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Abstract

Despite being of primary importance for fundamental research and clinical studies,
the relationship between local neural population activity and scalp electroencepha-
lography (EEG) in humans remains largely unknown. Here we report simultaneous
scalp and intracerebral EEG responses to face stimuli in a unique epileptic patient
implanted with 27 intracerebral recording contacts in the right occipitotemporal cor-
tex. The patient was shown images of faces appearing at a frequency of 6 Hz, which
elicits neural responses at this exact frequency. Response quantification at this fre-
quency allowed to objectively relate the neural activity measured inside and outside
the brain. The patient exhibited typical 6 Hz responses on the scalp at the right
occipitotemporal sites. Moreover, there was a clear spatial correspondence between
these scalp responses and intracerebral signals in the right lateral inferior occipital
gyrus, both in amplitude and in phase. Nevertheless, the signal measured on the scalp
and inside the brain at nearby locations showed a 10-fold difference in amplitude
due to electrical insulation from the head. To further quantify the relationship
between the scalp and intracerebral recordings, we used an approach correlating
time-varying signals at the stimulation frequency across scalp and intracerebral chan-
nels. This analysis revealed a focused and right-lateralized correspondence between
the scalp and intracerebral recordings that were specific to the face stimulation is
more broadly distributed in various control situations. These results demonstrate the
interest of a frequency tagging approach in characterizing the electrical propagation
from brain sources to scalp EEG sensors and in identifying the cortical sources of

brain functions from these recordings.
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1 | INTRODUCTION

Since its first report and validation in humans (Adrian & Matthews,
1934) scalp electroencephalography (EEG) has been widely used to
study dynamic neurofunctional processes and their pathology in
large-scale brain networks (Lopes da Silva, 2013; Nunez & Srinivasan,
2005; Regan, 1989). Given that EEG noninvasively provides informa-
tion about the unfolding of brain processes at the millisecond time
resolution, understanding the relationship between scalp EEG signals
and their source(s) at the cortical level is important for fundamental
research. It is also of primary importance for clinical studies, in particu-
lar for the neurological study of epileptic patients, in order to define
and localize brain sources of epileptic seizures (Coito et al., 2019;
Gavaret, Badier, Marquis, Bartolomei, & Chauvel, 2004; Koessler
et al, 2010). Unfortunately, knowledge about the relationship
between scalp EEG signals and their cortical source(s) remains
severely limited, for several reasons. First, scalp EEG signals are atten-
uated by the electrical resistance of head tissues, which remain
unknown in human in vivo (especially the skull resistivity) and very dif-
ficult to estimate noninvasively and during in vivo measurements
(Goncalves et al., 2003; Koessler et al., 2017; Malmivuo & Suihko,
2004). Second, the distance from brain sources to scalp sensors
reduce the amplitude of EEG signal, making it difficult to capture and
estimate brain sources at the deepest portions of sulci or the medial
brain structures (Koessler et al., 2015; Seeber, Cantonas, Sesia, Visser-
vandewalle, & Michel, 2019; see also Pizzo et al., 2019 in MEG). Third
and perhaps most importantly, many brain sources (often co-activated
in interlocked time-courses) contribute to EEG recording. Electrical
signals generated by these co-activated sources are mixed when mea-
sured on the scalp with EEG sensors, making it difficult to assign a
specific source to a specific EEG signal characteristic (nonlinear rela-
tionship; Kovach, Oya, & Kawasaki, 2018) and requiring to solve an
undetermined inverse problem (Grech et al., 2008; Kaiboriboon,
Luders, Hamaneh, Turnbull, & Lhatoo, 2012; Michel et al., 2004).

In humans, the relationship between scalp EEG signals and
their cortical sources can be potentially addressed by comparing
simultaneous scalp and intracranial EEG recordings. These rare
studies derive from invasive investigations performed mainly with
foramen ovale or subdural electrodes (e.g., Alarcon et al., 1994;
Lantz, Holub, Ryding, & Rosen, 1996; Van Der Loo, Congedo,
Plazier, Van De Heyning, & De Ridder, 2007; Wennberg & Cheyne,
2014) and more rarely with intracerebral electrodes (Alarcon et al.,
1994; Gavaret, Dubarry, Carron, & Bartolomei, 2016; Koessler
et al.,, 2015). In the latter case, intracerebral EEG (also named
stereoelectroencephalography, SEEG) records electrical activity
directly from specific brain areas with high anatomical accuracy by
means of implanted multicontact electrodes. This technique is
used in the presurgical evaluation of drug-resistant epilepsies
(Chauvel, Gonzalez-Martinez, & Bulacio, 2019; Talairach &
Bancaud, 1973). Beyond its clinical significance, the recorded sig-
nal can be analyzed in parallel for research purposes (e.g., Allison,
Puce, Spencer, McCarthy, & Belger, 1999; Barbeau et al., 2008;
Halgren et al., 1994; Jacques et al., 2016; Jonas et al., 2016).

The few studies which investigated the relationship between simulta-
neously recorded scalp EEG and SEEG signals relied on event-related
potential (ERP) approaches, in which brain activity is recorded to the sud-
den occurrence of an event (external or internal such as epileptic spikes)
and then averaged in the time domain (Dubarry et al., 2014; Jacques
et al,, 2019; Koessler et al., 2015; Merlet et al., 1998; Rosburg et al.,
2010). At least two main factors make it difficult to perform these studies
and therefore seriously limit their availability. First, relating scalp to intra-
cerebral EEG requires a high signal-to-noise ratio (SNR) on the scalp,
which typically results in long-duration experiments to collect data from a
large number of events (exogenous or endogenous; Luck, 2014). SNR is
particularly an issue in these clinical settings where recordings can take
place over several days without the possibility to fix or replace noisy scalp
electrodes. Second, the amplitude and shape of evoked responses in the
time domain are difficult to relate across scalp and intracerebral EEG
because of the diversity and the unknown spatiotemporal dynamic of
activated sources within the brain (Lopes da Silva, 2019).

One approach to overcome these difficulties would be to use a
stimulus presentation technique that provides high SNR and allows to
more objectively characterize the signal to be compared across
recordings. A potentially powerful approach that fits these criteria is
the frequency tagging approach where a stimulus is presented at a
(relatively fast) fixed frequency rate, for instance, a flickering light,
eliciting a neural response exactly at this frequency rate which can be
therefore objectively tracked and quantified in simultaneously
recorded scalp EEG and SEEG signals. This approach was discovered
shortly after the first descriptions of EEG recordings in humans
(Adrian & Matthews, 1934), that is, well before the first ERP record-
ings (Dawson, 1951; see Regan, 1972). It was already considered at
the time as offering a powerful mean to understand the nature and
the source(s) of EEG recordings, as stated by Adrian (1944):

“All the messages which reach the cortex will produce
their own electrical accompaniment, and this can be
recorded well enough if electrodes can be placed on
the surface of the brain. But if we can get no nearer
than the scalp, the potential changes generated in any
group of nerve cells will usually be obscured by those
of other groups nearby, and the record will then show
us nothing... Fortunately this difficulty can be over-
come, in part at least, by making all the cells work in
unison. This can be done, as far as vision is concerned,
by making the field more or less uniform and lighting it
with a flickering light. The nerve cells are then forced
to work in unison at the frequency of the flicker, and
we can record their electrical activity through the skull
up to frequencies of about 30 a second. This gives us a
method of tracing the visual messages in the brain, for
by means of the flicker rhythm they can be made easy
to recognize” (Adrian, 1944, p. 361).

Thanks to the subsequent application of Fourier analysis to EEG

recordings (Regan, 1966), these “frequency-tagged” neural responses
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can be investigated in the frequency domain in various sensory
modalities in neurotypical adults, but also in developmental and clini-
cal populations (Regan, 1989; see Norcia, Appelbaum, Ales, Cot-
tereau, & Rossion, 2015 for a recent review in vision research). The
main advantages of this approach are its objectivity (i.e., responses are
identified at a frequency known by the experimenter) and high sensi-
tivity (i.e., high SNR) (Norcia et al., 2015; Regan, 1989; Rossion, 2014).
Moreover, by carefully manipulating the nature of the stimulus prop-
erty that is periodically modulated, sensory processes, but also higher-
level brain processes such as face or word categorization for instance
(e.g., Lochy, Van Belle, & Rossion, 2015; Rossion & Boremanse, 2011),
can be selectively tracked in all modalities.

Despite these advantages, to our knowledge, the frequency-tagging
approach has never been applied to simultaneous EEG and intracerebral
recordings in order to shed light on the relationship between the two types
of signals.! Here we report simultaneous frequency-tagged scalp and intra-
cerebral EEG responses in a unique epileptic patient implanted with three
electrodes (27 contacts) in the right
occipitotemporal (OT) cortex and equipped simultaneously with 27 scalp

intracerebral recording
electrodes on the scalp surface. Thanks to a fast periodic (6 Hz) visual stim-
ulation with highly salient stimuli (faces), we objectively relate the quanti-
fied face-evoked responses observed inside and outside the brain.
Specifically, we address the following questions: (a) How do objectively
related signals recorded simultaneously inside the brain and on the scalp
differ in terms of amplitude and SNR? and (b) Can frequency-tagging signif-
icantly improve the precise identification of the sources of activity recorded

on the scalp?

2 | MATERIALS AND METHODS

The epileptic patient, as well as the recording settings, are identical to
those reported in Jacques et al. (2019). The patient has also been
described in Jonas et al. (2014). Therefore, a shortened version of the

methods is reported here.

21 | Case description

KV is a right-handed female suffering from refractory occipital epilepsy
related to a focal cortical dysplasia involving the right lingual gyrus and pos-
terior collateral sulcus. The patient was 32 year-old at the time of testing.
Her case was also reported as evidence of strong face identity repetition
suppression effects in the lateral cortex of right IOG using fast periodic

visual stimulation (FPVS) with unfamiliar faces (Jonas et al., 2014).

2.2 | Simultaneous intracerebral—Scalp EEG
recordings

The patient underwent simultaneous intracerebral and scalp EEG
recordings. The co-locations of these electrodes are shown in

Figure 1. The originality of electrode placements is a relatively dense

spatial coverage of the occipital-temporal cortex with both intracere-
bral (27 intracerebral contacts) and surface electrodes (including sO1,
5Oz, sO2, sPO7, sPO8, sP9, sP10, sP5, sPé6).

