed: 
signal > noise).

To extract the temporal profile for each reference mon-
tage, we (1) low-pass filtered the data in the temporal 
domain using a Butterworth bandpass filter (0–40 Hz), (2) 
resampled it to 500  Hz, (3) applied a notch filtered to 
remove the base rate signal (6  Hz and 4 harmonics, 
width = 1 Hz), (4) created epochs relative to the face stim-
ulus onsets (-332 to 833  ms) (84 epochs per 70  s 
sequence), (5) averaged across the epochs created from 
step 4, (6) applied a baseline correction using 1 cycle prior 

to stimulus onset (167 ms), and (7) transformed all data to 
positive values to reflect contact activation and avoid the 
canceling of the responses with opposite polarities.

2.4.3.  High-frequency activity analysis

Starting from the 74 s segments of iEEG corresponding 
to stimulation sequences in each reference montage 
(74 s segments, –2 s to +72 s), variation in signal ampli-
tude as a function of time and frequency was estimated 
by a Morlet wavelet transform (Jacques et  al., 2022) 
applied on each SEEG segment from frequencies of 40–
160  Hz (i.e., high-frequency broadband (HF)), in 2  Hz 
increments (Fig. 1). The number of cycles (i.e., central fre-
quency) of the wavelet was adapted as a function of fre-
quency from 4 cycles at the lowest frequency to 11 cycles 
at the highest frequency, with a constant standard devia-
tion in the time domain of 0.15 s. The frequency band-
width of the lowest wavelet (4 cycles at 40 Hz) was 25 Hz 
(full width at half maximum). Using these parameters, the 
lower boundary of the frequency bandwidth for the HF 
signal was 27.5 Hz (i.e., 40–25/2 Hz). The wavelet trans-
form was computed on each time sample and the result-
ing amplitude envelope was resampled by a factor of 3 
(i.e., to 170.7 Hz sampling rate) to save disk space and 
computation time. For each segment, amplitude was 
normalized across time and frequency to obtain the per-
cent of signal change generated by the stimulus onset 
relative to the mean amplitude in a pre-stimulus time win-
dow (-1,600 to -300 ms relative to the onset of the stimu-
lation sequence). This normalization step ensures that 
each frequency in the HF range contributes equally to the 
computed HF signal, despite the overall 1/f relationship 
between amplitude and frequency in EEG. The percent 
signal change was then averaged across frequencies 
(between 40 and 160 Hz) to obtain the time-varying HF 
amplitude envelope (Fig. 1D, bottom).

To determine significance, the 74  s segments-
averaged-across-frequencies were averaged in the time 
domain (2 to 5 segments per participants). The resulting 
averaged segments were then cropped to contain an 
integer number of 1.2 Hz cycles (from 2 s after sequence 
onset to about 68 s). The frequency content of the HF 
envelope was obtained using an FFT (Fig. 1F). Significant 
face-selective responses in HF were detected based on 
the frequency spectra in the same way as for the low-
frequency bands.

To extract temporal profiles, a notch filter was applied 
to the segments-averaged-across-frequencies (width = 
1  Hz, number of harmonics  =  4) to filter out the base 
response at 6  Hz and harmonics. The segments were 
then epoched relative to the face onsets (-332 to 600 ms), 
and the epochs were averaged.
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2.4.4.  Quantification of response amplitude

Amplitude quantification was performed on all face-
selective contacts in the same manner for the LF and  
HF responses. For each reference montage, baseline-
corrected amplitudes were computed as the difference 
between the amplitude at each frequency bin and the aver-
age of 48 corresponding surrounding bins (up to 25 bins on 
each side, i.e., 50 bins, excluding the 2 bins directly adja-
cent to the bin of interest, i.e., 48 bins). Face-selective 
responses were quantified separately for each reference 
montage as the sum of the baseline-subtracted amplitudes 
at the face frequency from the 1st until the 14th harmonic 
(i.e., 1.2 until 16.8 Hz, excluding 6 and 12 Hz) (Hagen et al., 
2020, 2021; Jacques et al., 2022; Jonas et al., 2016).

2.5.  Contact labeling in the individual anatomy

The exact position of each contact in the individual anat-
omy was determined by fusing the postoperative CT 
scan with a T1-weighted MRI. Contacts inside the gray 
matter were anatomically labeled in the individual anat-
omy using the same topographic VOTC parcellation as in 
Lochy et al. (2018) based on anatomical landmarks. Con-
tacts located in the white matter were labeled as WM 
independent of whether the reference was in the white or 
gray matter. For BIP and LAP, contacts were labeled 
independently of the location of the neighboring refer-
ence contacts (medial for BIP and the two surrounding 
for LAP). For example, a contact located in the lateral 
fusiform gyrus (latFG) and referenced to a neighboring 
contact in the WM would be labeled as latFG.

2.6.  Removed contacts

Contacts located in brain lesions (or with their local refer-
ence in the lesion) visible on structural MRI were excluded 
from any analyses across all references (N = 13). More-
over, for comparing contact distributions of different ref-
erence montages, we removed the most medial and most 
lateral contacts along each electrode for all reference 
montages, since they could only serve as reference con-
tacts, not active contacts, for LAP. Thus, to compare the 
spatial distribution of significant contacts for SCA, BIP, 
LAP, CAR, and REF0, we removed the most medial and 
most lateral contacts along each electrode in all refer-
ence montages (N = 802).

2.7.  Proportion and amplitude maps  
in Talairach space

In a separate analysis, anatomical MRIs were spatially nor-
malized to determine Talairach coordinates of intracerebral 

contacts. The cortical surface used to display group maps 
was obtained from segmentation of the Colin27 brain from 
AFNI (Cox, 1996) which is aligned to the Talairach space. 
Using Talairach coordinates, we computed the local pro-
portion and amplitudes of the face-selective intracerebral 
contacts across the VOTC. Local proportion and ampli-
tudes of contacts were computed in volumes (i.e., “voxels”) 
of size 12 × 12 × 200 mm (for the X, left–right; Y, posterior–
anterior; and Z, inferior–superior dimensions, respectively) 
by steps of 3 × 3 × 200 mm over the whole VOTC. A rela-
tively large voxel size in the Z dimension was used to col-
lapse across contacts along the inferior–superior dimension. 
For each voxel, we extracted the following information 
across all participants in our sample: (i) the number of 
recorded contacts located within the voxel, (ii) the number 
of contacts showing a significant response, and (iii) the 
mean amplitudes in the significant contacts. For each voxel 
and each reference montage (i.e., SCA, BIP, LAP, CAR, 
REF0), we computed the proportion of significant contacts 
over recorded contacts (proportions are critical here since 
sampling differs across regions), as well as the mean ampli-
tudes over/in the significant contacts. To ensure reliability 
and reproducibility, we only considered voxels in which at 
least two participants showed significant responses. For 
the analysis contrasting the maps of the reference mon-
tages (see results below), for each voxel, we determined 
whether the proportion of significant contacts relative to 
non-significant contacts was statistically different from zero 
using a bootstrap procedure in the following way: (i) sam-
pling contacts from the voxel (the same number as the 
number of recorded contacts in the voxel) with replace-
ment, (ii) determining the proportion of significant contacts 
for this bootstrap sample and storing this value, (iii) repeat-
ing steps (i) and (ii) 5,000 times to generate a distribution of 
bootstrap proportions and to estimate the p-value as the 
fraction of bootstrap proportions equal to zero.

3.  RESULTS

3.1.  Spatial distribution of face-selective activity

For the low-frequency data, out of the 3,470 contacts 
implanted in the gray matter of the VOTC in 77 individual 
brains, the SCA, REF0, CAR, LAP, and BIP references 
yielded 822, 937, 994, 962, and 988 significant face-
selective contacts, respectively (statistics in Supplemen-
tary Table  S2 and Fig.  2, top). To visualize the spatial 
distribution of the face-selective responses across refer-
ence montages, all significant contacts were displayed in 
the Talairach space for each reference montage, and local 
proportions (significant contacts/total recorded contacts) 
were computed at a group level and projected on the cor-
tical surface (Fig.  2, middle). All reference montages 
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yielded bilateral face-selective responses distributed along 
the entire VOTC. The peak local proportions were highly 
consistent across references, with most face-selective 
contacts clustering in the IOG, and along the FG into the 
ATL, and there was a substantial overlap between all refer-
ences at the contact level (Supplementary Table S3). The 
mean X, Y, and Z contact positions within right latFG and 
right IOG were also consistent across references (Supple-
mentary Table S4), and with previous iEEG (e.g., Hagen 
et al., 2020; Jonas et al., 2016) and fMRI studies with large 
participant samples (Rossion et al., 2012).

Direct comparisons of the proportion maps showed 
that, relative to all other references, LAP and BIP reduced 
the proportion of face-selective contacts in posterior- 
and anterior-lateral regions, while increasing contacts in 
FG and in the ATL (Fig. 3). A similar pattern was found for 
CAR compared with SCA and REF0. SCA reduced the 
proportion of significant contacts in the ATL relative to all 
other references except REF0. Overall similar patterns 
were observed in the amplitude maps of the significant 
contacts (Fig. 2, bottom, 3). Thus, while the different ref-

erences yielded qualitatively similar face-selective maps, 
quantitative differences were observed along the medio-
lateral and posterior-anterior axis.

