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a b s t r a c t 

Rapid individuation of conspecifics’ faces is ecologically important in the human species, whether the face belongs 

to a familiar or unfamiliar individual. Here we tested a large group ( N = 69) of epileptic patients implanted with 

intracerebral electrodes throughout the ventral occipito-temporal cortex (VOTC). We used a frequency-tagging 

visual stimulation paradigm optimized to objectively measure face individuation with direct neural recordings. 

This enabled providing an extensive map of the significantly larger neural responses to upright than to inverted 

unfamiliar faces, i.e. reflecting visual face individuation processes that go beyond physical image differences. 

These high-level face individuation responses are both distributed and anatomically confined to a strip of cortex 

running from the inferior occipital gyrus all along the lateral fusiform gyrus, with a large right hemispheric 

dominance. Importantly, face individuation responses are limited anteriorly to the bilateral anterior fusiform 

gyrus and surrounding sulci, with a near absence of significant responses in the extensively sampled temporal 

pole. This large-scale mapping provides original evidence that face individuation is supported by a distributed yet 

anatomically constrained population of neurons in the human VOTC, and highlights the importance of probing 

this function with face stimuli devoid of associated semantic, verbal and affective information. 
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. Introduction 

Face individuation (FID) occurs when the face of a unique individual

licits a specific behavioral and/or neural response that is reliably dis-

inct from the response to other individuals. Individuation of unfamiliar

aces is critical in the human species for three main reasons. First, in

umans, recognition of conspecifics’ identity is based primarily on the

ace ( Sheehan and Nachman, 2014 ). Second, in most human societies,

eople are constantly exposed to unfamiliar faces in their natural or dig-

tal environment. Third, recognizing familiar people based on their faces

equires to pick out idiosyncratic features of these faces when we first

ncounter them or when they have not yet been encoded in long-term

emory, i.e. when they are unfamiliar. 

Although non-human animal species can be trained to behaviorally

ndividuate pictures of unfamiliar faces of conspecifics or even of hu-

ans, their performance is often limited and strictly image-dependent

e.g., fish: Newport et al., 2016 ; wasps: Sheehan and Tibbetts, 2011 ).
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y comparison, human adults naturally excel at individuating unfa-

iliar human faces ( Rossion, 2018 ), having acquired this ability with-

ut formal training throughout development ( Carey, 1992 ; Hills and

ewis, 2018 ). Their individuation of unfamiliar faces is fast (e.g., within

–2 fixations and a few hundreds of milliseconds; Hsiao and Cot-

rell, 2008 ; Jacques et al., 2007 ) and automatic (i.e., occurring without

he intention to do so and being able to suppress it; Liu-Shuang et al.,

014 ; Palermo and Rhodes, 2007 ; Yan et al., 2019 ). 

Given the importance of faces for social interactions in the human

pecies, understanding the neural basis of human FID must be a ma-

or scientific goal in cognitive neuroscience. Using pictures of unfamil-

ar faces is critical to achieve this goal since they are not associated

ith semantic information, affect or verbal labels, therefore allowing

o isolate the contribution of visual processes to FID ( Rossion, 2018 ).

europhysiological studies have reported face-selective neurons in the

nfero-temporal cortex of the macaque monkey that fire at a differ-

nt spike rate to pictures of different (monkey and human) unfamiliar
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Fig. 1. Fast periodic visual stimulation (FPVS) paradigm and SEEG method. 

A. In the paradigm used here (from Liu-Shuang et al., 2014 ), face images are 

presented by sinusoidal contrast modulation at a rate of six stimuli per second 

(6 Hz) in sequences of 65 s. In each sequence, a base face (here ID1) is randomly 

selected within a pool of 25 male or 25 female faces and repeated throughout 

the sequence. At a fixed interval of every 5th base face (i.e. at the frequency 

of 6 Hz/5 = 1.2 Hz), a different unfamiliar facial identity (selected from the 

24 remaining faces of the same gender) is presented (e.g. ID2, ID3, etc.). To 

avoid pixel-wise overlap, face size is randomly varied between 77% and 123% 

at every stimulation cycle. In a given sequence, faces are either presented all 

upright or all in the inverted orientation. B. Schematic coronal representation 

of the typical trajectories of depth electrodes implanted in the VOTC. Electrodes 

consist of 8–15 contiguous recording contacts (red rectangles) spread along the 

electrode length, along the medio-lateral axis. Acronyms: TP: temporal pole; 