221 | Intracerebral electrodes

The patient was stereotactically implanted with three intracerebral mul-
ticontact electrodes targeting the right ventral OT cortex, according to
a well-defined and previously described procedure (Jonas et al., 2016;
Salado et al., 2018). Each intracerebral electrode consists of a cylinder
of 0.8 mm diameter and contains 8-11 independent recording contacts
of 2 mm in length separated by 1.5 mm from edge to edge and by
3.5 mm center to center (DIXI Medical, Besancon, France). Electrodes
D and L (eight recording contacts each: D1-D8 and L1-L8) sampled
the right inferior occipital gyrus and posterior collateral sulcus. Elec-
trode F (11 contacts, F1-F11) was more anterior and went from the
right inferior temporal gyrus to the lingual gyrus. All intracerebral con-
tacts except D8 were in direct contact with the gray matter. The
recording surface of contact D8 was located ~2 mm from the cortical

surface, likely within the meninges (Figure 1c,d).

2.2.2 | Scalp electrodes

Simultaneous scalp EEG recordings were acquired with 28 Ag/AgCl elec-
trodes of 10 mm diameter placed according to the 10-20 system
(Figure 1, Seeck et al., 2017) using sterile procedures, with a particular
spatial coverage of bilateral OT regions. Some of the posterior electrodes
were slightly displaced relative to the 10-20 positions due to the pres-
ence of depth electrodes. Scalp electrode positions were determined
using a 3D digitizer system (3 space Fastrak, Polhemus, Colchester, VT).

223 | Recordings

Simultaneous SEEG—scalp EEG signals were recorded at a 1,024 Hz
sampling rate with a 128-channel amplifier (SD LTM 128 Headbox;
Micromed, ltaly). The reference electrode was a prefrontal midline
scalp electrode (sFPz). The recording of the periodic visual stimulation
experiment reported here was performed 2 days after the scalp elec-
trode placement. Due to the low diameter of the skull defect at the
penetration points of intracerebral electrodes (1.2 mm) and the low
electrical conductivity of the guidance screw (titanium), no leakage of

current was observed in scalp EEG recordings.

23 | FPVS

2.3.1 | Rationale

The main aspects of the procedure for this experiment have been pre-

viously described in three different studies comparing the
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Simultaneous recording of scalp and intracerebral EEG. (a) Scalp view from the posterior right hemisphere showing the position of

the scalp recording electrodes (shown in green) and the location on the scalp of the exit point of the three intracerebral electrodes (D, L, F, shown
as red dots). (b) Three/quarter posterior and profile views of 3D reconstruction of the patient's right hemisphere cortical surface, showing the
locations of the intracerebral electrodes (in red, only the most external contacts D8, L8, and F11 appear on the cortical surface) and the locations
of the scalp electrodes (green). (c) Axial views of the posterior half of the right hemisphere of the patient, showing the locations of intracerebral
contacts in the right OT cortex. Electrode L was slightly superior to D and F electrodes. All intracerebral contacts except D8 were in direct
contact with the gray matter. Contact D8 was located ~2 mm from the cortical surface. (d) 3D ventral views of the posterior half of the right
hemisphere of the patient, showing the anatomical location of the intracerebral contacts and scalp electrodes. The plots show the gray matter
cortical surface (left) and the corresponding white matter surface (right, the gray matter surface is represented as a dotted gray outline). Since
intracerebral contacts penetrate the brain tissue, contacts are only visible when stripping away the gray matter and keeping only white matter
surface. Acronyms: IOG: inferior occipital gyrus, OTS: occipitotemporal sulcus, (p)CoS: (posterior) collateral sulcus, FG, fusiform gyrus, LG: lingual

gyrus

presentation of trains of different faces to identical faces at a fixed
frequency rate (Jonas et al.,, 2014; Rossion & Boremanse, 2011;
Rossion, Prieto, Boremanse, Kuefner, & Van Belle, 2012). From a
methodological perspective, this FPVS approach—which leads to
so-called steady-state visual evoked potentials (SSVEPs, Regan,
1989, Regan, 1966)—has multiple advantages: objectivity of defini-
tion and quantification of the response of interest, high SNR, short
duration of the experiment, and recording of the response of inter-
est during a simple incidental task (Regan, 1989; Rossion, 2014),
making it a tool of choice for the study of patients implanted
with intracerebral electrodes. Here, faces were presented at a 6 Hz
rate because this frequency rate provides the largest repetition
suppression effect on the scalp over the right OT cortex (Alonso-
Prieto, Van Belle, Liu-Shuang, Norcia, & Rossion, 2013), as well as
in face-selective areas of the right inferior occipital gyrus and
middle section of the
Rossion, 2014).

lateral fusiform gyrus (Gentile &

232 | Stimuli

Full-front color face pictures of 18 unfamiliar individuals (7° x 10° of
visual angle for the base face size) equalized for global luminance were
used. These face stimuli were the same as used in previous studies
(Alonso-Prieto et al., 2013; Rossion & Boremanse, 2011) and taken
from a well-known set of laser-scanned faces from the Tubingen Max
Planck Institute (MPI) database of laser-scanned (Cyberware TM)
human heads. They were cropped to remove external features (hair

and ears) but their overall shape was preserved.

2.3.3 | Procedure
In each condition, a face stimulus appeared and disappeared (sinusoi-
dal contrast modulation) on the screen, at a stimulation rate of six

faces per second (one face every 166.66 ms; Figure 2). A trigger was



JACQUES €T AL

WILEY_L27

(a)

Face contrast (%)

(b)

Different faces

FIGURE 2 Fast periodic visual stimulation procedure and
experimental design. (a) Faces were presented in sequences of 70 s
using a sinusoidal contrast modulation at a rate of 6 Hz. Here, the
“different faces” condition is shown, with the face of a different
individual presented at full contrast every 0.167 s (1/6 s). The size of
faces changed at every cycle. (b) The two conditions used in the
study, in which either a different face was presented at every cycle
throughout the duration of the FPVS sequence (top) or the same face
was repeated for the whole sequence (bottom)

sent to the parallel port of the EEG recording computer at each mini-
mal level of visual stimulation (gray background), using a photodiode
placed on the left upper corner of a laptop monitor. In the same face
condition, a randomly selected face picture was presented repeatedly
during the whole stimulation duration (70 s). In the different faces con-
dition, the sequence started with the repeated presentation of a ran-
domly selected face picture for the first 15 s, after which the face
identity changed at every cycle for the remainder of the sequence
(i.e., from 16 to 70 s, see Rossion et al., 2012). In these different faces
condition, 18 individual faces of the same sex were used and pres-
ented in random order. The same face identity never appeared twice
in a row, so that the face identity change rate was always 6 Hz. To
minimize repetition suppression effects due to low-level visual cues,
the face stimulus changed substantially in size with each presentation,
that is, at a rate of 6 Hz, in all conditions (random face size between
82 and 118% of base face size). The experiment consisted of four

sequences of 70 s: each condition (same face or different faces) was

repeated two times (face gender: male or female). The order of condi-
tions was randomized. During each 70 s run, the patient was
instructed to fixate on a small black cross located centrally on the
face, slightly below the bridge of the nose. The fixation cross changed
color (black to red) briefly (200 ms) 6 to 8 times during each run and
the patient was instructed to report the color changes by pressing a
response key.

24 | Data processing and analyses

241 | Frequency domain analyses

All analyses were performed using Letswave 5 (Mouraux & lannetti,
2008) and MATLAB v7.8 (The Mathworks, Inc.). Segments of 50 s of
recording during visual stimulation (i.e., 300 face stimulation cycles at
6.0 Hz) from 17 to 67 seconds were considered for analysis. These
segments were cropped to contain an exact integer number of
6 Hz cycles. Segments were averaged in the time domain separately
for each condition and a Fast Fourier Transform (FFT) was applied to
these averaged segments to compute the amplitude and phase spec-
tra at a high spectral resolution of 1/50 = 0.02 Hz. SNR was com-
puted from the amplitude spectra as the ratio between the
amplitude at each frequency bin and the average amplitude of the
corresponding 20 neighboring bins (up to 11 bins on each side,
i.e., 22 bins, but excluding the 2 bins directly adjacent to the bin of
interest, i.e., 20 bins, e.g., Rossion et al., 2012). Significant responses
above noise level at the stimulation frequency at each channel were
defined by computing Z-scores on the amplitude spectra, using the
mean and SD of the 20 neighboring bins around the frequency of
interest (e.g., Liu-Shuang, Norcia, & Rossion, 2014). Statistical com-
parisons between conditions were similarly made by computing Z-
scores on amplitude spectra obtained by subtracting the spectra
measured in the same face condition from the spectra measured in
the different faces condition.

24.2 | Time domain analyses

For this and further analyses, we only used data from the different
faces condition which generated the largest responses both in scalp
and intracerebral recordings. Each recording sequence from 17 to
67 s relative to sequence onset was divided into epochs of 1 s dura-
tion centered on the appearance of a face. Epochs containing blinks
were rejected and remaining epochs were averaged and the mean

amplitude was centered on zero (dc correction).

24.3 | Correlation between intracerebral and scalp
EEG signals

We examined the relationship between visually-driven signal recorded

at intracerebral contacts relative to scalp electrodes by correlating the
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variations of the 6 Hz response amplitude over time across all scalp
electrodes and intracerebral contacts (Figure 3).

We first applied a Morlet wavelet transform on the raw signal to
compute the time-varying amplitude envelope of the electrophysio-
logical signal around 6 Hz. The parameters of the mother wavelet
(central frequency: 6 Hz, full width at half maximum [FWHM] in the
frequency-domain = 0.8 Hz; FWHM in the time domain = 0.47 s) were

Time-domain signal
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FIGURE 3 Procedure for correlating scalp and intracerebral 6 Hz
signals during periodic face stimulation. (1) we apply a wavelet
transform to the raw signal (top: 18 s of recording at two example
intracerebral contacts -Dé6, D8- and three scalp electrodes - sPO8,
sO2, sFz) to extract the variation of signal amplitude overtime at the
6 Hz frequency corresponding to the stimulation frequency (bottom:
raw (s)EEG signal band-pass filtered from 5.9 to 6.1 Hz for illustration
and 6 Hz wavelet amplitude envelope). This amplitude envelope is
divided into segments of 6 s duration. (2) The signal in each segment
is Pearson correlated across all channels. Here we show across-
channels correlation matrices for the three segments displayed above.
(3) Correlation coefficients computed for different segments are
averaged and (4) correlations between individual intracerebral
contacts and all scalp electrodes are visualized as scalp topographies.
Last, statistics are performed to isolate significant correlations
between intracerebral and scalp signals

chosen to provide a relatively high frequency resolution while pre-
serving the dynamic in the amplitude variation over time. We kept the
amplitude envelope from 15 to 69 s from each recording sequence
and divided the envelope from each sequence in 9 segments of 6 s,
resulting in 18 segments in total (2 sequences with 9 segments). Then,
for each intracerebral contact, the signal in each segment was corre-
lated (Pearson's coefficient) with the corresponding segment in each
scalp electrode and the correlations were averaged across the 18 seg-
ments, resulting in a 27 (intracerebral) x 27 (scalp) correlation matrix.
We also computed the across-segments SD of the correlation coeffi-
cients. We determined whether correlations were significantly differ-
ent from zero using a randomization procedure in which, for each
electrode, we randomly shuffled (5,000 times) the order of the 6 s
segments prior to computing correlations and averaging the correla-
tions across segments. For each intracerebral contact correlated with
all scalp electrodes, we determined significance using a cluster-based
correction (cluster-mass) for multiple comparisons (Maris &
Oostenveld, 2007; Pernet, Latinus, Nichols, & Rousselet, 2015) with a
cluster-forming threshold of p <.05. Note that the wavelet analysis
used here removes the phase information so that the correlations
across channels are only determined by the variation of amplitude
across time at each channel. Disregarding the phase information for
this inter-channel correlation analysis is crucial to avoid correlations
being driven by simple phase coherence across channels triggered by
a common stimulation.