All reference montages showed a higher face-selective 
response amplitude in the right latFG compared with the 
left (descriptives and statistics in Supplementary Table S5), 
as initially reported using FPVS-iEEG with an SCA refer-
ence (Jonas et al., 2016). However, BIP yielded a weaker 
right lateralization than SCA, CAR, and REF0 (all p < 0.038) 
but not LAP (p = 0.115; two-tailed permutation tests). Sim-
ilar patterns were observed when computing the lateraliza-
tion (R – L) as a proportion of total amplitude (R + L), except 
for LAP and BIP showing numerically smaller lateralization 
than the other references.

For the high-frequency data (between 40 and 160 Hz), 
SCA, REF0, CAR, LAP, and BIP yielded 270, 241, 284, 
312, and 330 significant face-selective contacts, respec-
tively (Fig. 4, top; Supplementary Table S6). For all refer-
ences, the face-selective contacts clustered in bilateral 
IOG, and along the bilateral FG (Fig. 4, middle). The mean 
X, Y, and Z contact positions within the right latFG and 

Fig. 2.  Group maps for low-frequency data. Top: maps of all 3,470 VOTC recording contacts across the 77 individual 
brains displayed in the Talairach space using a reconstructed cortical surface of the Colin27 brain. Each circle represents 
a single contact. Color-filled circles correspond to selective contacts. Light-gray-filled circles correspond to contacts on 
which no selective responses were recorded. Middle and bottom: Proportion and amplitude maps. Local proportions and 
amplitudes were computed in 12 × 12 mm voxels (for X- and Y-dimensions, respectively) using contacts collapsed over 
the Z dimension (inferior–superior) for better visualization. For the sake of replicability, only voxels containing significant 
responses from at least two individual brains were considered. The letters on each hemisphere (R, L) refer to the 
hemispheric side. CAR, common average reference; BIP, Bipolar; LAP, Laplacian; REF0, zero reference; SCA, scalp.
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right IOG were also consistent across references (Sup-
plementary Table S7). However, for SCA, the peaks were 
less emphasized, the distribution in the ATL was more 
widespread (and less restricted to the antFG) (Figs. 4 and 
5), and the spatial overlap with the other references was 
relatively low (Supplementary Table  S8). Similar overall 
patterns were observed in terms of amplitudes in the sig-
nificant contacts (Fig. 4, bottom), except that each refer-
ence showed trends for a right hemispheric lateralization 
in the latFG (Supplementary Table S9).

3.2.  The influence of reference montage on strong 
versus weak face-selective activity

We examined whether the references differentially influ-
enced the activity in anatomical regions with overall 
strong versus weak face-selective amplitudes (anatomi-

cal regions comprising the “strong” and “weak” ROIs 
shown in Figure  6A; the split in strong vs. weak face 
selectivity is consistent with Hagen et  al., 2020, 2021; 
Jacques et  al., 2022; Jonas et  al., 2016, and current 
data). Note that only comparisons between references 
are valid since comparisons within each reference 
(strong- vs. weak-selectivity ROIs) have unequal sam-
pling and cortical size (Fig. 6A). Separately for the occip-
ital lobe + posterior temporal lobe (OCC + PTL) and the 
anterior temporal lobe (ATL), we subtracted the number 
of significant contacts in the strong-selectivity ROI from 
the number of significant contacts in the weak-selectivity 
ROI, and directly compared the difference score of the 
different references (Fig. 6B). In OCC + PTL, BIP and LAP 
increased the number of contacts relative to the other 
references in the strong-selectivity ROI relative to the 
weak-selectivity ROI (Fig.  6B, upper; all p  <  0.013). In 
ATL, BIP, LAP, and CAR increased contacts relative to 
SCA in the strong-selectivity ROI relative to the weak-
selectivity ROI (all p  <  0.028). Moreover, BIP, LAP, and 
CAR increased contacts relative to REF0 (all p < 0.018). 
Finally, BIP and LAP increased the number of contacts 
more than CAR in the strong-selectivity ROI than the 
weak-selectivity ROI (all p  < 0.05) (Fig.  6B, lower). The 
same general pattern was observed for the amplitude 
data (Supplementary Fig. S1B).

For the high-frequency data, in the OCC + PTL, there 
was no difference across references in terms of the rela-
tive contact count in the strong- versus weak-selectivity 
ROIs (Fig. 6C, bottom; all p > 0.112). In contrast, in the 
ATL, all references had more contacts in the strong- than 
in the weak-selectivity ROI compared with SCA (all 
p < 0.001). The same pattern was observed for BIP rela-
tive to REF0 and CAR (all p < 0.034), and LAP relative to 
REF0 (p  =  0.002). Qualitatively similar patterns were 
observed in the percent signal changes within the signifi-
cant contacts (Supplementary Fig. S1C), except that in 
OCC  +  PTL, SCA had a generally low percent signal 
change in both the strong- and weak-selectivity ROI. 
Overall, SCA behaved as an outlier compared with BIP, 
LAP, CAR, and REF0, essentially increasing face selectiv-
ity in weak face-selectivity regions in the ATL.

3.3.  The spread of face-selective amplitudes within 
recording electrodes

We examined the spread of activity around the maximally 
responsive contact within each electrode shaft. Refer-
ences with better spatial resolution should have a steeper 
activity decrease away from the maximum contact. For 
the low-frequency data, across three large posterior–
anterior ROIs (OCC, PTL, ATL), all references showed 
some spatial clustering around the contact with maxi-

Fig. 3.  Group contrast maps for low-frequency data. 
Proportion and amplitude maps contrasting each reference 
montage: data to the right of the diagonal are amplitude, 
data to the left of the diagonal are proportion (of significant 
contacts). Data indicated by row labels are subtracted from 
the data indicated by the column labels. For example, for 
amplitudes, row1, column2 = LAP – BIP, and for proportion, 
row2, column1 = BIP – LAP. Similar plotting convention as 
proportion and amplitude maps in Figure 2, except that 
only significant responses are plotted (p < 0.05).
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mum face selectivity, with the second and/or third largest 
responses next to the maximum and significantly above 
the amplitude expected if the contacts position was at 
chance. However, a 75% reduction of the amplitude 
occurred closer to the maximum contact for local refer-
ences as compared with the other references in the OCC 
where SCA, CAR, and REF0 did not reach 75% (Fig. 7A), 
the PTL (all p < 0.006), and the ATL (all p < 0.001) (descrip-
tives in Supplementary Table S10). Moreover, this reduc-
tion was also larger for BIP than for LAP in the ATL 
(p = 0.041). All other comparisons were not significant (all 
p > 0.226). Thus, while all references showed a spatial 
clustering of the high face-selective activity (within elec-
trodes), local references reduced the extent of the clus-
tering, suggesting that they sharpen the spatial resolution 
(descriptives for the number of electrodes with significant 
contacts in Supplementary Table S11).

For the high-frequency data, in the OCC and PTL, all 
references had the second largest responses next to the 
maximum and significantly above the amplitude expected 
if the contacts position was at chance. In the OCC and 

the PTL, a 75% reduction occurred at statistically similar 
positions across all references (Fig.  7B; all p  >  0.121) 
(descriptives in Supplementary Table S10). In contrast, in 
the ATL, SCA did not reach a 75% reduction, while all the 
other references reached it at statistically similar posi-
tions between the 2nd and 3rd contacts (Fig.  7B; all 
p  >  0.194). This suggests that SCA blurs the signals 
across the ATL electrodes, thereby inflating the number 
of significant contacts in the ATL (descriptives for the 
number of electrodes with significant contacts in Supple-
mentary Table S12).

3.4.  Signal and noise as a function of posterior-to-
anterior axis and reference montage

We examined whether the reference montages differed in 
noise and signal across the posterior–anterior axis of the 
VOTC. We characterized the Z-scores, signal, and noise 
along the Y-axis. For each reference and its significant 
contact, the signal was quantified as the sum of the raw 
amplitudes (i.e., not baseline corrected) at the face  

Fig. 4.  Group maps for high-frequency data. Top: maps of all 3,470 VOTC recording contacts across the 77 individual 
brains displayed in the Talairach space using a reconstructed cortical surface of the Colin27 brain. Each circle represents a 
single contact. Color-filled circles correspond to selective contacts. Light-gray-filled circles correspond to contacts on which 
no selective responses were recorded. Middle and bottom: Proportion and percent signal change maps. Local proportions 
and percent signal change were computed in 12 × 12 mm voxels (for X- and Y-dimensions, respectively) using contacts 
collapsed over the Z dimension (inferior–superior) for better visualization. For the sake of replicability, only voxels containing 
significant responses from at least two individual brains were considered. The letters on each hemisphere (R, L) refer to the 
hemispheric side. CAR, common average reference; BIP, Bipolar; LAP, Laplacian; REF0, zero reference; SCA, scalp.
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frequency (1st until the 4th harmonic: 1.2, 2.4, 3.6, and 
4.8 Hz), while the noise as the mean of the 25 noise bins 
on each side of the signal bins, excluding the 2 bins 
directly adjacent to the bin of interest (i.e., 24 on each 
side, 48 in total).