ATL: anterior temporal lobe; PTL: posterior temporal lobe; OCC: occipital lobe; 

PHG: parahippocampal gyrus; CoS: collateral sulcus; FG: fusiform gyrus; ITG: 

inferior temporal gyrus; MTG: middle temporal gyrus; OTS: occipito-temporal 

sulcus; CS: calcarine sulcus; IOG: inferior occipital gyrus; LG: lingual gyrus; ant: 

anterior; lat: lateral; med: medial. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 
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aces, suggesting that face identity is coded in terms of distributed pat-

erns of spike rates in small local neuronal populations ( Baylis et al.,

985 ; Chang and Tsao, 2017 ; Leopold et al., 2006 ; also Young and Ya-

ane, 1992 with familiar faces). However, similarly to other non-human

nimal species, macaque monkeys are poor at behavioral FID tasks and

ay rely essentially on low-level image-based statistics ( Parr et al.,

008 ; Rossion and Taubert, 2019 ). Moreover, their performance dif-

er qualitatively from humans at such tasks (e.g., no effect of picture-

lane inversion of the stimuli; see Bruce, 1982 ; Griffin, 2020 ) such

hat this species does not provide an adequate model of human FID

 Rossion and Taubert, 2019 ). In humans, neurons firing for specific

acial identities have been recorded in the medial temporal lobe, but

his firing occurs only to highly familiar faces, irrespective of the pre-

entation format (e.g., Jennifer Aniston’s face and her written name)

 Quian Quiroga et al., 2005 ). Moreover, these neurons fire relatively

ate (about 300 ms onset) and are thought to play a role in recollecting

onscious episodic multimodal memory events rather than in the FID

rocess per se ( Quian Quiroga, 2012 ; Rey et al., 2020 ). 

At the system level of neural organization in humans, lesions caus-

ng a selective impairment in face identity recognition, i.e. prosopag-

osia ( Bodamer, 1947 ), are located in the ventral occipito-temporal cor-

ex (VOTC), with a right hemispheric lesion being both necessary and

ufficient to cause such impairment in most individuals ( Barton, 2008 ;

ouvier and Engel, 2006 ; Meadows, 1974 ; Sergent and Signoret, 1992 ).

roviding that correct response times are considered, these patients

re also systematically impaired at unfamiliar face matching tasks

 Farah, 1990 ). While the brain structures involved remain necessar-

ly coarsely defined in lesion studies, recent studies have reported

hat focal intracerebral stimulation of the face-selective regions in the

ight VOTC generate transient impairments in face identity recogni-

ion ( Jonas et al., 2015 , 2012 ), including unfamiliar face matching

 Jonas et al., 2014 ). In typical adults, functional magnetic resonance

maging (fMRI) studies have used fMRI-adaptation and multivariate pat-

ern analysis (MVPA) to define the neural basis of FID. On the one

and, fMRI-adaptation takes advantage of the reduced neural response

o a repeated stimulus (‘repetition suppression’) ( Grill-Spector et al.,

006 ; Grill-Spector and Malach, 2001 ). Repetition suppression effects

or unfamiliar individual face pictures have been found in pre-defined

ace-selective regions of the VOTC such as the inferior occipital gyrus

IOG, or “Occipital Face Area ”, OFA) and the lateral section of mid-

le fusiform gyrus (latFG or “Fusiform Face Area ”, FFA; Eger et al.,

004 ; Ewbank et al., 2013 ; Gauthier et al., 2000 ; Gilaie-Dotan et al.,

010 ; Hermann et al., 2017 ; Hughes et al., 2019 ; Rostalski et al., 2019 ;

chiltz and Rossion, 2006 ). On the other hand, MVPA approaches rely

n the decoding of differences between the patterns of activity evoked

y different individual faces across multiple voxels. However, the de-

oding accuracies in this approach, often for simple image-based dis-

riminations, are rather modest and found in inconsistent brain regions

cross studies ( Anzellotti et al., 2014 ; Goesaert and Op de Beeck, 2013 ;

riegeskorte et al., 2007 ; Natu et al., 2010 ; Nestor et al., 2011 ; see the

ritical view in Kanwisher, 2017 ). 