Even if we observe significant scalp-intracerebral correlations,
they could still occur because scalp and intracerebral channels are
sensitive to the same electrophysiological responses (i.e., generated
by a common cortical territory) unrelated to the FPVS stimulation. To
determine whether the pattern of scalp-intracerebral correlations
obtained using the original signal at the stimulation frequency during
FPVS (Ori@é Hz) is specific to the signal with visual stimulation, we
compared this correlation pattern with patterns obtained in several
control situations: (a) NotchOri@6 Hz: Pattern of scalp-intracerebral
correlations with the visually-driven signal filtered-out from the origi-
nal signal using a narrow notch filter (butterworth notch filter order 4:
[5.9-6.1] Hz); (b) Ori@4 Hz: Pattern of correlations on the original sig-
nal using the amplitude envelope at another frequency than the stim-
ulation frequency (i.e., 4 Hz); (c) Rest@6 Hz: Pattern of correlations
obtained in (S)EEG recording where no periodic visual stimulation was
presented and the patient was resting with eyes open. In this third
control situation (rest), sections of the amplitude envelope
corresponding to eye blinks were removed prior to computing the
correlations. Correlations during rest were computed using 44 seg-
ments of 6 s.

We also used further benchmark tests for the control situations
to evaluate the effect of notch filtering and of using a different analy-
sis frequency on the correlation patterns. We reasoned that if the dif-
ference in the correlation patterns obtained in the Ori@é Hz versus
the control situations is due to the notch filtering or to the use of a
different analysis frequency rather than to FPVS, then we should
observe similar differences when applying notch filtering or using a

different frequency on signal which does not contain a visually-driven
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FIGURE 4 Scalp response to faces during FPVS in patient KV and
healthy participants. (a). SNR transformation of the frequency
amplitude spectrum (4 to 8 Hz) at one right-hemispheric OT scalp
electrodes (SPO8) in patient KV. A response with high SNR is
observed specifically at the 6 Hz stimulation frequency. (b) Patient
KV's scalp topographical distribution showing the 6 Hz SNR response
to faces in the “different face” condition (left) and the effect of
identity adaptation/repetition suppression (“different faces” minus
“same face,” right). Both topographies display the largest response
focused on the right OT region. (c) Scalp topographies in healthy
normal participants (averages over different groups of participant)
from multiple studies showing a dominance of the right hemispheric
OT cortex in the effect of identity adaptation across multiple
stimulation frequencies. In panel b, we purposely used the same
colormap as in the topographies shown in panel ¢ for best comparison

periodic response. The benchmark situations to evaluate the effect of
notch-filtering on the patterns of correlations were the following:
(a) NotchOri@4 Hz: correlations using amplitude envelope at 4 Hz
when the original signal has been notched filtered at 4 Hz ([3.9-4.1]
Hz); (b) NotchRest@é Hz: correlations using amplitude envelope at
6 Hz when the signal during rest has been notched filtered at 6 Hz
([5.9-6.1] Hz). The benchmark situation to evaluate the effect of using
the amplitude envelope at a different frequency was the following:
(c) Rest@4 Hz: correlations using the amplitude envelope at 4 Hz from

the signal recorded during rest.

The pattern of correlations in the original, control and benchmark
situations were summarized and statistically compared by computing
an index of right-hemispheric lateralization: we subtracted the correla-
tions averaged over left-hemispheric OT scalp electrodes from the
correlations averaged over corresponding electrodes in the right
hemisphere (sO2, sPO8, sP4, and sP10). These indices were compared
against zero and against each other using a permutation test (10,000

permutations).

3 | RESULTS

3.1 | Patient KV shows a significant and typical
synchronization to 6 Hz face identity stimulation on
the scalp

Fast periodic face stimulation generated robust and significant (z-scor-
e > 2.33, p < .01, one-tailed) visual responses over patient KV's scalp
as evidenced by the distinct peak in the EEG spectrum at the 6 Hz
stimulation frequency (Figure 4a). As in typical subjects (Alonso-Prieto
et al., 2013; Rossion et al., 2012; Rossion & Boremanse, 2011), the
EEG response in the different faces condition was clearly strongest
over right OT electrodes (largest at sO2: 0.67 pV and sPO8: 0.63 V).
In addition, scalp topographies of the identity adaptation effect
(i.e., larger amplitudes in the different faces relative to the same face
conditions) revealed an even more focused positive difference at right
OT electrodes (Figure 4b) with a maximum at sPO8 (0.23 pV). The
adaptation effect was statistically significant at two scalp electrodes,
sPO8 and sP10 (z-scores: 3.870 and 3.02, respectively; ps < .01, two-
tailed). These observations largely replicate findings from healthy sub-
jects using a similar experimental procedure (Alonso-Prieto et al.,
2013; Rossion et al., 2012; Rossion & Boremanse, 2011; see also Liu-
Shuang et al., 2014; Figure 4c), and suggest that patient KV's electro-
physiological responses related to (unfamiliar) face individuation are
typical. Further, this demonstrates that significant functional
responses can be obtained from the scalp with the FPVS approach in
single epileptic patient tested for a few minutes only.

3.2 | Corresponding spatial location of maximal
response amplitude to faces between scalp and
intracerebral EEG recordings

A detailed report of periodic intracerebral responses recorded in the
same face and different faces conditions in patient KV's right OT cortex
is described in Jonas et al. (2014). Here, for comparison with scalp
recordings, we will summarize responses measured in the different
faces condition and the effect of identity adaptation.

In intracerebral recordings, we found robust responses to the
visual presentation of different faces at the 6 Hz stimulation fre-
quency (Figure 5a,b) in ventral and lateral sections of the occipital and
posterior temporal cortex. SEEG Responses were significantly above

noise (all zs > 3.45, ps < .001) for all contacts except three adjacent
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FIGURE 5 |Intracerebral and scalp responses to faces in FPVS. (a) Amplitude spectrum (5-7 Hz) measured during FPVS at 6 Hz in the

“different faces” condition at the three most external intracerebral contacts of electrodes F, D, and L (top), and at three right OT scalp electrodes
closest to the intracerebral contacts shown above (bottom). The plots are displayed at the same amplitude scale to visualize the difference of
amplitude between intracerebral and scalp recording of the same visual response. (b) Ventral view of the posterior half of the patient KV's right
hemisphere (white matter surface, the gray matter surface is shown as a dotted gray outline) together with intracerebral contacts (small circles)
and selected surrounding scalp electrodes (large circles). Channels are colored as a function of the amplitude of response at 6 Hz in the “different
faces” condition. Note the difference in the color scale used for scalp and intracerebral data. (c) Same convention as for panel B but representing

the effect of identity adaptation

contacts of electrode F (F9 to F11). The largest responses were mea-
sured in contacts located in the posterior section of the collateral sul-
cus (D1 to D5 and L1 to L5, amplitude range: 0.7 to 6.9 puV, mean
amplitude: 2.8 uV, Figure 5b) and the lateral section of the inferior
occipital gyrus (D6 to D8 and L6 to L8, amplitude range: 4.4 to 7.6 pV,
mean amplitude: 5.8 pV). Responses in electrode F, going through the
CoS (F1 to F5), occipitotemporal sulcus (Fé to F10) and posterior infe-
rior temporal gyrus (F11) were overall much weaker (amplitude range:
0.4 to 2.5 pV, mean amplitude: 1.3 pV). SEEG responses also displayed
a significant face identity adaptation effect (larger response in the dif-
ferent faces condition; z > 2.33, p < .01 Figure 5c) at contacts in or
near the right lateral I0G (D5, D7, D8, L7, and L8: mean amplitude for
different faces: 5.8 pV, mean amplitude for same face: 3.2 pV) or more
anterior contacts in the CoS (F3) or in the OTS above the lateral fusi-
form gyrus (F7, F8, ~8 mm from the cortical surface of the lateral fusi-
form gyrus).

Importantly, there is a correspondence in the spatial location of
intracerebral contacts and scalp electrodes showing the strongest
response in the different faces condition, or the strongest effect of
adaptation. First, in the different faces condition (Figure 5b), the scalp
electrodes displaying the strongest scalp EEG responses were the
closest to the intracerebral contacts in lateral 10G (sPO8, sO2, sPé,
sP4 scalp electrodes; Euclidean distance to D8 = 27, 26, 32, and
43 mm, respectively; Euclidean distance to L8 = 28, 35, 33, and
46 mm, respectively). Second, the adaptation effect in intracerebral

recording was maximally measured at two separate cortical locations:

around the lateral 10G (D5, D7, D8, L7, and L8 contacts) and more
anteriorly in the OTS above the lateral fusiform gyrus (F7, F8 con-
tacts). Interestingly, this pattern of intracerebral response was associ-
ated with a maximal adaptation effect on the scalp over slightly more
anterior electrodes (e.g., sP10) compared to the response in the differ-
ent faces condition: scalp electrode sPO8 was closest to intracerebral
contacts in the lateral IOG and scalp electrode sP10 was closest to
intracerebral contacts in the lateral fusiform gyrus compared to con-
tacts in lateral 10G (Euclidean distances from sP10 = 35 mm to F8,
45 mm to L8, and 51 mm to D8).