For the low-frequency data, LAP and BIP enhanced 
Z-scores around -50 to -10 mm on the Y-Talairach axis 
(posterior–anterior; Fig. 8A, top; statistics in Supplemen-
tary Table S13). At points along the Y-Talairach axis, largely 
corresponding with the change in Z-scores, LAP had 
higher signal relative to all other reference montages 
(Fig. 8A, middle), while BIP had lower signal than most ref-
erence montages (statistics in Supplementary Table S14). 
In contrast, BIP was associated with a lower noise level, 
while LAP had a noise level comparable with the other ref-
erences (Fig.  8A, bottom; statistics in Supplementary 

Table S15). Thus, the high Z-scores of LAP were associ-
ated mainly with enhanced signal, while for BIP it was 
associated mainly with reduced noise.

For the high-frequency data, across larger parts of the 
Y-Talairach axis, SCA had lower Z-scores than the other 
references, while the remaining references had compara-
ble Z-scores to each other (Fig. 8B, top; Supplementary 
Table S16). All references had a higher signal than SCA 
across a large part of the posterior–anterior axis (Fig. 8B, 
middle; statistics in Supplementary Table S17), while the 
noise levels were relatively comparably across the refer-
ences (Fig.  8B, bottom; statistics in Supplementary 
Table  S18). Thus, the generally lower Z-score for SCA 
was associated with a particularly low signal in high-
frequency activity.

3.5.  Time-courses across reference montages

We examined the temporal profile of the face-selective 
activity in bilateral latFG, a key region for face-selective 
activity, as well as bilateral ATL, where other analyses 
revealed differences between the references. For the low-
frequency data, overall, each reference’s temporal pro-
files overlapped, reaching 25% of peak and peak activity 
at roughly the same times (Fig.  9A; Supplementary 
Table  S19). Similar patterns were observed in the ATL 
(Supplementary Fig.  S2A; Supplementary Table  S20). 
LAP and BIP had overall higher and lower amplitudes, 
respectively, than the other references, consistent with 
the analyses in the frequency domain. Thus, the choice of 
reference montage does not affect the time-course of 
face-selective activity.

For the high-frequency data, the reference’s temporal 
profiles in the bilateral latFG also overlapped, reaching 
25% of peak and peak activity at roughly the same time 
(Fig.  9B; Supplementary Table  S19). However, SCA had 
slightly faster onset and peak times than the other refer-
ences (Supplementary Table  S19). All references had 
higher amplitude than SCA, consistent with the analyses in 
the frequency domain. Similar patterns were observed in 
the ATL (Supplementary Fig.  S2B; Supplementary Table 
S20), except that the response for SCA was less sustained, 
had similar amplitude, and similar onset time as the other 
references. Thus, the choice of reference montage did not 
severely influence the onset and peak timing parameters of 
the face-selective activity, except in some cases for SCA.

3.6.  Face selectivity in white matter contacts

Finally, we examined the activity recorded in contacts 
located in the white matter (WM), with the assumption 
that they reflect volume-conducted responses from 
neighboring gray matter (GM). For the low frequencies, 

Fig. 5.  Group contrast maps for high-frequency data. 
Proportion and percent signal change maps contrasting 
each reference montage: data to the right of the diagonal 
are percent signal change, data to the left of the diagonal 
are proportion (of significant contacts). Data indicated 
by row labels are subtracted from the data indicated 
by the column labels. For example, for amplitudes, 
row1, column2 = LAP – BIP, and for proportion, row2, 
column1 = BIP – LAP. Similar plotting convention as 
proportion and percent signal change maps in Figure 4, 
except that only significant responses are plotted (p < 0.05).
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there were a substantial number of face-selective con-
tacts in the WM for all reference montages, with LAP, BIP, 
and CAR having the most WM contacts (Fig. 10A, top; 
statistics in Supplementary Table S21). However, these 
differences were less pronounced—or non-existent—
when considering that these references had overall more 
significant contacts in the gray matter also (e.g., due to 
reduced noise or increased signal [see earlier sections]; 
Supplementary Table S21). Finally, we examined whether 
WM activity could reflect gray matter activity in the refer-
ence contact(s). For LAP and BIP, where the reference 
contact(s) can be localized, there was a large proportion 
of contacts with a WM reference (Fig.  10A, bottom; 
descriptives in Supplementary Table  S22), suggesting 
that at least for BIP and LAP, signal transfer from a GM 
reference could not fully account for all the significant 
WM contacts. Overall, this could suggest that both local 
and global references in low-frequency activity contain a 
fair amount of volume-conducted signals.

For the high-frequency data, SCA, BIP, LAP, CAR, and 
REF0 had 77, 22, 21, 19, and 15 significant white matter 

contacts, respectively (Fig. 10B, top; statistics in Supple-
mentary Table  S23). The substantially higher number of 
WM contacts for SCA remained when considering its 
overall number of significant contacts in the GM (Supple-
mentary Table S23). This is consistent with previous high-
frequency analysis, suggesting that SCA diffuses the 
high-frequency selective activity to a larger extent than the 
other references. Finally, for LAP and BIP, most of the WM 
contacts had the reference in the GM (Fig. 10B, bottom; 
descriptives in Supplementary Table S24), suggesting that 
at least for BIP and LAP, the WM activity reflect GM activ-
ity that is transferred from the reference channels.

4.  DISCUSSION

4.1.  Overall spatial distribution and timing profiles 
of face selectivity unaffected by reference montage

Overall, the spatial distribution of the face-selective con-
tacts and their amplitudes were largely similar for the five 
tested references montages, both for low- and high-

Fig. 6.  (A) Anatomical regions included in the strong- and weak-selectivity ROIs. In the OCC+PTL, the strong-selectivity ROI 
includes latFG and IOG, while the weak-selectivity ROI includes VMO, PHG, medFG, and MTG/ITG. In the ATL, the strong-
selectivity ROI includes antFG, antCOS, and antOTS, while the weak-selectivity ROI includes antPHG, antMTG/ITG, and 
TP. Note that only comparisons between references are valid since comparisons within each reference (strong- vs. weak-
selectivity ROIs) have unequal sampling and cortical size. Acronyms: OCC, occipital lobe; PTL, posterior temporal lobe; ATL, 
anterior temporal lobe; IOG, inferior occipital gyrus; VMO, ventromedial occipital; MTG/ITG, middle temporal gyrus/inferior 
temporal gyrus; FG, fusiform gyrus; PHG, parahippocampal gyrus; OTS, occipito-temporal sulcus; COS, collateral sulcus; ant, 
anterior; lat, lateral; med, medial. (B, upper) Low-frequency data: significant contact count as a function of ROI and reference 
montage. (B, lower) Low-frequency data: difference between significant contact count in the strong- and weak-selectivity ROIs 
(strong–weak). A difference in the positive direction indicates relatively more contacts in the strong- than in the weak-selectivity 
ROI. (C, upper) High-frequency data: same plotting convention as panel B (upper). (C, lower) High-frequency data: same 
plotting convention as panel B (lower). *, **, *** represent significance at p < 0.05, 0.01, 0.001, respectively.
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frequency data, except for SCA in high frequencies.  
Specifically, all reference montages showed similar 
face-selective activity in posterior–anterior and medial–
lateral regions of the VOTC, with peak activity in and 
around the posterior and anterior FG. Moreover, all ref-
erences showed the well-known right hemispheric dom-
inance of face-selective amplitudes in the latFG (Gao 
et al., 2018; Sergent et al., 1992; see Rossion & Lochy, 
2022), albeit with differences in magnitude (see below). 
Finally, all references yielded rather similar timing pro-
files of face-selective responses, except for SCA in high 
frequencies. Thus, with the exception of SCA for high 
frequencies, the choice of reference montage does not 
appear to have much influence on the spatial and tem-
poral distribution of face-selective neural activity in the  
human VOTC.

4.2.  Advantages of local reference montages

For low frequencies, while we did not observe large 
spatial differences across montages, we still found 
subtle local differences. The most important difference 
was that local references (BIP, LAP) increased face 
selectivity in typically strong-selectivity regions (i.e., 
IOG, FG, and adjacent sulci) relative to more lateral and 

medial regions (weak selectivity), particularly in the ATL 
(antFG and adjacent sulci antOTS and antCOS). In 
other words, BIP and LAP emphasized focal peaks of 
selectivity, in regions that are known to be critical for 
face recognition, and de-emphasized weaker selectiv-
ity, in areas thought to be less important for face recog-
nition. This was mainly related to a reduction of noise 
level for BIP and to an increase of signal amplitude for 
LAP. One possible reason for the reduction of face 
selectivity in lateral and medial regions is reduction of 
volume-conducted signals, as suggested by the reduc-
tion of the spread of activity from the maximum contact 
along the electrode. These advantages of local refer-
ences are consistent with previous studies showing 
that some local references (LAP) enhance task-related 
activity and minimize inter-channel correlations (Li 
et al., 2018). For high frequencies, except for SCA that 
yielded less significant contacts overall, differences 
were more subtle, being mostly found in the ATL, with 
higher SNR for local references and more contacts in 
strong selectivity regions compared with the common 
references.