Overall, fMRI studies have either focused on specific regions of in-

erest or investigated response patterns at a local scale (i.e., region-

f-interest analyses in repetition suppression; searchlight analyses in

VPA), rather than considering the whole VOTC. Similarly, the major-

ty of human intracranial EEG studies that have investigated FID using

epetition suppression ( Engell and McCarthy, 2014 ; Puce et al., 1999 )

r MVPA ( Davidesco et al., 2014 ; Ghuman et al., 2014 ) have either fo-

used on specific anatomical regions ( Davidesco et al., 2014 ; Engell and

ccarthy, 2014 ; Ghuman et al., 2014 ; see Puce et al., 1999 for an excep-

ion) or combined data from different regions ( Davidesco et al., 2014 ). In

ddition, despite its strengths (i.e., non-invasiveness, high spatial reso-

ution and large spatial coverage), fMRI provides indirect neural record-

ngs associated with large fluctuations of signal-to-noise ratio across

rain regions, making it difficult to fairly assess the FID function across

he entire VOTC. In particular, due to severe magnetic susceptibility ar-
ifacts arising from the ear canals ( Axelrod and Yovel, 2013 ; Jonas et al.,

015 ; Rossion et al., 2018 ; Wandell, 2011 ), fMRI is limited in explor-

ng VOTC regions located anteriorly to the middle fusiform gyrus, i.e.

n the anterior temporal lobe (ATL). Although intracranial EEG studies

o not suffer from regional variations in signal-to-noise ratio, previous

nvestigations have not localized, quantified, and compared FID neural

esponses across anatomical regions of the human VOTC. 

Here, we provide a comprehensive map of direct neural responses of

ID measured in the whole human VOTC. To achieve this, we use a vali-

ated frequency-tagging paradigm to capture the FID function in a large

roup ( N = 69) of epileptic patients implanted with intracerebral (i.e.,

epth) electrodes across the VOTC (stereotaxic-electroencephalography,

EEG, Talairach and Bancaud, 1973 ), allowing to measure local neural

ctivity from the cortex. In this paradigm ( Liu-Shuang et al., 2014 ,

eviewed in Rossion et al., 2020 ), the picture of an unfamiliar face iden-

ity devoid of external features ( “base face ” = ID1) is randomly selected

rom a large set of face identities, and repeated at a constant rate of

 Hz for about one minute. During this face stimulation sequence, other

nfamiliar face identities (ID2, ID3, ID4, etc.) are inserted among the

ase face at regular intervals as every 5th face ( Fig. 1 A). As a result, a

hange of face identity occurs periodically at 6 Hz/5, i.e. 1.2 Hz, while
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bservers complete an orthogonal task. Responses measured in the EEG

on the scalp) or SEEG (inside the brain) exactly at the 1.2 Hz iden-

ity change frequency and its harmonics (i.e., 2.4 Hz, etc.) index FID.

ombined with electroencephalography, this paradigm has many ad-

antages: it is highly sensitive (i.e., high signal-to-noise ratio and signif-

cant effects in > 90% of individuals tested during a few minutes), ob-

ective (i.e., providing responses at experimentally-defined frequencies),

nd reliable (i.e., with stable responses within and between recording

essions, Dzhelyova et al., 2019 ; see Rossion et al., 2020 for an exten-

ive review of 20 published studies with this paradigm with scalp EEG

ecordings). 

Here, we extensively cover the bilateral VOTC by sampling a to-

al of 3825 recording contacts in the gray matter from 69 participants

ested with this paradigm ( Fig. 1 B). We quantify the 1.2 Hz FID response

t each recording contact and map this response across the VOTC to

efine the neural basis of human unfamiliar FID. Importantly, in or-

er to isolate high-level FID effects, i.e. effects that go beyond mere

hysical differences between images, we compare the FID responses

o upright and inverted faces tested in separate stimulation sequences.

ince picture-plane inversion is known to largely impair FID ( Yin, 1969 ;

ossion, 2008 for review) and severely reduces scalp EEG responses in

he paradigm used here ( Liu-Shuang et al., 2014 ), we expect this manip-

lation to substantially decrease the FID response in the critical regions

ubtending face individuation. 