3.3 | Strong amplitude and SNR attenuation in
scalp compared to intracerebral EEG

While we observed a spatial correspondence of the largest responses
in scalp and intracerebral recordings, the amplitude measured on the
scalp was very much attenuated relative to the intracerebral signal
(Figure 5a, compare top and bottom plots). Indeed, relative to intrace-
rebral contacts D8 and L8 where the amplitude at 6 Hz in the different
faces condition was 6.3 and 5.2 pV respectively, the amplitudes at the
closest scalp electrodes sO2 and sPO8 were 0.67 and 0.63 pV respec-
tively, which is between 7.7 and 9.9 times smaller than the
corresponding intracerebral signal. Interestingly, the SNR at the stimu-
lation frequency (i.e., 6 Hz) was less attenuated than the absolute sig-

nal amplitude when comparing scalp to intracerebral recordings. SNR
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FIGURE 6 Time domain and phase responses in intracerebral and scalp FPVS responses. (a) Time domain representation of the FPVS
responses to faces (“different faces” condition) in eight lateral intracerebral contacts of the L and D electrodes (top) and in three scalp electrodes
over the right OT cortex (bottom) in the vicinity of the intracerebral contacts shown on top. We highlight these eight intracerebral contacts since
they are the closest to scalp right OT electrodes, showed the highest 6 Hz response amplitude, and exhibited the closest correspondence with
signal measured at right OT scalp electrodes. Plots were obtained by cutting the recordings during FPVS sequences in segments of 1 s and
averaging over these segments. The waveforms manifest a sudden phase shift from most external contacts (D7-8, L7-8) to more internal
contacts (D5-6, L5-6). (b) Left: Polar plot representations of the phase of responses at channels shown in panel a (see panel A for channel legend).
Right: Ventral white-matter surface view of the posterior half of the patient KV's right hemisphere together with intracerebral contacts (small
circles) and selected surrounding scalp electrodes (large circles). Channels are colored as a function of the phase of the response at 6 Hz in the
“different faces” condition. Intracerebral contacts in gray (F9 to F11) showed no significant response to faces

was between 2 and 3.5 times lower in scalp (SNR = 8.3 and 8.1 for
sO2 and sPO8, respectively) compared to intracerebral (SNR = 29 and
16.7 for D8 and L8, respectively) recordings. This is due to the signal
amplitude being comparatively more attenuated from intracerebral to
scalp recordings than the mean noise amplitude in frequency bins
around 6 Hz (mean noise at D8/L8 = 0.26 pV; mean noise at
sO2/sPO8 = 0.08 pV; ratio of intracerebral to scalp noise = 3.4).

3.4 | Focal correspondence between intracerebral
and scalp EEG signals over the right occipitotemporal
cortex
3.4.1 | Phaseinvestigation

For the remainder of the analyses, we will focus on the signal mea-
sured in the different faces condition, as it generated the strongest
responses over the right OT cortex, in contrast to the same face condi-
tion which generated low responses over OT regions and a maximal
response over medial occipital regions (Supplementary Figure S1) as
in previous publications (Alonso-Prieto et al., 2013; Rossion et al.,
2012; Rossion & Boremanse, 2011). This latter condition is therefore
sub-optimal to investigate the relationship between intracerebral and

scalp responses in the OT region. Moreover, this avoids relying on a
post hoc subtraction of conditions (i.e., adaptation effect), which pro-
vided an optimal opportunity to investigate the relationship between
simultaneously recorded intracerebral and scalp EEG.

To further characterize the relationship between intracerebral
and scalp recordings, we computed the phase of the signal at the stim-
ulation frequency for intracerebral and scalp channels and visualized
the signal in the time domain (Figure 6). Phase provides additional
information about response timing and allows to further characterize
the relationship between neighboring recording sites. For instance,
perfect phase alignment or phase-reversal (i.e., 180° difference) at
two separate recording sites is indicative of a common neural source
generating the signal measured at the two sites. This revealed that
although lateral contacts of the D and L electrodes (D5-D8 and L5-
L8) all exhibited strong visual responses at the stimulation frequency
(Figures 5 and 6), only the four most lateral contacts (D7-D8, L7-L8)
were in phase with the signal measured at nearby scalp electrodes
(Figure 6). The signal of adjacent—more medial—contacts (D5-Dé,
L5-L6) was out of phase relative to the more lateral contacts. This is
clear when visualizing data in the time domain (Figure 6a), where the
crests and troughs of the responses measured at the most lateral
intracerebral contacts (D7-D8, L7-L8) are temporally aligned with
responses measured at the scalp, but misaligned with signal measured



22 | WILEY

JACQUES €T AL.

(a) Original signal @ 6 Hz : Pearson correlations

Significant correlations (r)

FIGURE 7 Correlations between intracerebral and scalp signals during FPVS. (a) Scalp topographical maps of the unthresholded Pearson
correlation coefficients between the signal around 6 Hz measured at each intracerebral contact and each scalp electrode. Each map represents
the correlations of one intracerebral contact with all scalp electrodes. Different intracerebral electrodes (D, L, F) are shown in rows and adjacent
recording contacts are shown in columns (see Figure 1 for anatomical location of the contacts). (b) Topographical maps showing only significant
correlation coefficients (p < .05, cluster-based correction for multiple comparisons). White indicates no significant correlation

at more medial contacts (D5-Dé6, L5-L6). This is also reflected in the
phase of the frequency spectra (Figure 6b), where the phase values
are similar between D8/L8 and right OT scalp electrodes (sO2, sPO8,
sP10, mean phase difference: 11°), but very dissimilar between con-
tiguous contacts D5-D6 and D7-D8 (mean phase difference: 158°)
and between L5-L6 and L7-L8 (mean phase difference: 116°). The
observation of only a partial phase opposition between these two
groups of intracerebral contacts (i.e., rather than a phase difference
close to 180°) suggests that the signal measured at these two groups
arises from partly distinct generators. Only one of these neural gener-
ators, the generator contributing to the signal at lateral IOG contacts
(D7-D8, L7-L8), also contributes to the EEG signal measured at OT

scalp electrodes.

3.4.2 | Correlation investigation
To directly and formally quantify the relationship between scalp and
intracerebral signals, we correlated the variations of the 6 Hz

response amplitude over time across all scalp and intracerebral

contacts (Figure 3, methods). As a reminder, this analysis disregards
phase information so that only coordinated temporal variation of
amplitude across channels could result in meaningful correlation coef-
ficients. This was done to avoid correlations (positive or negative)
driven simply by phase coherence across channels triggered by a com-
mon visual stimulation.

While the temporal variations of the amplitude of the 6 Hz
response were strongly correlated between contacts D5-D6/L5-L6
and between contacts D7-D8/L7-L8, the 6 Hz signal was not corre-
lated between these two groups of adjacent contacts. Specifically,
correlations were high between contacts D5, Dé, L5, and L6 (both
within electrode: r = 0.84 + 0.07 and 0.82 + 0.13 for D5-Dé and L5-
L6, respectively, and across the D and L electrodes: r = 0.5 + 0.26 and
0.42 +0.22 for D5-L5 and Dé-Lé, respectively) and between con-
tacts D7, D8, L7, and L8 (within electrode: r = 0.97 + 0.03 and 0.76
+0.16 for D7-D8 and L7-L8, respectively, and across the D and L
electrodes: r = 0.5 +£0.23 and 0.68 + 0.16 for D7-L7 and D8-L8,
respectively). In contrast, there was no meaningful correlation
between signals at immediately adjacent contacts D6-D7 (r = 0.08
+0.28) and L6-L7 (r = 0.02 £+ 0.27). Thus, these analyses support our
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FIGURE 8 Correlations between scalp and intracerebral signals
during FPVS and control situations. Topographical maps of significant
correlations (p < .05, cluster-based correction for multiple
comparisons) between signal at four intracerebral contacts in the
lateral IOG and scalp electrodes. Maps of correlations are shown
when using the original signal at around 6 Hz during FPVS (Ori@6 Hz,
top row), when using signal in which the visually-driven signal has
been filtered-out (NotchOri@6 Hz, second row), when using another
frequency (4 Hz) than the stimulation frequency (Ori@4 Hz, third
row), and when using 6 Hz signal recorded during rest (Rest@6 Hz,
bottom row)

view that despite the partial phase opposition between contacts D5-
D6/L5-L6 and contacts D7-D8/L7-L8 (Figure 6), the signal measured
at these two groups of contacts arises from different cortical
generators.

In addition, these analyses confirmed and refined our observation
above that signal measured at right OT scalp electrodes arises mainly
from regions in the lateral IOG around contacts D7-D8 and L7-L8
rather than from more medial cortical regions around contacts D5-
Dé, L5-Lé. Indeed, we observed a very focal pattern of positive corre-
lations between contacts D/L 7-8 and right OT scalp electrodes clos-
est to the location of the corresponding intracerebral contacts
(Figure 7a). Statistical analyses indicated that the 6 Hz signal at each
of these four intracerebral contacts was significantly correlated with a
cluster of 4 to 5 scalp electrodes. D7, D8, L7, and L8 were each signif-
icantly correlated with sPO8, sO2, sP10, and sP4, and L7 was also sig-
nificantly correlated with sP6. Among these channels, Pearson's

coefficients ranged from 0.32 (SD across segments: + 0.25) to 0.37
+ 0.23 for sPOS8, from 0.28 + 0.28 to 0.36 + 0.22 for sO2, from 0.19
+0.22 to 0.25 + 0.19 for sP4 and from 0.17 + 0.29 to 0.21 + 0.31 for
sP10. In contrast, correlations of the same scalp electrodes with intra-
cerebral contacts D5-D6, L5-L6 were around zero (range of correla-
tions: —0.11+0.25 to -0.02 +0.22). Moreover, these positive
correlations were restricted to the right hemisphere: the correlations
for contacts D7-D8, L7-L8 with electrodes in the OT left hemisphere
(sO1, sPO7, sP9, sP7) ranged from -0.08 to 0.11 (mean
r=0.01+0.24).

Correlations were slightly but significantly higher (t[8] = 7.6,
p <.001) for the most external contact (D8, L8, mean r across chan-
nels: 0.28) relative to the immediately adjacent more internal contact
(D7, L7, mean r across channels: 0.25).

Over the more anterior F electrode, only the signal from F11
tended to be correlated with surrounding scalp electrodes (Figure 7a,
sP10: r = 0.2 £ 0.25; sP6: r = 0.2 £ 0.3; sPO8: r = 0.18 + 0.33; sT8:
r = 0.14 = 0.3). However, these correlations did not reach significance
at the cluster level.