Thus, while the choice of reference is unlikely to influ-
ence the spatial distribution of responses, it could influ-

Fig. 7.  (A) Low-frequency data: Mean variation of face-selective response amplitude as a function of the distance (mm) 
from the peak amplitude (located at 0 mm), ROI (OCC, PTL, ATL), and reference montage (SCA, BIP, LAP, CAR, REF0). 
Mean amplitudes have been normalized relative to maximal value (max at 0 mm equals 1) for display only; all analyses were 
performed on non-normalized data. The spatial extent was estimated for each signal and main region by fitting an exponential 
decay function to the mean amplitude profile (thin dashed lines) and finding the distance at which the function reached 75% 
of its amplitude range (vertical dashed lines; an absence of a vertical line indicates that the reference did not reach 75% 
reduction). To ensure sufficient data, the fitting was restricted to the range from 0 to 28 mm. (B) High-frequency data: same 
plotting convention as in panel A. To ensure sufficient data, the fitting was restricted to the range from 0 to 21 mm.
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ence measurements in more subtler ways. Especially, the 
use of local references could increase measured face 
selectivity in specific regions such as the ATL, which is 
especially important given its role in face recognition 
(e.g., Jonas et  al., 2015; Rossion et  al., 2024; Volfart 
et al., 2022). The SNR in the ATL is lower than posterior 
regions for both low- and high-frequency activity (Jacques 
et al., 2022) and local references better capture low-SNR 
responses, either due to increased signal, reduced noise, 
or both.

4.3.  Reference montages increasing face-selective 
activity in the white matter

It is generally believed that weak local field potentials 
measured in contacts situated in WM reflect volume-
conducted signals from nearby GM. Interestingly, for 
low-frequency activity, we found that local references 

Fig. 8.  (A) Low-frequency data: Z-score (top), signal amplitude (middle) and noise amplitude (bottom) for Y-Talairach axis 
(mm) as a function of reference montage (BIP, LAP, SCA, CAR, REF0). Statistical significance for comparisons of different 
reference montages within each TAL bin is indicated in Supplementary Tables S13–S15. We excluded contacts located 
below -90 mm and above 0 mm on the Y-Talairach axis due to noise. (B) High-frequency data: same plotting convention 
as panel B. Statistical significance for comparisons of different reference montages within each Talairach (TAL) bin is 
indicated in Supplementary Tables S16–S18.

Fig. 9.  (A) Low-frequency data: Timing of face-selective 
activity in the bilateral latFG for each reference montage. 
Shaded area represents 95% confidence intervals (CIs). 
Dashed lines and dots reflect the time at which the 
amplitudes reached 25% of peak (“initiation” phase) and 
peak activity. (B) High-frequency data: same plotting 
convention as panel (A).
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substantially increased measured face-selective activity 
in the WM, despite their assumed role of reducing 
volume-conducted signals compared with common ref-
erences (Arnulfo et al., 2015; Mercier et al., 2017, 2022). 
For local references, even after excluding WM contacts 
with a reference in the GM (where significance could 
reflect the reference activity), there were still a substan-
tial portion of significant WM contacts. This suggests 
that local references do not fully abolish volume-
conducted activity, presumably mainly removing volume 
conduction from far sources (i.e., in the far field of the 
dipole). Surprisingly, SCA yielded fewest WM contacts in 
low frequencies, despite the large distance between the 
active and the reference electrodes, perhaps because of 
a higher level of noise. In contrast, for high-frequency 
responses, the reference type did not influence face-
selective responses in the WM, except SCA, which sub-
stantially increased the number of significant WM 
contacts. This could potentially be driven by the weak or 
absent high-frequency (periodic) electrophysiological 

signals on the scalp (Gotman & Crone, 2012), artificially 
increasing unsignificant high-frequency signals in the 
WM. Alternatively, or in addition, the projection of high-
frequency noise picked up by scalp electrodes and peri-
odically related to face stimulation (e.g. micro-saccades; 
Yuval-Greenberg et al., 2008) into the iEEG signal may 
produce artificial high-frequency signals detected in the 
WM (due to the reduced presence of neural activity in 
these sites). Interestingly, local references in high-
frequency signals clearly reduced the proportion of WM 
contacts with a WM reference (WM-WM) compared with 
low frequencies, which points to an advantage of using 
local references for high-frequency signals.

Thus, our results highlight that the issue of choosing 
reference montage for reducing volume-conducted sig-
nals is complex, and likely depends on several factors, 
including active-reference distance and levels of noise 
and signal.

4.4.  Considerations when choosing reference 
montage

Different reference montages are thought to come with 
different (dis)advantages (e.g., Mercier et al., 2022). SCA 
is thought to capture a large degree of volume-conducted 
neural activity (Ball et al., 2009; Jerbi et al., 2009; Katz 
et  al., 2020; Kovach et  al., 2011; Mercier et  al., 2022). 
Consistent with this, face-selective responses for SCA 
were found in lateral regions for both frequencies (but 
especially in the lateral ATL for high-frequency responses), 
and in the WM for high-frequency responses. Moreover, 
the SCA reference could be contaminated by artifacts 
such as external noise (i.e., ambient 50 or 60 Hz), or phys-
iological artifacts (muscle activity, blinks, eye, or head 
movements). This “reference contamination” could have 
disproportionately affected recordings in regions with low 
SNR, such as the ATL. In addition, the ATL is known to be 
specifically affected by eye saccade/blink artifacts of the 
SCA reference (Katz et  al., 2020; Kovach et  al., 2011). 
While being broadband, these artifacts have more energy 
in low-frequency bands, which may contribute to finding 
fewer face-selective contacts in the ATL for SCA com-
pared with other reference montages for low-frequency 
activity. Interestingly however, since these artifacts are 
broadband, the frequency-tagging approach used here 
(with a high-frequency resolution and a narrow frequency 
band of interest) is relatively immune to such artifacts. For 
high frequencies, as discussed earlier, the SCA reference 
acts as an outlier compared with other references and 
should probably be avoided in most situations.

The CAR reference montage removes common signal 
across all contacts. Studies have shown that CAR can 
decrease inter-contact correlations compared with, for 

Fig. 10.  Significant white matter (WM) contacts. (A) Low-
frequency data. Top: number of significant WM contacts 
as a function of reference montage (BIP, LAP, CAR, REF0, 
SCA). Bottom: number of significant WM contacts as 
a function of local reference montage (BIP, LAP) and 
reference position(s) (WM, GM). (B) High-frequency data. 
Same plotting convention as in panel A. *, **, *** represent 
significance at p < 0.05, 0.01, 0.001, respectively.
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example, a WM average reference or GM average refer-
ence (Li et al., 2018; Mercier et al., 2017). In addition, our 
results show that CAR has relatively low noise and a large 
number of significant contacts, especially in the ATL. 
However, since it assumes homogeneous spherical sam-
pling, its validity for iEEG recordings, especially with 
SEEG, can be questioned (Mercier et  al., 2022; Parish 
et  al., 2023; for scalp EEG see Desmedt et  al., 1990; 
Kayser & Tenke, 2010). This violation could result in activ-
ity from more densely sampled regions/hemisphere to be 
artificially projected to contacts over less densely sam-
pled regions. REF0 is related to CAR, by also removing 
common electrode activity, but using an electrode-
weighted average. However, this montage is relatively 
infrequently used for (S)EEG, and thus lacks validation for 
task-related functional activity. Here we show that, for 
low frequencies, it is almost identical to SCA in most 
parameters that we examined: spatial distribution of pro-
portion and amplitudes, number of contacts in weak and 
strong-selectivity regions, spatial spread, and response 
timing.

Local reference montages isolate local activity by 
removing common signal in adjacent contacts and 
reduce signal correlation between contacts (Li et  al., 
2018; Mercier et al., 2017). We found that both BIP and 
LAP increased face selectivity in strongly selective rela-
tive to “weakly” regions, consistent with enhancing local 
activity. However, these references may be suboptimal 
for recordings of regions that contain a large portion of 
contacts at the electrode edge, since they can only serve 
as reference. For example, in our study, LAP reduced the 
total active sites (and thus potentially significant con-
tacts) from 4,272 to 3,470 sites (802 contacts or ~19% 
reduction) compared with the common references (SCA, 
REF0, CAR). For low-frequency responses, local mon-
tages also led to absolute and relative reduction of the 
well-known right hemispheric dominance for face-related 
neural activity in the VOTC (Gao et  al., 2018; Sergent 
et al., 1992; see Rossion & Lochy, 2022), perhaps due to 
signal cancellation in strong face-selective sources 
(Zaveri et  al., 2006), if the cortical extent of the neural 
source is equal to or larger to inter-contact distance 
(1.5 mm from edge to edge). Finally, at the contact level, 
BIP and LAP could have quite variable effects on signal 
localization depending on dipole orientations, signal 
amplitude and phase values across contacts (Zaveri 
et al., 2006).