. Materials and methods 

.1. Participants 

The study included 69 participants (32 females, mean age: 32.3 ± 8

ears, 63 right-handed and 6 left-handed) undergoing clinical intrac-

rebral evaluation with depth electrodes (SEEG, Talairach and Ban-

aud, 1973 ) for refractory partial epilepsy in the Epilepsy Unit of

he University Hospital of Nancy. They were included in the study if

hey had at least one intracerebral electrode implanted in the ventral

ccipito-temporal cortex. All participants tested in SEEG gave written

onsent to participate to the study, which was part of a protocol ap-

roved by the human investigation committee of the University Hospital

f Nancy. 

Intellectual efficiency (IQ, WAIS-IV) was assessed in 58 participants,

ith an average IQ score of 88.8 ± 14.8. All but 11 participants per-

ormed the electronic version of the Benton Face Recognition Test

BFRT-c; Rossion and Michel, 2018 ; see Benton and Van Allen, 1968 for

he original version of the test) before the SEEG exploration. Their av-

rage score at the BFRT-c was of 42.1 ± 4.5, although 13 participants

ad scores below normal range (i.e., < 39; range 32–52; see distribu-

ion of BFRT-c scores in Fig. S1). Average response time to perform the

FRT-c was about 6 min (360.4 s ± 165.8, range 146–1016 s; see dis-

ribution of BFRT-c reaction times in Fig. S1A). A subset of these par-

icipants ( N = 32; 46%) also performed a behavioral delayed matching

ask (as described in Busigny and Rossion, 2010 , experiment 4) with

pright and inverted faces. Accuracy and response times were compara-

le to older control participants reported in the literature ( Busigny and

ossion, 2010 ) and response times were correlated with age, IQ and

isuospatial processing speed (as assessed by the subtest Code of the

AIS) (Table S1). They displayed a large face inversion effect in ac-

uracy (upright faces: 87 ± 9.5%; inverted faces: 71.4 ± 11.6%, one-

ailed t -test: t(31) = 10.2, p < 0.001) and correct response times (up-

ight faces: 1959 ± 480 ms; inverted faces: 2219 ± 496 ms, one-tailed

 -test: t(31) = 6.3, p < 0.001). Every single participant of this subsample

howed better performance for upright than inverted faces (Fig. S1B). 

.2. Intracerebral electrode implantation and SEEG recording 

Intracerebral electrodes (Dixi Medical, Besançon, France) were

tereotactically implanted in the patient’s brain for purely clinical pur-
oses, i.e., in order to delineate the seizure onset zone ( Talairach and

ancaud, 1973 ). The sites of electrode implantation were determined

ased on non-invasive data collected during an earlier phase of the

nvestigation. Each 0.8 mm diameter intracerebral electrode contains

–15 independent recording contacts of 2 mm in length separated by

.5 mm from edge to edge ( Fig. 1 B, for details about the electrode

mplantation procedure, see Salado et al., 2018 ). The exact anatom-

cal location of each recording contact was determined by coregistra-

ion of post-operative non-stereotactic CT-scan with a pre-operative T1-

eighted MRI. A total of 484 electrode arrays were implanted in the

OTC of the 69 participants. These electrodes contained 3825 individ-

al recording contacts in the gray matter (left hemisphere: 2031; right

emisphere: 1794). Intracerebral EEG was recorded at a 512 Hz sam-

ling rate referenced to either a midline prefrontal scalp electrode (FPz,

n 59 participants) or an intracerebral contact in the white matter (in

0 participants). 

.3. Face individuation fast periodic visual stimulation (FPVS) paradigm 

.3.1. Stimuli 

We used full-front colored photographs of 25 male and 25 female

aces with a neutral expression, taken under standardized conditions

ith respect to lighting, background, and distance from the camera

 Fig. 1 A for examples of faces; same stimuli as in Liu-Shuang et al.,

014 ). External features such as hair and ears were cropped out. In-

erted (upside-down) versions of these faces were generated by verti-

ally flipping each image. 