3.5 | Focal and right-lateralized intracerebral-scalp
correlations are specific to the FPVS signal

The observed correlations suggest that these scalp and intracerebral
channels pick up electrophysiological responses coming from the
same cortical region responding to the periodic visual stimulation.
However, these correlations may also be driven by a general electro-
physiological activity (i.e., unrelated to the stimulation) coming from
cortical territories to which both intracerebral contacts and scalp elec-
trodes are sensitive to, given their spatial proximity. If this is the case,
we should observe the same correlation pattern with or without the
presence of a visually-driven response in the recorded electrophysio-
logical signal. We, therefore, compared the patterns of scalp-
intracerebral correlations obtained at the stimulation frequency during
periodic visual stimulation (Ori@é Hz) with a series of “control” situa-
tions: (a) NotchOri@6 Hz: Pattern of correlations when the visually-
driven signal has been selectively filtered-out; (b) Ori@4 Hz: Pattern of
correlations at another frequency than the stimulation frequency
(4 Hz); (c) Rest@6 Hz: Pattern of correlations obtained using 6 Hz sig-
nal recorded during a rest period. These analyses revealed that
intracerebral-scalp correlations were more focal when a visually-
driven periodic response was present in the electrophysiological sig-
nal. Specifically, in the three control conditions, while the patterns of
scalp correlations measured for intracerebral contacts D7-D8 and
L7-L8 were overall similar to the one observed at 6 Hz using the orig-
inal signal, these patterns were all more widespread and included sig-
nificant correlations on the scalp both in the right and the left
hemisphere (Figure 8). This observation was reflected in the larger
number of scalp electrodes significantly correlated with each intrace-
rebral contacts—D7, D8, L7, and L8—in the three control situations
(mean number of significant scalp electrodes across D7, D8, L7, and
L8 = 9.25 to 14.5, Figure 9a) compared to the original FPVS condition
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FIGURE 9 Scalp-intracerebral correlations are more focal and
right-lateralized during the periodic presentation of faces. (a) The bars
represent the number of scalp electrodes significantly correlated with
intracerebral signal averaged over contacts D7, D8, L7, L8 in the
original, control, and benchmark situations. A lower number means
fewer scalp electrodes were significantly correlated with intracerebral
signal. (b). The bars represent the difference in scalp-intracerebral
correlations between posterior right- and left-lateralized scalp
electrodes in the original, control, and benchmark situations.
Correlations between scalp electrode and intracerebral contacts D7,
D8, L7, L8 were first averaged across intracerebral contacts, then
averaged separately for right and left posterior scalp electrodes, and
finally averaged correlations in the two groups were subtracted (right
minus left). Error bars represent the SE of the mean across the

18 segments used to compute correlations. The correlations are
higher in the right hemisphere for all comparisons but the right-
hemisphere dominance is significantly larger (all p's < .005) for the
original FPVS condition. In contrast, the comparisons across control
and corresponding benchmark situations are not significant

(Ori@6 Hz: 4.25 significant scalp electrodes). In addition, the right
hemispheric dominance of the correlations pattern when using the
original signal at 6 Hz was assessed and compared to control condi-
tions by subtracting the correlations averaged over left-hemispheric
OT scalp channels from the correlations averaged over corresponding
electrodes in the right hemisphere (sO2, sPO8, sP4, sP10). This rev-
ealed that, while scalp correlations were significantly stronger in the

right than in the left hemisphere in all conditions (all p's < .02, one-

tailed permutation test, Figure 9b), the right hemispheric domi-
nance was significantly stronger when using the signal at 6 Hz in
the original signal where periodic visual stimulation is present
(Ori@6 Hz: right hemispheric dominance = 0.24 + 0.16) compared
to the three control situations (0.09 + 0.14, 0.1 + 0.1, 0.1 + 0.13,
all p's < .005, one-tailed permutation test). In contrast, there was
no significant difference among any of the control and additional
benchmark situations (p’s > 0.5, Figure 9b, see methods for bench-

mark situations).

4 | DISCUSSION

This study shows that a few minutes of periodic visual stimulation suf-
fice to generate a robust signal, objectively identifiable at the exact
frequency of stimulation (and harmonics) in the frequency spectrum
of both SEEG and EEG signals recorded simultaneously. Here we find
in the single epileptic patient tested that the response peaks over the
right occipitotemporal scalp region, as in neurotypical participants
tested with this paradigm (Figure 4), suggesting the generalizability of
the present observations to the normal population. By combining
FPVS with correlation analyses we thus provide an original approach
to investigate the relationship between functional brain electrophysio-
logical activity measured simultaneously inside the brain and on the
scalp.

Quantification of the 6 Hz response in the frequency domain is
straightforward and reveals a tenfold decrease of amplitude at 6 Hz
between the most external intracerebral contacts and the nearest
scalp EEG electrodes (i.e., 25-30 mm), providing unique information
about skull attenuation of electrophysiological activity (Oostendorp,
Delbeke, & Stegeman, 2000; Wendel, Vaisanen, Seemann, Hyttinen, &
Malmivuo, 2010). The choice of the 6 Hz stimulation frequency was
dictated by previous studies showing robust responses at this fre-
quency for face stimulation, in particular when different face identi-
ties are presented at every stimulation cycle (Alonso-Prieto et al.,
2013). Note that this attenuation might even be underestimated,
given that the intracranial sampling was limited and that larger
responses might have been found at other nearby locations inside the
brain. Nevertheless, the attenuation in SNR between intracerebral
and surface EEG responses was of “only” 2-3.5. This reduced ratio
indicates that the electrophysiological noise, as computed as in the
present study, is significantly larger inside than outside the brain. A
major factor contributing to this reduction of the ratio between
amplitudes and SNR is that, rather than being computed over a pre-
stimulus baseline as in standard ERP studies, electrophysiological
noise is computed here within a small theta range frequency around
the signal of interest that is, 6 Hz (Meigen & Bach, 1999; Rossion
et al., 2012; Srinivasan, Russell, Edelman, & Tononi, 1999). Hence,
EEG noise is “free” of alpha activity, environmental noise, eye and
muscle artifacts, and so forth which typically greatly contaminate
scalp EEG signals (Luck, 2014). Additionally, the cortical surface to
which an EEG scalp electrode is sensitive to is likely larger than that

of an SEEG electrode. Noise in scalp EEG might thus be smaller
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compared to SEEG by virtue of averaging uncorrelated electrophysio-
logical “noise” over a larger surface.

The narrow band of the 6 Hz signal allows objective and finer-
grained tracking of the phase and identification of the intracerebral
electrodes generating that signal on the scalp. Using FPVS in relation
with our correlation approach, we found that activity recorded over
right OT scalp regions directly relates to the activity measured at
intracerebral contacts located in the inferior occipital gyrus either in
the cortex (D7, L7, L8) or in the meninges (D8). This latter intracere-
bral contact likely receives electrical field propagation from the nearby
cortex (i.e., about 2 mm distance) (Zaveri, Duckrow, & Spencer, 2009).
This strongly suggests that one major neural source for the 6 Hz FPVS
signal measured on the scalp is located in the inferior occipital gyrus
at or near contacts D7-D8 and L7-L8. Other sources in neighboring
location likely also contribute to the measured scalp activity, but they
could not be captured here due to the limited intracerebral sampling
in the clinical case. Nevertheless, the main contribution of lateral brain
sources to scalp EEG by comparison to medial sources is in line with
previous studies in epilepsy and especially in mesial temporal lobe epi-
lepsy (Koessler et al., 2015; Merlet et al., 1998).

The identification of the right OT scalp region is similar to our
findings in a previous study measuring the relationship between the
face-evoked N170 potential on the scalp and in the cortex in the same
epileptic patient (Jacques et al., 2019). However, this relationship was
relatively more widespread on the scalp in the previous ERP study
(see Figures 5 and 6 in Jacques et al., 2019) compared to the current
study. Specifically, in the previous study, significant correlations
involved up to six scalp electrodes (right OT and medial occipital)
when correlating N170 latency and up to 11 scalp electrodes (bilateral
OT and medial occipital) when correlating N170 amplitude, while the
relationship found here with the frequency-tagging approach was
restricted to four scalp electrodes (Figure 7).

Notwithstanding this comparison across studies of the spatial
spread of the correlations on the scalp, it should be noted that dif-
ferences in the experimental design, in the type of signal used to
compute the correlations and in the analyses schemes prevent a
more formal comparison across the current and the previous study.
For instance, in the current study, the use of FPVS allows taking into
account the amplitude variations in a relatively narrow frequency
range (i.e., around 6 Hz), which is less affected by ongoing broad-
band EEG noise (mostly in the theta and alpha range) compared to
when using the ERP signal as in the previous study. Such broadband
noise in the ERP signal may be correlated across a large cortical sur-
face (e.g., Buzsaki, 2002; Klimesch, 1999; Miller, Foster, & Honey,
2012), therefore being picked up simultaneously by intracerebral
contacts in the I0G and by many posterior scalp electrodes,
resulting in a broad correlation pattern on the scalp. Therefore,
while the cortical regions involved in generating the N170 and the
6 Hz FPVS face signals are likely similar given the overall similarity
in the scalp topographies of the correlations (irrespective of their
spatial spread) across the two studies, the FPVS approach allows
revealing a more focused relationship between scalp and intracere-

bral recordings.

In addition, we demonstrate that the relationship between scalp
and intracerebral channels at 6 Hz is significantly more focal and
right-lateralized during FPVS as compared to rest EEG or during stim-
ulation but considering a frequency range outside the stimulation fre-
quency (i.e., around 4 Hz). Hence, this relationship is specific to the
stimulation frequency and cannot be attributed to general factors
such as an increase of arousal during visual stimulation for instance.
Moreover, other benchmark control situations (Figure 9) further indi-
cate that the specificity of this relationship during FPVS is not driven
by analyses or testing parameters. Note that since we did not stimu-
late with other frequencies, whether 6 Hz provides the tightest corre-
lation between scalp and intracerebral activity cannot be determined
in the present study—although this is likely given the particularly large
response that it generates in this paradigm (Alonso-Prieto
et al., 2013).