4.5.  Generalizability of our findings

An important issue is the degree to which our findings are 
generalizable to electrophysiological mapping of other 
cognitive functions, in different brain regions and differ-

ent recording techniques. For several reasons, we argue 
that the approach used here provides good generalizabil-
ity of our results, at least to primary and association cor-
tices. First, we recorded responses from a large sample 
of individual brains, sampling the wide cortical surface 
recruited selectively by face stimuli in the human VOTC, 
from the occipital to the temporal poles, encompassing 
various types of cortices, architectonics, and cognitive 
systems (primary and association cortices, unimodal 
visual, and multimodal semantic cortices). Second, while 
electrocorticography (ECoG) mainly records activity from 
the gyral surface and has advantages in sampling size 
and homogeneity, SEEG samples a wider range of ana-
tomical structures or cortical geometries (i.e., sulci, gyri) 
and can, therefore, record multiple dipole orientations at 
various locations and distances to active and reference 
sites. Note that ECoG may present some specificities 
compared with SEEG for local references related to (1) 
the common use of 2D grids instead of 1D electrode lin-
ear arrays and (2) the limitation of recording sites to the 
gyral surface, potentially reducing the sensitivity to distal 
sulcal activities. Third, the frequency-tagging stimulation 
approach provides objectivity of response identification 
and quantification across reference methods. Even 
though this approach remains relatively rare compared 
with slow temporally jittered event-related stimulation 
methods, periodic streams of visual stimuli are a long-
standing stimulation method in human electrophysiology 
(Adrian & Matthews, 1934; intracranial EEG: Kamp et al., 
1960). Most importantly, the current approach has been 
extensively validated in EEG (e.g., Quek & Rossion, 2017; 
Retter & Rossion, 2016; Rossion et al., 2015), iEEG (see 
Rossion et al., 2018, 2023 for review) and other methods 
(MEG: Hauk et al., 2021, fMRI: Gao et al., 2018), provid-
ing the same functional responses as conventional 
approaches but with significant advantages in sensitivity 
and objectivity. Fourth, we tested not only responses 
from the lower range of the frequency spectrum (<30 Hz) 
but also high-frequency responses (40–160 Hz, or broad-
band gamma activity), which have become the primary 
center of interest for an increasing number of human 
intracranial recording studies over the last 15 years (e.g., 
Miller et al., 2007; Nir et al., 2007; Ray et al., 2008).

Since a large portion of iEEG studies on face- and 
category-selective activity focus on characterizing their 
temporal characteristics, we also examined the effect of 
reference montage on face-selective temporal activity, 
providing empirical evidence that reference montage 
does not influence these time-course properties. Also, 
while it is well known that the VOTC contains other 
category-selective responses, including to human bodies 
(Peelen & Downing, 2005), written words (e.g., Devlin 
et  al., 2006), and scenes and buildings (e.g., Aguirre 
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et al., 1998; Epstein & Kanwisher, 1998), we focused on 
face-selective activity, which is arguably the strongest, 
most distributed, and most studied form of category-
selective responses in the VOTC. Although face- and 
category-selective regions show a functional dissocia-
tion, they often share some cortical regions, and so there 
is no reason to believe that our results will not generalize 
to other category-selective responses in the VOTC.

Finally, the generalizability of our findings to individual 
brain analyses (i.e., single-subject studies) remains 
unclear. That is, while the different reference montages 
had little effect on the group spatial distribution of face-
selective activity here, we cannot exclude that they sub-
stantially affect spatial distributions of activity in individual 
brains, depending on the configuration of electrodes and 
individual cortical geometry. Individual brain analyses 
were not studied in the present study; thus, future work 
should examine the effect of referencing at the single-
subject level.

5.  CONCLUSION

Although the reference problem in electrophysiological 
recordings is complex, and other existing refence mon-
tages, for example, different scalp electrodes, cranial or 
subdermal electrodes, white matter site, median com-
mon average, electrode shaft reference, gray–white mat-
ter common reference, independent component analysis, 
REST, (Li et al., 2018; S. Liu et al., 2021; Y. Liu et al., 2015; 
Mercier et  al., 2022; Michelmann et  al., 2018; Parish 
et al., 2023; Yao, 2001) were not tested here, our findings 
provide some recommendations for future group iEEG 
studies. Even more so than for EEG recordings, there 
may be no optimal reference for iEEG studies (Mercier 
et al., 2022), with some references being more suited for 
specific research questions, anatomical regions, types of 
analyses, and responses frequency range (Dien, 1998). 
For example, our results indicate that local reference 
methods increase SNR and may, therefore, be better 
suited to the recording of low-amplitude responses (here 
the ATL). If the goal is to study medial (e.g., PHG) or lat-
eral structures (e.g., MTG) in SEEG, we do not recom-
mend an LAP montage that discards contacts in these 
regions. If the goal is to compare response amplitudes 
across regions, one should be cautious with local refer-
ence methods as they may paradoxically disadvantage 
regions generating the largest response amplitudes 
because of signal cancellation in the low-frequency range 
(e.g., here, the right latFG). For high-frequency responses, 
our findings indicate that the SCA reference is not recom-
mended. In general, as suggested in EEG research 
(Katznelson, 1981), we recommend ensuring consistency 
of the results across reference methods, using at least 

two reference schemes, preferably one common (e.g., 
SCA, CAR, REF0, or white matter despite not tested here) 
and one local method (BIP or LAP), given their different 
advantages.

DATA AND CODE AVAILABILITY

The data and code used for this project are available 
upon request.

AUTHOR CONTRIBUTIONS

Conceptualization: B.R., J.J., S.H., C.J.; data curation: 
S.H., J.J., C.J.; formal analysis: S.H., C.J., R.R.; funding 
acquisition: B.R.; investigation: B.R., J.J., S.H., C.J.; 
methodology: B.R., J.J., S.H., C.J., L.M., S.C.C.; project 
administration: B.R., J.J.; resources: B.R., C.J., R.R., L.K., 
L.M., S.C.C.; supervision: J.J., B.R.; visualization: S.H.; 
writing—original draft: S.H., J.J., B.R.; writing—review & 
editing: S.H., J.J., B.R., C.J., R.R., L.K., L.M., S.C.C.

FUNDING

This research was funded by the European Research 
Council (ERC Advanced grant), grant number HUMAN-
FACE 101055175.

DECLARATION OF COMPETING INTEREST

The authors declare no competing interests.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available with 
the online version here: https://doi​.org​/10​.1162​/imag​_a​
_00479.

REFERENCES

Adrian, E. D., & Matthews, B. H. (1934). The interpretation 
of potential waves in the cortex. The Journal of 
Physiology, 81(4), 440. https://doi​.org​/10​.1113​/jphysiol​
.1934​.sp003147

Aguirre, G. K., Zarahn, E., & D’Esposito, M. (1998). An 
area within human ventral cortex sensitive to “building” 
stimuli: Evidence and implications. Neuron, 21(2), 373–
383. https://doi​.org​/10​.1016​/s0896​-6273(00)80546​-2

Arnulfo, G., Hirvonen, J., Nobili, L., Palva, S., & Palva, J. M. 
(2015). Phase and amplitude correlations in resting-
state activity in human stereotactical EEG recordings. 
NeuroImage, 112, 114–127. https://doi​.org​/10​.1016​/j​
.neuroimage​.2015​.02​.031

Axmacher, N. (Ed.). (2023). Intracranial EEG: A guide for 
cognitive neuroscientists. Springer Nature. https://doi​.org​
/10​.1007​/978​-3​-031​-20910​-9

Ball, T., Kern, M., Mutschler, I., Aertsen, A., & Schulze-
Bonhage, A. (2009). Signal quality of simultaneously 

https://doi.org/10.1162/imag_a_00479
https://doi.org/10.1162/imag_a_00479
https://doi.org/10.1113/jphysiol.1934.sp003147
https://doi.org/10.1113/jphysiol.1934.sp003147
https://doi.org/10.1016/s0896-6273(00)80546-2
https://doi.org/10.1016/j.neuroimage.2015.02.031
https://doi.org/10.1016/j.neuroimage.2015.02.031
https://doi.org/10.1007/978-3-031-20910-9
https://doi.org/10.1007/978-3-031-20910-9


17

S. Hagen, C. Jacques, R. Ranta et al.	 Imaging Neuroscience, Volume 3, 2025

recorded invasive and non-invasive EEG. NeuroImage, 
46(3), 708–716. https://doi​.org​/10​.1016​/j​.neuroimage​
.2009​.02​.028

Bedos Ulvin, L. B., Jonas, J., Brissart, H., Colnat-Coulbois, 
S., Thiriaux, A., Vignal, J. P., & Maillard, L. (2017). 
Intracerebral stimulation of left and right ventral temporal 
cortex during object naming. Brain and Language, 175, 
71–76. https://doi​.org​/10​.1016​/j​.bandl​.2017​.09​.003

Cox, R. W. (1996). AFNI: Software for analysis and 
visualization of functional magnetic resonance 
neuroimages. Computers and Biomedical Research, 
29(3), 162–173. https://doi​.org​/10​.1006​/cbmr​.1996​.0014