.3.2. Experimental procedure 

Participants viewed sequences of face images ( Fig. 1 A) presented

t a rate of 6 Hz through sinusoidal contrast modulation. In separate

equences, faces were either presented in the upright orientation or in

he inverted orientation. Faces were of the same sex within a sequence.

 sequence lasted 65 s, consisting of 60 s of stimulation at full-contrast

ollowed by 5 s of “fade-out ”, where contrast gradually decreased. In

very sequence, the base face was one randomly selected face identity

within the 25 faces of one sex set) and repeated throughout at 6 Hz

e.g., identity 1, ID1). At fixed intervals of every 1/5 face, a different

acial identity (selected from the 24 remaining faces of the same sex set)

as shown (ID2, ID3, ID4, etc.). Thus, face identity changes occurred a

requency of 6 Hz/5, i.e., 1.2 Hz ( Fig. 1 A). As a result, EEG amplitude at

his frequency (1.2 Hz) and its harmonics (i.e. integer multiples: 2.4 Hz,

.6 Hz, etc.) was used as an index of the visual system’s discrimination

f individual faces. To avoid confounding changes of face identity with

hanges of local pixel intensity (e.g., blue eyes vs. brown eyes), face size

aried randomly between 77% and 123% at every 6 Hz stimulation cycle

o minimize the overlap between the spatial location of a given facial

andmark across cycles. During the stimulation, participants fixated a

mall black cross presented continuously at the center of the stimuli

nd had to detect brief (500 ms) color-changes of this fixation cross

black to red), occurring randomly 8 times in each sequence. Due to

quipment malfunction, the behavioral data at color-change detection is

issing for 11 participants. In the remaining 58 participants, accuracy at

etecting the color change of the fixation cross was near ceiling for both

he upright (96.7 ± 4.3%; range: 61 to 100%) and inverted (95.1 ± 5.7%;

ange: 60 to 100%) conditions, with no significant difference between

onditions ( p = 0.2, 2-tailed paired permutation test). Participants were

lightly and significantly slower to respond to the color change in the

pright (471 ± 56 ms) compared to inverted (457 ± 50 ms) condition

 p = 0.011, 2-tailed paired permutation test). 

Half of the participants ( N = 34) were presented with 4 sequences

2 sequences per face orientation, one with male faces, one with fe-

ale faces, i.e. around 5 min of experiment, including short breaks).

wenty-two participants viewed 8 sequences (4 in each face orienta-

ion), 3 participants viewed 12 sequences (6 per face orientation) and

0 participants viewed only 2 sequences (1 per face orientation). These
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Table 1 

Number of contacts showing significant FID responses (in 

upright and/or inverted conditions) in each anatomical re- 

gion. The corresponding number of subjects in which these 

contacts were found is indicated in parenthesis. For each 

region, the larger anatomical subdivision is indicated in 

parenthesis. Acronyms: VMO: ventro-medial occipital cor- 

tex; IOG: inferior occipital gyrus; medFG: medial fusiform 

gyrus and collateral sulcus; latFG: lateral fusiform gyrus 

and occipito-temporal sulcus; MTG/ITG: the inferior and 

middle temporal gyri; antCoS: anterior collateral sulcus; 

antOTS: anterior occipito-temporal sulcus; antFG: anterior 

fusiform gyrus; antMTG/ITG: anterior middle and inferior 

temporal gyri; TP: temporal pole; OCC: occipital lobe; PTL: 

posterior temporal lobe; ATL: anterior temporal lobe. 

Regions Left hemisphere Right hemisphere 

VMO (OCC) 23 (4) 15 (5) 

IOG (OCC) 11 (5) 33 (8) 

medFG (PTL) 11 (7) 16 (6) 

latFG (PTL) 22 (10) 33 (9) 

MTG/ITG (PTL) 1 (1) 4 (3) 

antCOS (ATL) 12 (7) 14 (9) 

antFG (ATL) 6 (4) 15 (6) 

antOTS (ATL) 23 (11) 10 (4) 

antMTG/ITG (ATL) 19 (6) 13 (6) 

TP 10 (3) 4 (3) 

Total 138 157 
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e  
ifferences across participants were due to the particular clinical context

n which the experiment took place. Since the study does not compare

cross individual participants, we considered all the collected data for

nalysis. No participant had seizures in the 2 h preceding FPVS record-

ngs. 