A peculiar observation is the broader pattern of correlations for
control situations, such as when using a different frequency of analy-
sis (i.e., Ori@4 Hz), compared to when using FPVS. One might have
expected no or reduced correlations in control situations when no
visual response is present in the signal at the frequency of analyses.
The observation of a correlation for the control situations likely stems
from the close spatial proximity between scalp right OT electrodes
and the most lateral intracerebral contacts, which makes it likely that
these recording channels are sensitive to a similar cortical territory.
This would result in correlations across channels inside the brain and
on the scalp stemming from the fact that they are sensitive to the
same ongoing cortical EEG activity unrelated to a visual response
(i.e., “noise”). As indicated above, this EEG “noise” in the theta and
alpha range (e.g., Buzsaki, 2002; Klimesch, 1999; Miller et al., 2012) is
more likely to correlate across a larger brain surface than neural signal
related to the visual stimulation, therefore being measured over a
broader scalp surface. This would yield patterns of correlations that
are more broadly distributed on the scalp over both hemispheres. This
phenomenon is also likely to take place in the control situation where
the visually-driven signal at 6 Hz was removed using a very narrow
notch filter (i.e., NotchOri@6 Hz). In this particular situation, one pos-
sibility is that when the visually-driven 6 Hz signal is filtered out, the
variations of the wavelet amplitude envelope across time (which is
used to obtain the correlations) are related to other frequencies
around 6 Hz (i.e,, theta range) that fall within the frequency band-
width of the wavelet at 6 Hz (full width at half maximum in the
frequency-domain at 6 Hz is 0.8 Hz), resulting in broad scalp correla-
tion patterns. In contrast, when visually-driven signal at 6 Hz is pre-
sent (Ori@é Hz), it completely dominates over surrounding
frequencies in the amplitude envelope, allowing to reveal the more
local neural activity specifically related to face periodic stimulation.

Several studies (Cosandier-Rimele, Merlet, Badier, Chauvel, &
Wendling, 2008; Ebersole, 1997; Ramantani et al., 2014; Tao, Ray,
Hawes-Ebersole, & Ebersole, 2005) have shown that a large cortical
surface from 6 to 30 cm? is required to generate detectable scalp EEG
signals. According to a recent computational study (Cosandier-Rimele
et al., 2008), a cortical surface of 26cm? is required to obtain a SNR

equal to eight in scalp EEG, corresponding roughly to the SNR
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observed in our study. However, the FPVS approach is known to gen-
erate extremely high SNR responses on the scalp, so that more focal
sources in the lateral section of the inferior occipital gyrus,
corresponding to smaller cortical patches, may have been sufficient to
generate this response. While fMRI studies indicate that the (right)
I0G plays a key role in (unfamiliar) face individuation responses in the
human brain (e.g., Gauthier, Tarr, Moylan, Skudlarski, & Gore, 2000;
Schiltz et al., 2006), these responses are not confined to this region
but extend to more anterior regions of the lateral fusiform gyrus.
Although these regions may also contribute to the signal recorded on
the scalp, the cortical orientation of the lateral fusiform gyrus makes it
unlikely for this region to majorly contributes to the EEG measured
over lateral OT cortex scalp regions (Jacques et al., 2019).

While simultaneous scalp and intracerebral studies very often rely
on relatively complex signal processing methods (e.g., blind source
separation) to extract biomarkers from scalp background activity
(Koessler et al., 2015; Pizzo et al., 2019), the spontaneous visibility
(i.e., even without averaging method or baseline correction method)
of the scalp responses during FPVS highlights the interest of this
approach to clarify the scalp EEG correlates of focal cortical genera-
tors. Therefore, compared to signal analysis performed in time domain
and on spontaneous activity (like epileptic spikes or seizures), FPVS in
combination with our correlation approach may represent a major tool
in order to understand and characterize the link between cortical
source activity and scalp EEG signals. Moreover, our observation of
robust intracerebral vs. scalp EEG correlations with just two
sequences of stimulation (2 x 50 s of data) is a clear advantage over
more conventional stimulation approach in clinical settings where
these recordings take place. Given that we report data from a single
patient implanted with three intracerebral electrode arrays, this
approach should be further validated to ensure its applicability in dif-
ferent experimental research domains and settings. Nevertheless, the
frequency-tagging approach is readily used to measure a wide range
of responses in the visual domain (e.g., to luminance or contrast
changes, but also visual words, quantities, or objects, Norcia et al.,
2015) and in other modalities (e.g., low-level and high-level auditory
responses: Fujiki, Jousmaki, & Hari, 2002; Nozaradan, Peretz, Missal, &
Mouraux, 2011; somatosensory responses: Colon, Legrain, Huang, &
Mouraux, 2015), as well as their modulation by attentional factors
(Chen, Seth, Gally, & Edelman, 2003; Colon et al., 2015; Morgan,
Hansen, & Hillyard, 1996; Yan, Liu-Shuang, & Rossion, 2019). This
suggests that the original approach introduced here could be
extended to larger samples of individual brains and other brain func-
tions, pending appropriate adaptation in the stimulation and analyses
parameters. Moreover, this approach could be extended to under-
stand functional connectivity between intracerebral contacts in close

or remote regions with a wider sampling across the brain.
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ENDNOTE

1 A recent study recorded 48-channel ECoG and 27-channel scalp-EEG
data simultaneously during light flickering in a single patient
(Wittevrongel et al., 2018). However, due to insufficient quality of the
simultaneously recorded scalp-EEG (dried conductive gel, as well as the
influence of scarred and swollen tissue with the particularly invasive
ECoG procedure), the patient's scalp-EEG was excluded from further
analysis.

REFERENCES

Adrian, E. (1944). Brain rythms. Nature, 153, 360-362.

Adrian, E., & Matthews, B. (1934). The Berger rhythm: Potential changes
from the occipital lobes in man. Brain, 57, 355-385.

Alarcon, G., Guy, C. N., Binnie, C. D., Walker, S. R, Elwes, R. D., &
Polkey, C. E. (1994). Intracerebral propagation of interictal activity in
partial epilepsy: Implications for source localisation. Journal of Neurol-
ogy, Neurosurgery, and Psychiatry, 57, 435-449. https://doi.org/10.
1136/jnnp.57.4.435

Allison, T., Puce, A., Spencer, D. D., McCarthy, G., & Belger, A. (1999). Elec-
trophysiological studies of human face perception. I: Potential gener-
ated in occiptotemporal cortex by face and non-face stimuli. Cerebral
Cortex, 9, 415-430.

Alonso-Prieto, E., Van Belle, G., Liu-Shuang, J., Norcia, A. M., & Rossion, B.
(2013). The 6 Hz fundamental stimulation frequency rate for individual
face discrimination in the right occipito-temporal cortex.
Neuropsychologia, 51, 2863-2875.  https://doi.org/10.1016/j.
neuropsychologia.2013.08.018

Barbeau, E. J., Taylor, M. J., Regis, J., Marquis, P., Chauvel, P., & Liégeois-
Chauvel, C. (2008). Spatio temporal dynamics of face recognition.
Cerebral Cortex, 18, 997-1009. https://doi.org/10.1093/cercor/
bhm140

Buzsaki, G. (2002). Theta oscillations in the hippocampus. Neuron, 33,
325-340. https://doi.org/10.1016/s0896-6273

Chauvel, P., Gonzalez-Martinez, J., & Bulacio, J. (2019). Presurgical intra-
cranial investigations in epilepsy surgery. Handbook of Clinical Neurol-
ogy, 161, 45-71. https://doi.org/10.1016/B978-0-444-64142-7.
00040-0

Chen, Y., Seth, A. K., Gally, J. A., & Edelman, G. M. (2003). The power
of human brain magnetoencephalographic signals can be modu-
lated up or down by changes in an attentive visual task. Proceed-
ings of the National Academy of Sciences of the United States of
America, 100, 3501-3506. https://doi.org/10.1073/pnas.
0337630100

Coito, A., Biethahn, S., Tepperberg, J., Carboni, M., Roelcke, U., Seeck, M.,
... Vulliemoz, S. (2019). Interictal epileptogenic zone localization in
patients with focal epilepsy using electric source imaging and directed
functional connectivity from low-density EEG. Epilepsia Open, 4,
281-292. https://doi.org/10.1002/epi4.12318

Colon, E., Legrain, V., Huang, G., & Mouraux, A. (2015). Frequency tagging
of steady-state evoked potentials to explore the crossmodal links in
spatial attention between vision and touch. Psychophysiology, 52,
1498-1510. https://doi.org/10.1111/psyp.12511

Cosandier-Rimele, D., Merlet, ., Badier, J. M., Chauvel, P., & Wendling, F.
(2008). The neuronal sources of EEG: Modeling of simultaneous scalp


https://orcid.org/0000-0001-8917-4346
https://orcid.org/0000-0001-8917-4346
https://doi.org/10.1136/jnnp.57.4.435
https://doi.org/10.1136/jnnp.57.4.435
https://doi.org/10.1016/j.neuropsychologia.2013.08.018
https://doi.org/10.1016/j.neuropsychologia.2013.08.018
https://doi.org/10.1093/cercor/bhm140
https://doi.org/10.1093/cercor/bhm140
https://doi.org/10.1016/s0896-6273
https://doi.org/10.1016/B978-0-444-64142-7.00040-0
https://doi.org/10.1016/B978-0-444-64142-7.00040-0
https://doi.org/10.1073/pnas.0337630100
https://doi.org/10.1073/pnas.0337630100
https://doi.org/10.1002/epi4.12318
https://doi.org/10.1111/psyp.12511

JACQUES €T AL

WILEY_|2¥

and intracerebral recordings in epilepsy. Neurolmage, 42, 135-146.
https://doi.org/10.1016/j.neuroimage.2008.04.185

Dawson, G. D. (1951). A summation technique for detecting small signals
in a large irregular background. The Journal of Physiology, 115, 2p-3p.

Dubarry, A., Badier, J., Fonseca, A. T., Gavaret, M., Carron, R,
Bartolomei, F., ... Bénar, C. G. (2014). Simultaneous recording of MEG,
EEG and intracerebral EEG during visual stimulation: From feasibility
to single-trial analysis. Neurolmage, 99, 548-558. https://doi.org/10.
1016/j.neuroimage.2014.05.055

Ebersole, J. S. (1997). Defining epileptogenic foci: past, present, future.
Journal of Clinical Neurophysiology: Official Publication of the American
Electroencephalographic Society., 14, 470-483.

Fujiki, N., Jousmaki, V., & Hari, R. (2002). Neuromagnetic responses to
frequency-tagged sounds: A new method to follow inputs from each
ear to the human auditory cortex during binaural hearing. The Journal
of Neuroscience, 22, RC205.

Gautbhier, I., Tarr, M.J., Moylan, J., Skudlarski, P., Gore, J.C., & Anderson,
A W. (2000). The fusiform “face area” is part of a network that pro-
cesses faces at the individual level. Journal of Cognitive Neuroscience
12, 495-504. https://doi.org/10.1162/089892900562165

Gavaret, M., Badier, J.-M., Marquis, P., Bartolomei, F., & Chauvel, P.
(2004). Electric source imaging in temporal lobe epilepsy. Journal of
Clinical Neurophysiology, 21, 267-282.