Desmedt, J. E., Chalklin, V., & Tomberg, C. (1990). 
Emulation of somatosensory evoked potential (SEP) 
components with the 3-shell head model and the 
problem of ‘ghost potential fields’ when using an average 
reference in brain mapping. Electroencephalography 
and Clinical Neurophysiology/Evoked Potentials 
Section, 77(4), 243–258. https://doi​.org​/10​.1016​/0168​
-5597(90)90063​-j

Devlin, J. T., Jamison, H. L., Gonnerman, L. M., & Matthews, 
P. M. (2006). The role of the posterior fusiform gyrus 
in reading. Journal of Cognitive Neuroscience, 18(6), 
911–922. https://doi​.org​/10​.1162​/jocn​.2006​.18​.6​.911

Dien, J. (1998). Issues in the application of the average 
reference: Review, critiques, and recommendations. 
Behavior Research Methods, Instruments, & Computers, 
30(1), 34–43. https://doi​.org​/10​.3758​/bf03209414

Duchaine, B., & Yovel, G. (2015). A revised neural 
framework for face processing. Annual Review of Vision 
Science, 1(1), 393–416. https://doi.org/10.1146/annurev 
-vision-082114-035518

Epstein, R., & Kanwisher, N. (1998). A cortical 
representation of the local visual environment. Nature, 
392(6676), 598–601. https://doi​.org​/10​.1038​/33402

Gao, X., Gentile, F., & Rossion, B. (2018). Fast periodic 
stimulation (FPS): A highly effective approach in fMRI 
brain mapping. Brain Structure and Function, 223, 
2433–2454. https://doi​.org​/10​.1007​/s00429​-018​-1630​-4

Gotman, J., & Crone, N. E. (2012). High-frequency EEG 
activity. In D. L. Schomer & F. H. Lopes da Silva (Eds.), 
Niedermeyer’s electroencephalography: Basic principles, 
clinical applications, and related fields (6th ed.,  
pp. 749–766). Wolters Kluwer Health Adis (ESP). https://
www.wolterskluwer.com/en/solutions/ovid/niedermeyers 
-electroencephalography-basic-principles-clinical 
-applications-and-related-fields-8611

Grill-Spector, K., Weiner, K. S., Kay, K., & Gomez, J. (2017). 
The functional neuroanatomy of human face perception. 
Annual Review of Vision Science, 3(1), 167–196. https://
doi.org/10.1146/annurev-vision-102016-061214

Hagen, S., Jacques, C., Maillard, L., Colnat-Coulbois, S., 
Rossion, B., & Jonas, J. (2020). Spatially dissociated 
intracerebral maps for face-and house-selective activity 
in the human ventral occipito-temporal cortex. Cerebral 
Cortex, 30(7), 4026–4043. https://doi​.org​/10​.1093​/cercor​
/bhaa022

Hagen, S., Lochy, A., Jacques, C., Maillard, L.,  
Colnat-Coulbois, S., Jonas, J., & Rossion, B. (2021). 
Dissociated face-and word-selective intracerebral 
responses in the human ventral occipito-temporal cortex. 
Brain Structure and Function, 226(9), 3031–3049. https://
doi​.org​/10​.1007​/s00429​-021​-02350​-4

Hauk, O., Rice, G. E., Volfart, A., Magnabosco, F., Ralph, 
M. L., & Rossion, B. (2021). Face-selective responses in 
combined EEG/MEG recordings with fast periodic visual 
stimulation (FPVS). NeuroImage, 242, 118460. https://doi​
.org​/10​.1016​/j​.neuroimage​.2021​.118460

Haxby, J. V., Hoffman, E. A., & Gobbini, M. I. (2000). The 
distributed human neural system for face perception. 
Trends in Cognitive Sciences, 4(6), 223–233. https://doi 
.org/10.1016/S1364-6613(00)01482-0

Hu, S., Stead, M., & Worrell, G. A. (2007). Automatic 
identification and removal of scalp reference signal for 
intracranial EEGs based on independent component 
analysis. IEEE Transactions on Biomedical Engineering, 
54(9), 1560–1572. https://doi​.org​/10​.1109​/tbme​.2007​
.892929

Jacques, C., Jonas, J., Colnat-Coulbois, S., Maillard, L., & 
Rossion, B. (2022). Low and high frequency intracranial 
neural signals match in the human associative cortex. 
Elife, 11, e76544. https://doi​.org​/10​.7554​/elife​.76544

Jacques, C., Retter, T. L., & Rossion, B. (2016). A single 
glance at natural face images generate larger and 
qualitatively different category-selective spatio-temporal 
signatures than other ecologically-relevant categories in 
the human brain. NeuroImage, 137, 21–33. https://doi​
.org​/10​.1016​/j​.neuroimage​.2016​.04​.045

Jerbi, K., Freyermuth, S., Dalal, S., Kahane, P., Bertrand, O.,  
Berthoz, A., & Lachaux, J. P. (2009). Saccade related 
gamma-band activity in intracerebral EEG: Dissociating 
neural from ocular muscle activity. Brain Topography, 
22(1), 18–23. https://doi​.org​/10​.1007​/s10548​-009​-0078​-5

Jonas, J., Jacques, C., Liu-Shuang, J., Brissart, H.,  
Colnat-Coulbois, S., Maillard, L., & Rossion, B. (2016). 
A face-selective ventral occipito-temporal map of the 
human brain with intracerebral potentials. Proceedings of 
the National Academy of Sciences of the United States 
of America, 113(28), E4088–E4097. https://doi​.org​/10​
.1073​/pnas​.1522033113

Jonas, J., Rossion, B., Brissart, H., Frismand, S., Jacques, 
C., Hossu, G., Colnat-Coulbois, S., Vespignani, H., 
Vignal, J.-P., & Maillard, L. (2015). Beyond the core face-
processing network: Intracerebral stimulation of a face-
selective area in the right anterior fusiform gyrus elicits 
transient prosopagnosia. Cortex, 72, 140–155. https://doi​
.org​/10​.1016​/j​.cortex​.2015​.05​.026

Joyce, C., & Rossion, B. (2005). The face-sensitive 
N170 and VPP components manifest the same brain 
processes: The effect of reference electrode site. Clinical 
Neurophysiology, 116(11), 2613–2631. https://doi​.org​/10​
.1016​/j​.clinph​.2005​.07​.005

Kamp, A., Sem‐Jacobsen, C. W., Leeuwen, W. S. V., 
& T‐Weel, L. V. D. (1960). Cortical responses to 
modulated light in the human subject. Acta Physiologica 
Scandinavica, 48(1), 1–12. https://doi​.org​/10​.1111​/j​.1748​
-1716​.1960​.tb01840​.x

Katz, C. N., Patel, K., Talakoub, O., Groppe, D., Hoffman, 
K., & Valiante, T. A. (2020). Differential generation of 
saccade, fixation, and image-onset event-related 
potentials in the human mesial temporal lobe. Cerebral 
Cortex, 30(10), 5502–5516. https://doi​.org​/10​.1093​
/cercor​/bhaa132

Katznelson, R. D. (1981). EEG recording, electrode 
placement and aspects of generator localization. In P. L. 
Nunez (Ed.), Electric fields of the brain. The neurophysics 
of EEG (pp. 176–213). Oxford University Press. https://
doi​.org​/10​.1118​/1​.595231

Kayser, J., & Tenke, C. E. (2010). In search of the Rosetta 
Stone for scalp EEG: Converging on reference-free 
techniques. Clinical Neurophysiology: Official Journal of 
the International Federation of Clinical Neurophysiology, 
121(12), 1973. https://doi​.org​/10​.1016​/j​.clinph​.2010​.04​.030

Kovach, C. K., Tsuchiya, N., Kawasaki, H., Oya, H.,  
Howard III, M. A., & Adolphs, R. (2011). Manifestation of 
ocular-muscle EMG contamination in human intracranial 