.4. SEEG signal processing and analyses 

SEEG signal processing and analyses were largely similar to those

n previous studies with this approach ( Jonas et al., 2016 ; Lochy et al.,

018 ) but is reported in full in the present study. 

.4.1. Frequency domain processing 

We analyzed segments of SEEG corresponding to stimulation se-

uences (69-second segments, − 2 s to + 67 s). The 69 s data segments

ere cropped to contain an integer number of 1.2 Hz cycles beginning

 s after the onset of the sequence until approximately 60 s, before stim-

lus fade-out (69 identity change cycles ≈ 58 s). Sequences were then

veraged in the time-domain, separately for each condition and each

articipant. No further pre-processing was applied to the recordings.

ubsequently, a Fast Fourier Transform (FFT) was applied to these av-

raged segments and amplitude spectra (see examples in Fig. 2 A) were

xtracted for all contacts. 

.4.2. Face individuation (FID) responses 

The FPVS approach used here allows identifying two distinct types

f responses: (1) a general visual stimulation response at the base stim-

lation frequency (6 Hz) and its harmonics (e.g., 12 Hz, 18 Hz, etc.),

s well as (2) a face individuation response at 1.2 Hz and its harmonics

FID response, Fig. 1 A). In the current study, we will focus on the FID

esponse. The significance of FID responses relative to noise was deter-

ined as follows ( Fig. 2 ). First, the FFT spectrum was cut into segments

entered at the identity change frequency and harmonics, i.e., 1.2 Hz,

.4 Hz, 3.6 Hz and 4.8 Hz (no responses were found above 6 Hz) and sur-

ounded by 25 neighboring bins on each side. Next, the amplitude values

f these 4 segments of FFT spectra were summed. Finally, the summed

FT spectrum was transformed into a Z-score. Z-scores were computed

s the difference between the amplitude at the center identity change

requency bin and the mean amplitude of 48 surrounding bins (25 bins

n each side, excluding the 2 bins directly adjacent to the bin of inter-

st, i.e., 48 bins), divided by the standard deviation of amplitudes in the

orresponding 48 surrounding bins. A recording contact was labeled as

n FID contact if the Z-score of the FID response at the identity change

requency bin exceeded 3.1 (i.e., p < 0.001 one-tailed), in the upright, in

he inverted condition or in both conditions. A one-tailed test was used

s the search is restricted to recording contacts showing larger signal

han noise ( Dzhelyova et al., 2019 ; Jonas et al., 2016 ; Liu-Shuang et al.,

016 ; Lochy et al., 2018 ). 

.4.3. Classification of FID contacts in UP and INV contacts 

For the proportion analysis, FID contacts were further split in 2 sets

f contacts: (1) the contacts that showed a significant FID response in the

pright condition, regardless of the responses in the inverted condition

 UP contacts , Fig. 3 , left); (2) the contacts that showed a significant FID

esponse in the inverted condition, regardless of the responses in the

pright condition ( INV contacts , Fig. 3 , right). Some contacts exhibited

ignificant responses in both upright and inverted conditions such that

he two sets overlapped ( Fig. 3 , bottom; Fig. 4 A). 

.4.4. Quantification of response amplitude 

Amplitude quantification was performed on all FID contacts (i.e.,

ignificant FID response either for upright or inverted condition) inde-

endently for the upright and inverted conditions, following a similar

rocedure as described above for defining significant contacts. Specifi-

ally, we first computed baseline-subtracted amplitudes in the frequency

omain as the difference between the amplitude at each frequency bin
nd the average of 48 corresponding surrounding bins (up to 25 bins on

ach side, i.e., 50 bins, excluding the 2 bins directly adjacent to the bin of

nterest, i.e., 48 bins). Then, FID response amplitude was quantified for

ach significant FID contact as the sum of the baseline-subtracted am-

litudes at the first 4 harmonics of the identity change frequency (i.e.