Gavaret, M., Dubarry, A., Carron, R., & Bartolomei, F. (2016). Simultaneous
SEEG-MEG-EEG recordings overcome the SEEG limited spatial sam-
pling. Epilepsy Research, 128, 68-72. https://doi.org/10.1016/j.
eplepsyres.2016.10.013

Gentile, F., & Rossion, B. (2014). Temporal frequency tuning of cortical
face-sensitive areas for individual face perception. Neurolmage, 90,
256-265. https://doi.org/10.1016/j.neuroimage.2013.11.053

Goncalves, S. I, de Munck, J. C, Verbunt, J. P. A, Bijma, F.,
Heethaar, R. M., & Lopes da Silva, F. (2003). In vivo measurement of
the brain and skull resistivities using an EIT-based method and realistic
models for the head. IEEE Transactions on Bio-Medical Engineering, 50,
754-767.

Grech, R, Cassar, T., Muscat, J., Camilleri, K. P., Fabri, S. G., Zervakis, M,, ...
Vanrumste, B. (2008). Review on solving the inverse problem in EEG
source analysis. Journal of Neuroengineering and Rehabilitation, 5, 25.
https://doi.org/10.1186/1743-0003-5-25

Halgren, E., Baudena, P., Heit, G., Clarke, J. M., Marinkovic, K., &
Clarke, M. (1994). Spatio-temporal stages in face and word processing.
I. Depth-recorded potentials in the human occipital, temporal and pari-
etal lobes. Journal of Physiology, 88, 1-50.

Jacques, C., Jonas, J., Maillard, L., Colnat-Coulbois, S., Koessler, L., &
Rossion, B. (2019). The inferior occipital gyrus is a major cortical
source of the face-evoked N170: Evidence from simultaneous scalp
and intracerebral human recordings. Human Brain Mapping, 40,
1403-1418. https://doi.org/10.1002/hbm.24455

Jacques, C., Witthoft, N., Weiner, K. S., Foster, B. L., Rangarajan, V.,
Hermes, D., ... Grill-Spector, K. (2016). Corresponding ECoG and fMRI
category-selective signals in human ventral temporal cortex.
Neuropsychologia, 83, 14-28. https://doi.org/10.1016/j.
neuropsychologia.2015.07.024

Jonas, J., Jacques, C., Liu-shuang, J., Brissart, H., Colnat-coulbois, S., &
Maillard, L. (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,
E4088-E4097. https://doi.org/10.1073/pnas.1522033113

Jonas, J.,, Rossion, B., Krieg, J., Koessler, L., Colnat-Coulbois, S.,
Vespignani, H., ... Maillard, L. (2014). Intracerebral electrical stimula-
tion of a face-selective area in the right inferior occipital cortex impairs
individual face discrimination. Neurolmage, 99, 487-497. https://doi.
org/10.1016/j.neuroimage.2014.06.017

Kaiboriboon, K., Luders, H. O., Hamaneh, M., Turnbull, J., & Lhatoo, S. D.
(2012). EEG source imaging in epilepsy- -practicalities and pitfalls.

Nature Reviews. Neurology, 8, 498-507. https://doi.org/10.1038/
nrneurol.2012.150

Klimesch, W. (1999). EEG alpha and theta oscillations reflect cognitive and
memory performance: A review and analysis. Brain Research. Brain
Research Reviews, 29, 169-195.

Koessler, L., Benar, C., Maillard, L., Badier, J. M. Vignal, J. P,
Bartolomei, F., ... Gavaret, M. (2010). Source localization of ictal epi-
leptic activity investigated by high resolution EEG and validated by
SEEG. Neurolmage, 51, 642-653. https://doi.org/10.1016/j.
neuroimage.2010.02.067

Koessler, L., Cecchin, T., Colnat-Coulbois, S., Vignal, J.-P., Jonas, J.,
Vespignani, H., ... Maillard, L. G. (2015). Catching the invisible: Mesial
temporal source contribution to simultaneous EEG and SEEG record-
ings. Brain Topography, 28, 5-20. https://doi.org/10.1007/s10548-
014-0417-z

Koessler, L., Colnat-Coulbois, S., Cecchin, T., Hofmanis, J.,
Dmochowski, J. P., Norcia, A. M., & Maillard, L. G. (2017). In-vivo mea-
surements of human brain tissue conductivity using focal electrical
current injection through intracerebral multicontact electrodes. Human
Brain Mapping, 38, 974-986. https://doi.org/10.1002/hbm.23431

Kovach, C. K., Oya, H., & Kawasaki, H. (2018). The bispectrum and its rela-
tionship to phase-amplitude coupling. Neurolmage, 173, 518-539.
https://doi.org/10.1016/j.neuroimage.2018.02.033

Lantz, G., Holub, M., Ryding, E., & Rosen, I. (1996). Simultaneous intracra-
nial and extracranial recording of interictal epileptiform activity in
patients with drug resistant partial epilepsy: Patterns of conduction
and results from dipole reconstructions. Electroencephalography and
Clinical Neurophysiology, 99, 69-78. https://doi.org/10.1016/0921-
884x

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

Lochy, A., Van Belle, G., & Rossion, B. (2015). A robust index of lexical rep-
resentation in the left occipito-temporal cortex as evidenced by EEG
responses to fast periodic visual stimulation. Neuropsychologia, 66,
18-31. https://doi.org/10.1016/j.neuropsychologia.2014.11.007

Lopes da Silva, F. (2013). EEG and MEG: Relevance to neuroscience. Neu-
ron, 80, 1112-1128. https://doi.org/10.1016/j.neuron.2013.10.017

Lopes da Silva, F. H. (2019). Intracerebral sources reconstructed on the
basis of high-resolution scalp EEG and MEG. Brain Topography, 32,
523-526. https://doi.org/10.1007/510548-019-00717-9

Luck, S. J. (2014). An introduction to the event-related potential technique
(2nd ed.). Cambridge, MA: MIT Press.

Malmivuo, J. A., & Suihko, V. E. (2004). Effect of skull resistivity on the
spatial resolutions of EEG and MEG. IEEE Transactions on Bio-Medical
Engineering, 51, 1276-1280. https://doi.org/10.1109/TBME.2004.
827255

Maris, E., & Oostenveld, R. (2007). Nonparametric statistical testing of
EEG- and MEG-data. Journal of Neuroscience Methods, 164, 177-190.
https://doi.org/10.1016/j.jneumeth.2007.03.024

Meigen, T., & Bach, M. (1999). On the statistical significance of electro-
physiological steady-state responses. Documenta Ophthalmologica.
Advances in Ophthalmology, 98, 207-232. https://doi.org/10.1023/a:
1002097208337

Merlet, |, Garcia-Larrea, L., Ryvlin, P., lIsnard, J., Sindou, M. &
Mauguiere, F. (1998). Topographical reliability of mesio-temporal
sources of interictal spikes in temporal lobe epilepsy. Electroencepha-
lography and Clinical Neurophysiology, 107, 206-212. https://doi.org/
10.1016/s0013-4694

Michel, C. M., Murray, M. M,, Lantz, G., Gonzalez, S., Spinelli, L., & Grave
de Peralta, R. (2004). EEG source imaging. Clinical Neurophysiology,
115,2195-2222.

Miller, K. J., Foster, B. L., & Honey, C. J. (2012). Does rhythmic entrain-
ment represent a generalized mechanism for organizing computation


https://doi.org/10.1016/j.neuroimage.2008.04.185
https://doi.org/10.1016/j.neuroimage.2014.05.055
https://doi.org/10.1016/j.neuroimage.2014.05.055
https://doi.org/10.1162/089892900562165
https://doi.org/10.1016/j.eplepsyres.2016.10.013
https://doi.org/10.1016/j.eplepsyres.2016.10.013
https://doi.org/10.1016/j.neuroimage.2013.11.053
https://doi.org/10.1186/1743-0003-5-25
https://doi.org/10.1002/hbm.24455
https://doi.org/10.1016/j.neuropsychologia.2015.07.024
https://doi.org/10.1016/j.neuropsychologia.2015.07.024
https://doi.org/10.1073/pnas.1522033113
https://doi.org/10.1016/j.neuroimage.2014.06.017
https://doi.org/10.1016/j.neuroimage.2014.06.017
https://doi.org/10.1038/nrneurol.2012.150
https://doi.org/10.1038/nrneurol.2012.150
https://doi.org/10.1016/j.neuroimage.2010.02.067
https://doi.org/10.1016/j.neuroimage.2010.02.067
https://doi.org/10.1007/s10548-014-0417-z
https://doi.org/10.1007/s10548-014-0417-z
https://doi.org/10.1002/hbm.23431
https://doi.org/10.1016/j.neuroimage.2018.02.033
https://doi.org/10.1016/0921-884x
https://doi.org/10.1016/0921-884x
https://doi.org/10.1016/j.neuropsychologia.2013.10.022
https://doi.org/10.1016/j.neuropsychologia.2014.11.007
https://doi.org/10.1016/j.neuron.2013.10.017
https://doi.org/10.1007/s10548-019-00717-9
https://doi.org/10.1109/TBME.2004.827255
https://doi.org/10.1109/TBME.2004.827255
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1023/a:1002097208337
https://doi.org/10.1023/a:1002097208337
https://doi.org/10.1016/s0013-4694
https://doi.org/10.1016/s0013-4694

2 | WILEY

JACQUES €T AL.

in the brain? Frontiers in Computational Neuroscience, 6, 85. https://doi.
org/10.3389/fncom.2012.00085

Morgan, S. T., Hansen, J. C., & Hillyard, S. A. (1996). Selective attention to
stimulus location modulates the steady-state visual evoked potential.
Proceedings of the National Academy of Sciences of the United States of
America, 93, 4770-4774. https://doi.org/10.1073/pnas.93.10.4770

Mouraux, A., & lannetti, G. D. (2008). Across-trial averaging of event-
related EEG responses and beyond. Magnetic Resonance Imaging, 26,
1041-1054.

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), 41-46. https://doi.org/
10.1167/15.6.4

Nozaradan, S., Peretz, |., Missal, M., & Mouraux, A. (2011). Tagging the neu-
ronal entrainment to beat and meter. The Journal of Neuroscience, 31,
10234-10240. https://doi.org/10.1523/JNEUROSCI.0411-11.2011

Nunez, P. L., & Srinivasan, R. (2005). Electric fields of the brain: The neu-
rophysics of EEG. Oxfor University Press: Oxfor University.