https://doi.org/10.1016/j.neuroimage.2009.02.028
https://doi.org/10.1016/j.neuroimage.2009.02.028
https://doi.org/10.1016/j.bandl.2017.09.003
https://doi.org/10.1006/cbmr.1996.0014
https://doi.org/10.1016/0168-5597(90)90063-j
https://doi.org/10.1016/0168-5597(90)90063-j
https://doi.org/10.1162/jocn.2006.18.6.911
https://doi.org/10.3758/bf03209414
https://doi.org/10.1146/annurev-vision-082114-035518
https://doi.org/10.1146/annurev-vision-082114-035518
https://doi.org/10.1038/33402
https://doi.org/10.1007/s00429-018-1630-4
https://www.wolterskluwer.com/en/solutions/ovid/niedermeyers-electroencephalography-basic-principles-clinical-applications-and-related-fields-8611
https://www.wolterskluwer.com/en/solutions/ovid/niedermeyers-electroencephalography-basic-principles-clinical-applications-and-related-fields-8611
https://www.wolterskluwer.com/en/solutions/ovid/niedermeyers-electroencephalography-basic-principles-clinical-applications-and-related-fields-8611
https://www.wolterskluwer.com/en/solutions/ovid/niedermeyers-electroencephalography-basic-principles-clinical-applications-and-related-fields-8611
https://doi.org/10.1146/annurev-vision-102016-061214
https://doi.org/10.1146/annurev-vision-102016-061214
https://doi.org/10.1093/cercor/bhaa022
https://doi.org/10.1093/cercor/bhaa022
https://doi.org/10.1007/s00429-021-02350-4
https://doi.org/10.1007/s00429-021-02350-4
https://doi.org/10.1016/j.neuroimage.2021.118460
https://doi.org/10.1016/j.neuroimage.2021.118460
https://doi.org/10.1016/S1364-6613(00)01482-0
https://doi.org/10.1016/S1364-6613(00)01482-0
https://doi.org/10.1109/tbme.2007.892929
https://doi.org/10.1109/tbme.2007.892929
https://doi.org/10.7554/elife.76544
https://doi.org/10.1016/j.neuroimage.2016.04.045
https://doi.org/10.1016/j.neuroimage.2016.04.045
https://doi.org/10.1007/s10548-009-0078-5
https://doi.org/10.1073/pnas.1522033113
https://doi.org/10.1073/pnas.1522033113
https://doi.org/10.1016/j.cortex.2015.05.026
https://doi.org/10.1016/j.cortex.2015.05.026
https://doi.org/10.1016/j.clinph.2005.07.005
https://doi.org/10.1016/j.clinph.2005.07.005
https://doi.org/10.1111/j.1748-1716.1960.tb01840.x
https://doi.org/10.1111/j.1748-1716.1960.tb01840.x
https://doi.org/10.1093/cercor/bhaa132
https://doi.org/10.1093/cercor/bhaa132
https://doi.org/10.1118/1.595231
https://doi.org/10.1118/1.595231
https://doi.org/10.1016/j.clinph.2010.04.030


18

S. Hagen, C. Jacques, R. Ranta et al.	 Imaging Neuroscience, Volume 3, 2025

recordings. NeuroImage, 54(1), 213–233. https://doi​.org​
/10​.1016​/j​.neuroimage​.2010​.08​.002

Li, G., Jiang, S., Paraskevopoulou, S. E., Wang, M., Xu, Y., 
Wu, Z., Chen, L., Zhang, D., & Schalk, G. (2018). Optimal 
referencing for stereo-electroencephalographic (SEEG) 
recordings. NeuroImage, 183, 327–335. https://doi​.org​
/10​.1016​/j​.neuroimage​.2018​.08​.020

Liu, Y., Coon, W. G., De Pesters, A., Brunner, P., & Schalk, 
G. (2015). The effects of spatial filtering and artifacts 
on electrocorticographic signals. Journal of Neural 
Engineering, 12(5), 056008. https://doi​.org​/10​.1088​/1741​
-2560​/12​/5​/056008

Liu, S., Li, G., Jiang, S., Wu, X., Hu, J., Zhang, D., & 
Chen, L. (2021). Investigating data cleaning methods 
to improve performance of brain–computer interfaces 
based on stereo-electroencephalography. Frontiers in 
Neuroscience, 15, 725384. https://doi​.org​/10​.3389​/fnins​
.2021​.725384

Lochy, A., Jacques, C., Maillard, L., Colnat-Coulbois, 
S., Rossion, B., & Jonas, J. (2018). Selective visual 
representation of letters and words in the left ventral 
occipito-temporal cortex with intracerebral recordings. 
Proceedings of the National Academy of Sciences of the 
United States of America, 115(32), E7595–E7604. https://
doi​.org​/10​.1073​/pnas​.1718987115

Madhu, N., Ranta, R., Maillard, L., & Koessler, L. (2012). A 
unified treatment of the reference estimation problem in 
depth EEG recordings. Medical & Biological Engineering 
& Computing, 50(10), 1003–1015. https://doi​.org​/10​.1007​
/s11517​-012​-0946​-0

McCarty, M. J., Woolnough, O., Mosher, J. C., Seymour, 
J., & Tandon, N. (2022). The listening zone of human 
electrocorticographic field potential recordings. Eneuro, 
9(2), ENEURO.0492-21.2022. https://doi​.org​/10​.1523​
/eneuro​.0492​-21​.2022

Meisler, S. L., Kahana, M. J., & Ezzyat, Y. (2019). Does data 
cleaning improve brain state classification? Journal of 
Neuroscience Methods, 328, 108421. https://doi​.org​/10​
.1016​/j​.jneumeth​.2019​.108421

Mercier, M. R., Bickel, S., Megevand, P., Groppe, D. M., 
Schroeder, C. E., Mehta, A. D., & Lado, F. A. (2017). 
Evaluation of cortical local field potential diffusion in 
stereotactic electro-encephalography recordings: A 
glimpse on white matter signal. NeuroImage, 147, 
219–232. https://doi​.org​/10​.1016​/j​.neuroimage​.2016​ 
.08​.037

Mercier, M. R., Dubarry, A. S., Tadel, F., Avanzini, P., 
Axmacher, N., Cellier, D., Del Vecchio, M., Hamilton, 
L. S., Hermes, D., Kahana, M. J., Knight, R. T., Llorens, 
A., Megevand, P., Melloni, L., Miller, K. J., Piai, V., 
Puce, A., Ramsey, N. F., Schwiedrzik, C. M., … 
Oostenveld, R. (2022). Advances in human intracranial 
electroencephalography research, guidelines and good 
practices. NeuroImage, 260, 119438. https://doi​.org​/10​
.1016​/j​.neuroimage​.2022​.119438

Michelmann, S., Treder, M. S., Griffiths, B., Kerrén, 
C., Roux, F., Wimber, M., Rollings, D., Sawlani, V., 
Chelvarajah, R., Gollwitzer, S., Kreiselmeyer, G., Hamer, 
H., Bowman, H., Staresina, B., & Hanslmayr, S. (2018). 
Data-driven re-referencing of intracranial EEG based 
on independent component analysis (ICA). Journal of 
Neuroscience Methods, 307, 125–137. https://doi​.org​/10​
.1016​/j​.jneumeth​.2018​.06​.021

Miller, K. J., Leuthardt, E. C., Schalk, G., Rao, R. P., 
Anderson, N. R., Moran, D. W., Miller, J. W., & 
Ojemann, J. G. (2007). Spectral changes in cortical 
surface potentials during motor movement. Journal of 
Neuroscience, 27(9), 2424–2432. https://doi​.org​/10​.1523​
/jneurosci​.3886​-06​.2007

Nir, Y., Fisch, L., Mukamel, R., Gelbard-Sagiv, H., Arieli, A., 
Fried, I., & Malach, R. (2007). Coupling between neuronal 
firing rate, gamma LFP, and BOLD fMRI is related to 
interneuronal correlations. Current Biology, 17(15), 
1275–1285. https://doi​.org​/10​.1016​/j​.cub​.2007​.06​.066

Norcia, A. M., Appelbaum, L. G., Ales, J. M., Cottereau, 
B. R., & Rossion, B. (2015). The steady-state visual 
evoked potential in vision research: A review. Journal of 
Vision, 15(6), 4. https://doi​.org​/10​.1167​/15​.6​.4

Nunez, P. L., & Srinivasan, R. (2006). Electric fields of the 
brain: The neurophysics of EEG. Oxford University Press. 
https://doi​.org​/10​.1093​/acprof:oso​/9780195050387​.003​
.0008

Offner, F. F. (1950). The EEG as potential mapping: 
The value of the average monopolar reference. 
Electroencephalography and Clinical Neurophysiology, 
2(2), 213–214. https://doi​.org​/10​.1016​/0013​
-4694(50)90040​-x

Parish, G. M., Michelmann, S., & Hanslmayr, S. (2023). 
How should I re-reference my intracranial EEG data? In 
Intracranial EEG: A Guide for Cognitive Neuroscientists 
(pp. 451–473). Springer International Publishing. https://
doi​.org​/10​.1007​/978​-3​-031​-20910​-9​_28

Peelen, M. V., & Downing, P. E. (2005). Selectivity for 
the human body in the fusiform gyrus. Journal of 
Neurophysiology, 93(1), 603–608. https://doi​.org​/10​.1152​
/jn​.00513​.2004

Quek, G. L., & Rossion, B. (2017). Category-selective 
human brain processes elicited in fast periodic 
visual stimulation streams are immune to temporal 
predictability. Neuropsychologia, 104, 182–200. https://
doi​.org​/10​.1016​/j​.neuropsychologia​.2017​.08​.010

Ranta, R., Salido-Ruiz, R., & Louis-Dorr, V. (2010). 
Reference estimation in EEG recordings. In 2010 Annual 
International Conference of the IEEE Engineering in 
Medicine and Biology (pp. 5371–5374). IEEE. https://doi​
.org​/10​.1109​/iembs​.2010​.5626488

Ray, S., Crone, N. E., Niebur, E., Franaszczuk, P. J., & 
Hsiao, S. S. (2008). Neural correlates of high-gamma 
oscillations (60–200 Hz) in macaque local field potentials 
and their potential implications in electrocorticography. 
Journal of Neuroscience, 28(45), 11526–11536. https://
doi​.org​/10​.1523​/jneurosci​.2848​-08​.2008