Oostendorp, T. F., Delbeke, J., & Stegeman, D. F. (2000). The conductivity
of the human skull: Results of in vivo and in vitro measurements. I[EEE
Transactions on Bio-Medical Engineering, 47, 1487-1492. https://doi.
org/10.1109/TBME.2000.880100

Pernet, C. R, Latinus, M., Nichols, T. E., & Rousselet, G. A. (2015). Cluster-
based computational methods for mass univariate analyses of event-
related brain potentials/fields: A simulation study. Journal of Neuroscience
Methods, 250, 85-93. https://doi.org/10.1016/j.jneumeth.2014.08.003

Pizzo, F., Roehri, N., Medina Villalon, S., Trebuchon, A., Chen, S.,
Lagarde, S., ... Bénar, C. G. (2019). Deep brain activities can be
detected with magnetoencephalography. Nature Communications, 10,
971. https://doi.org/10.1038/s41467-019-08665-5

Ramantani, G., Dumpelmann, M., Koessler, L., Brandt, A., Cosandier-
Rimele, D., Zentner, J., ... Maillard, L. G. (2014). Simultaneous subdural
and scalp EEG correlates of frontal lobe epileptic sources. Epilepsia, 55,
278-288. https://doi.org/10.1111/epi.12512

Regan, D. (1966). Some characteristics of average steady-state and tran-
sient responses evoked by modulated light. Electroencephalography
and Clinical Neurophysiology, 20, 238-248.

Regan, D. (1972). Evoked potentials to changes in the chromatic contrast
and luminance contrast of checkboard stimulus patterns. Advances in
Experimental Medicine and Biology, 24, 171-187. https://doi.org/10.
1007/978-1-4684-8231-7_17

Regan, D. (1989). Human brain electrophysiology: Evoked potentials and
evoked magnetic fields in science and medicine. New York: Elsevier.

Rosburg, T., Ludowig, E., Dimpelmann, M., Alba-Ferrara, L., Urbach, H., &
Elger, C. E. (2010). The effect of face inversion on intracranial and
scalp recordings of event-related potentials. Psychophysiology, 47,
147-157. https://doi.org/10.1111/j.1469-8986.2009.00881.x

Rossion, B. (2014). Understanding face perception by means of human
electrophysiology. Trends in Cognitive Sciences, 18, 310-318. https://
doi.org/10.1016/j.tics.2014.02.013

Rossion, B., & Boremanse, A. (2011). Robust sensitivity to facial identity in
the right human occipito-temporal cortex as revealed by steady-state
visual-evoked potentials. Journal of Vision, 11, 11. https://doi.org/10.
1167/11.2.16

Rossion, B., Prieto, E. A., Boremanse, A., Kuefner, D., & Van Belle, G.
(2012). A steady-state visual evoked potential approach to individual
face perception: Effect of inversion, contrast-reversal and temporal
dynamics. Neurolmage, 63, 1585-1600. https://doi.org/10.1016/j.
neuroimage.2012.08.033

Salado, A. L., Koessler, L., De Mijolla, G., Schmitt, E., Vignal, J.-P., Civit, T.,
... Colnat-Coulbois, S. (2018). sEEG is a safe procedure for a compre-
hensive anatomic exploration of the insula: A retrospective study of
108 procedures representing 254 Transopercular insular electrodes.

Operative Neurosurgery, 14, 1-8. https://doi.org/10.1093/ons/
opx106

Schiltz, C., Sorger, B., Caldara, R., Ahmed, F., Mayer, E., Goebel, R., &
Rossion, B. (2006). Impaired face discrimination in acquired proso-
pagnosia is associated with abnormal response to individual faces in
the right middle fusiform gyrus. Cerebral Cortex, 16, 574-586.

Seeber, M., Cantonas, L., Sesia, T., Visser-vandewalle, V., & Michel, C. M.
(2019). Subcorticalelectrophysiological activity is detectable with high-
density EEG sourceimaging. Nature Communications 10, 1-7. https://
doi.org/10.1038/541467-019-08725-w

Seeck, M., Koessler, L., Bast, T., Leijten, F., Michel, C., Baumgartner, C,, ...
Beniczky, S. (2017). The standardized EEG electrode array of the IFCN.
Clinical Neurophysiology, 128, 2070-2077. https://doi.org/10.1016/j.
clinph.2017.06.254

Srinivasan, R., Russell, D. P., Edelman, G. M., & Tononi, G. (1999).
Increased synchronization of neuromagnetic responses during con-
scious perception. The Journal of Neuroscience, 19, 5435-5448.

Talairach, J., & Bancaud, J. (1973). Stereotaxic approach to epilepsy. Meth-
odology of anatomo-functional stereotaxic investigations. Progress in
Neurological Surgery, 5, 297-354. https://doi.org/https://doi.org/10.
1159/000394343

Tao, J. X, Ray, A., Hawes-Ebersole, S., & Ebersole, J. S. (2005). Intracranial
EEG substrates of scalp EEG interictal spikes. Epilepsia, 46, 669-676.
https://doi.org/10.1111/j.1528-1167.2005.11404.x

Van Der Loo, E., Congedo, M., Plazier, M., Van De Heyning, P., & De
Ridder, D. (2007). Correlation between independent components of
scalp EEG and intra-cranial EEG (iEEG ) time series. International Jour-
nal of Bioelectromagnetism, 9, 270-275.

Wendel, K., Vaisanen, J., Seemann, G., Hyttinen, J., & Malmivuo, J. (2010).
The influence of age and skull conductivity on surface and subdermal
bipolar EEG leads. Computational Intelligence and Neuroscience, 2010,
397272-397277. https://doi.org/10.1155/2010/397272

Wennberg, R., & Cheyne, D. (2014). EEG source imaging of anterior tem-
poral lobe spikes: Validity and reliability. Clinical Neurophysiology: Offi-
cial Journal of the International Federation of Clinical Neurophysiology,
125, 886-902. https://doi.org/10.1016/j.clinph.2013.09.042

Wittevrongel, B., Khachatryan, E., Fahimi Hnazaee, M., Camarrone, F.
Carrette, E., De Taeye, L., ... Van Hulle, M. M. (2018). Decoding steady-
state visual evoked potentials from electrocorticography. Frontiers in Neu-
roinformatics, 12, 65. https://doi.org/10.3389/fninf.2018.00065

Yan, X., Liu-Shuang, J., & Rossion, B. (2019). Effect of face-related task on
rapid individual face discrimination. Neuropsychologia, 129, 236-245.
https://doi.org/10.1016/j.neuropsychologia.2019.04.002

Zaveri, H. P., Duckrow, R. B., & Spencer, S. S. (2009). Concerning the
observation of an electrical potential at a distance from an intracranial
electrode contact. Clinical Neurophysiology, 120, 1873-1875. https://
doi.org/10.1016/j.clinph.2009.08.001

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Jacques C, Jonas J, Maillard L, Colnat-
Coulbois S, Rossion B, Koessler L. Fast periodic visual
stimulation to highlight the relationship between human
intracerebral recordings and scalp electroencephalography.
Hum Brain Mapp. 2020;41:2373-2388. https://doi.org/10.
1002/hbm.24952


https://doi.org/10.3389/fncom.2012.00085
https://doi.org/10.3389/fncom.2012.00085
https://doi.org/10.1073/pnas.93.10.4770
https://doi.org/10.1167/15.6.4
https://doi.org/10.1167/15.6.4
https://doi.org/10.1523/JNEUROSCI.0411-11.2011
https://doi.org/10.1109/TBME.2000.880100
https://doi.org/10.1109/TBME.2000.880100
https://doi.org/10.1016/j.jneumeth.2014.08.003
https://doi.org/10.1038/s41467-019-08665-5
https://doi.org/10.1111/epi.12512
https://doi.org/10.1007/978-1-4684-8231-7_17
https://doi.org/10.1007/978-1-4684-8231-7_17
https://doi.org/10.1111/j.1469-8986.2009.00881.x
https://doi.org/10.1016/j.tics.2014.02.013
https://doi.org/10.1016/j.tics.2014.02.013
https://doi.org/10.1167/11.2.16
https://doi.org/10.1167/11.2.16
https://doi.org/10.1016/j.neuroimage.2012.08.033
https://doi.org/10.1016/j.neuroimage.2012.08.033
https://doi.org/10.1093/ons/opx106
https://doi.org/10.1093/ons/opx106
https://doi.org/10.1038/s41467-019-08725-w
https://doi.org/10.1038/s41467-019-08725-w
https://doi.org/10.1016/j.clinph.2017.06.254
https://doi.org/10.1016/j.clinph.2017.06.254
https://doi.org/https://doi.org/10.1159/000394343
https://doi.org/https://doi.org/10.1159/000394343
https://doi.org/10.1111/j.1528-1167.2005.11404.x
https://doi.org/10.1155/2010/397272
https://doi.org/10.1016/j.clinph.2013.09.042
https://doi.org/10.3389/fninf.2018.00065
https://doi.org/10.1016/j.neuropsychologia.2019.04.002
https://doi.org/10.1016/j.clinph.2009.08.001
https://doi.org/10.1016/j.clinph.2009.08.001
https://doi.org/10.1002/hbm.24952
https://doi.org/10.1002/hbm.24952

	Fast periodic visual stimulation to highlight the relationship between human intracerebral recordings and scalp electroence...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Case description
	2.2  Simultaneous intracerebral-Scalp EEG recordings
	2.2.1  Intracerebral electrodes
	2.2.2  Scalp electrodes
	2.2.3  Recordings

	2.3  FPVS
	2.3.1  Rationale
	2.3.2  Stimuli
	2.3.3  Procedure

	2.4  Data processing and analyses
	2.4.1  Frequency domain analyses
	2.4.2  Time domain analyses
	2.4.3  Correlation between intracerebral and scalp EEG signals


	3  RESULTS
	3.1  Patient KV shows a significant and typical synchronization to 6Hz face identity stimulation on the scalp
	3.2  Corresponding spatial location of maximal response amplitude to faces between scalp and intracerebral EEG recordings
	3.3  Strong amplitude and SNR attenuation in scalp compared to intracerebral EEG
	3.4  Focal correspondence between intracerebral and scalp EEG signals over the right occipitotemporal cortex
	3.4.1  Phase investigation
	3.4.2  Correlation investigation

	3.5  Focal and right-lateralized intracerebral-scalp correlations are specific to the FPVS signal

	4  DISCUSSION
	ACKNOWLEDGMENTS
	  DATA AVAILABILITY STATEMENT

	Endnote
	REFERENCES