Regan, D. (1989). Human brain electrophysiology. Evoked 
potentials and evoked magnetic fields in science and 
medicine. Pain, 39(3), 371–372. https://doi​.org​/10​.1016​
/0304​-3959(89)90058​-4

Retter, T. L., & Rossion, B. (2016). Uncovering the 
neural magnitude and spatio-temporal dynamics of 
natural image categorization in a fast visual stream. 
Neuropsychologia, 91, 9–28. https://doi​.org​/10​.1016​/j​
.neuropsychologia​.2016​.07​.028

Rossion, B. (2014). Understanding individual face 
discrimination by means of fast periodic visual 
stimulation. Experimental Brain Research, 232, 1599–
1621. https://doi​.org​/10​.1007​/s00221​-014​-3934​-9

Rossion, B., Hanseeuw, B., & Dricot, L. (2012). Defining 
face perception areas in the human brain: A large-
scale factorial fMRI face localizer analysis. Brain and 
Cognition, 79(2), 138–157. https://doi​.org​/10​.1016​/j​
.bandc​.2012​.01​.001

Rossion, B., Jacques, C., & Jonas, J. (2023). Intracerebral 
electrophysiological recordings to understand the neural 
basis of human face recognition. Brain Sciences, 13(2), 
354. https://doi​.org​/10​.3390​/brainsci13020354

Rossion, B., Jacques, C., & Jonas, J. (2024). The anterior 
fusiform gyrus: The ghost in the cortical face machine. 
Neuroscience & Biobehavioral Reviews, 158, 105535. 
https://doi​.org​/10​.1016​/j​.neubiorev​.2024​.105535

https://doi.org/10.1016/j.neuroimage.2010.08.002
https://doi.org/10.1016/j.neuroimage.2010.08.002
https://doi.org/10.1016/j.neuroimage.2018.08.020
https://doi.org/10.1016/j.neuroimage.2018.08.020
https://doi.org/10.1088/1741-2560/12/5/056008
https://doi.org/10.1088/1741-2560/12/5/056008
https://doi.org/10.3389/fnins.2021.725384
https://doi.org/10.3389/fnins.2021.725384
https://doi.org/10.1073/pnas.1718987115
https://doi.org/10.1073/pnas.1718987115
https://doi.org/10.1007/s11517-012-0946-0
https://doi.org/10.1007/s11517-012-0946-0
https://doi.org/10.1523/eneuro.0492-21.2022
https://doi.org/10.1523/eneuro.0492-21.2022
https://doi.org/10.1016/j.jneumeth.2019.108421
https://doi.org/10.1016/j.jneumeth.2019.108421
https://doi.org/10.1016/j.neuroimage.2016.08.037
https://doi.org/10.1016/j.neuroimage.2016.08.037
https://doi.org/10.1016/j.neuroimage.2022.119438
https://doi.org/10.1016/j.neuroimage.2022.119438
https://doi.org/10.1016/j.jneumeth.2018.06.021
https://doi.org/10.1016/j.jneumeth.2018.06.021
https://doi.org/10.1523/jneurosci.3886-06.2007
https://doi.org/10.1523/jneurosci.3886-06.2007
https://doi.org/10.1016/j.cub.2007.06.066
https://doi.org/10.1167/15.6.4
https://doi.org/10.1093/acprof:oso/9780195050387.003.0008
https://doi.org/10.1093/acprof:oso/9780195050387.003.0008
https://doi.org/10.1016/0013-4694(50)90040-x
https://doi.org/10.1016/0013-4694(50)90040-x
https://doi.org/10.1007/978-3-031-20910-9_28
https://doi.org/10.1007/978-3-031-20910-9_28
https://doi.org/10.1152/jn.00513.2004
https://doi.org/10.1152/jn.00513.2004
https://doi.org/10.1016/j.neuropsychologia.2017.08.010
https://doi.org/10.1016/j.neuropsychologia.2017.08.010
https://doi.org/10.1109/iembs.2010.5626488
https://doi.org/10.1109/iembs.2010.5626488
https://doi.org/10.1523/jneurosci.2848-08.2008
https://doi.org/10.1523/jneurosci.2848-08.2008
https://doi.org/10.1016/0304-3959(89)90058-4
https://doi.org/10.1016/0304-3959(89)90058-4
https://doi.org/10.1016/j.neuropsychologia.2016.07.028
https://doi.org/10.1016/j.neuropsychologia.2016.07.028
https://doi.org/10.1007/s00221-014-3934-9
https://doi.org/10.1016/j.bandc.2012.01.001
https://doi.org/10.1016/j.bandc.2012.01.001
https://doi.org/10.3390/brainsci13020354
https://doi.org/10.1016/j.neubiorev.2024.105535


19

S. Hagen, C. Jacques, R. Ranta et al.	 Imaging Neuroscience, Volume 3, 2025

Rossion, B., Jacques, C., & Jonas, J. (2018). Mapping face 
categorization in the human ventral occipitotemporal 
cortex with direct neural intracranial recordings. Annals 
of the New York Academy of Sciences, 1426(1), 5–24. 
https://doi​.org​/10​.1111​/nyas​.13596

Rossion, B., & Lochy, A. (2022). Is human face 
recognition lateralized to the right hemisphere due 
to neural competition with left-lateralized visual word 
recognition? A critical review. Brain Structure and 
Function, 227(2), 599–629. https://doi​.org​/10​.1007​
/s00429​-021​-02370​-0

Rossion, B., Torfs, K., Jacques, C., & Liu-Shuang, J. (2015). 
Fast periodic presentation of natural images reveals a 
robust face-selective electrophysiological response in 
the human brain. Journal of Vision, 15(1), 18. https://doi​
.org​/10​.1167​/15​.1​.18

Salado, A. L., Koessler, L., De Mijolla, G., Schmitt, E., 
Vignal, J. P., Civit, T., Tyvaert, L., Jonas, J., Maillard, 
L. G., & Colnat-Coulbois, S. (2018). sEEG is a safe 
procedure for a comprehensive anatomic exploration 
of the insula: A retrospective study of 108 procedures 
representing 254 transopercular insular electrodes. 
Operative Neurosurgery, 14(1), 1–8. https://doi​.org​/10​
.1093​/ons​/opx106

Sergent, J., Ohta, S., & Macdonald, B. (1992). Functional 
neuroanatomy of face and object processing: A positron 

emission tomography study. Brain, 115(1), 15–36. https://
doi​.org​/10​.1093​/brain​/115​.1​.15

Volfart, A., Yan, X., Maillard, L., Colnat-Coulbois, S., 
Hossu, G., Rossion, B., & Jonas, J. (2022). Intracerebral 
electrical stimulation of the right anterior fusiform gyrus 
impairs human face identity recognition. NeuroImage, 
250, 118932. https://doi​.org​/10​.1016​/j​.neuroimage​.2022​
.118932

Yao, D. (2001). A method to standardize a reference of 
scalp EEG recordings to a point at infinity. Physiological 
Measurement, 22(4), 693. https://doi​.org​/10​.1088​/0967​
-3334​/22​/4​/305

Yao, D., Qin, Y., Hu, S., Dong, L., Bringas Vega, M. L., & 
Valdés Sosa, P. A. (2019). Which reference should we 
use for EEG and ERP practice? Brain Topography, 32, 
530–549. https://doi​.org​/10​.1007​/s10548​-019​-00707​-x

Yuval-Greenberg, S., Tomer, O., Keren, A. S., Nelken, 
I., & Deouell, L. Y. (2008). Transient induced gamma-
band response in EEG as a manifestation of miniature 
saccades. Neuron, 58(3), 429–441. https://doi​.org​/10​
.1016​/j​.neuron​.2008​.03​.027

Zaveri, H. P., Duckrow, R. B., & Spencer, S. S. (2006). On 
the use of bipolar montages for time-series analysis 
of intracranial electroencephalograms. Clinical 
Neurophysiology, 117(9), 2102–2108. https://doi​.org​/10​
.1016​/j​.clinph​.2006​.05​.032

https://doi.org/10.1111/nyas.13596
https://doi.org/10.1007/s00429-021-02370-0
https://doi.org/10.1007/s00429-021-02370-0
https://doi.org/10.1167/15.1.18
https://doi.org/10.1167/15.1.18
https://doi.org/10.1093/ons/opx106
https://doi.org/10.1093/ons/opx106
https://doi.org/10.1093/brain/115.1.15
https://doi.org/10.1093/brain/115.1.15
https://doi.org/10.1016/j.neuroimage.2022.118932
https://doi.org/10.1016/j.neuroimage.2022.118932
https://doi.org/10.1088/0967-3334/22/4/305
https://doi.org/10.1088/0967-3334/22/4/305
https://doi.org/10.1007/s10548-019-00707-x
https://doi.org/10.1016/j.neuron.2008.03.027
https://doi.org/10.1016/j.neuron.2008.03.027
https://doi.org/10.1016/j.clinph.2006.05.032
https://doi.org/10.1016/j.clinph.2006.05.032