.2, 2.4, 3.6 and 4.8 Hz). Amplitude was quantified independently for

he upright and inverted conditions. In addition, the effect of face inver-

ion was computed for each contact as the amplitude difference between

pright and inverted conditions. Contacts located in the same individu-

lly defined anatomical region (see section “Contact localization in the

ndividual anatomy ” below) were grouped, separately for the left and

he right hemisphere. In each anatomical region, we statistically com-

ared group-level FID amplitude differences between hemispheres using

eneral linear mixed effect models implemented in the lme4 package

 Bates et al., 2015 ) in R v4.0.0. Statistical models were fitted using REML

nd p -values were obtained using Satterthwaite’s approximation for de-

rees of freedom. Models included a random intercept per participant

o account for both inter-participants variability and non-independence

f contacts within a participant. The significance of the face inversion

ffect was tested at group-level for each region and each hemisphere by

omparing amplitudes in the upright vs . inverted conditions using gen-

ral linear mixed effect models with a random intercept for factors ‘con-

acts’ nested in ‘participants’. Each set of tests was corrected for multiple

omparisons using Benjamini-Hochberg false discovery rate correction

 Benjamini and Hochberg, 1995 ). Note that the FID responses amplitude

uantification in the middle temporal gyrus and inferior temporal gyrus

MTG/ITG) and temporal pole were not performed as there were too

ew contacts in these regions to obtain reliable measures ( Table 1 ). 

.5. Contact localization in the individual anatomy 

The exact position of each contact relative to brain anatomy was

etermined in each participant’s own brain by coregistrating the post-

perative CT-scan with a T1-weighted MRI of the patient’s head. Con-

acts located in the white matter were excluded from the analyses. To

ccurately assign an anatomical label to each contact, we used the same

opographic parcellation of the VOTC as in Jonas et al. (2016) and

ochy et al. (2018) , which is close to the parcellation proposed by Kim

t al. (2000) . Major VOTC sulci (collateral sulcus, CoS; midfusiform sul-
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Fig. 2. Objective and high signal-to-noise ratio FID responses recorded in the VOTC. A. SEEG frequency-domain responses recorded at an individual recording 

contact in the upright (left) and inverted (right) conditions. The anatomical location of the contact (in the right latFG) is shown in a coronal MRI slice (indicated by 

a red arrow). FID responses are found at the exact face identity change frequency and harmonics (1.2, 2.4, 3.6, and 4.8 Hz) in both upright and inverted conditions, 

albeit with a higher amplitude in the upright condition. B. Significant selective responses were determined by first segmenting the FFT spectrum into four segments 

centered at the frequency of face identity change and its harmonics up to 4.8 Hz. Individual FFT segments are shown in gray (see horizontal gray bars on the X 

axis in A, representing the length of each FFT segment). The four segments, containing both the signal and the surrounding noise, were then summed (colored line). 

The 0 mark corresponds to the face identity change frequency. C. Z-score transformation of the summed FFT spectrum for statistical purpose and computed as the 

difference between the amplitude at the identity change frequency bin and the mean amplitude of 48 surrounding bins (25 bins on each side, excluding the 2 bins 

directly adjacent to the bin of interest, i.e., 48 bins), divided by the standard deviation of amplitudes in the 48 surrounding bins. The Z score at the face identity 

change frequency exceeds 3.1 ( p < 0.001) in the upright condition (left) and in the inverted condition (right). This contact was therefore classified as an UP contact 

and as an INV contact. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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us, MFS; and occipito-temporal sulcus, OTS) served as medio-lateral

andmarks while coronal reference planes containing given landmarks

erved as postero-anterior landmarks (Fig. S2). A coronal plane includ-

ng the anterior tip of the parieto-occipital sulcus served as the border

f the occipital lobe (OCC) and posterior temporal lobe (PTL). A coro-

al plane including the posterior tip of the hippocampus served as the

order between the PTL and the anterior temporal lobe (ATL). A coro-

al plane including the limen insulae served as the border between the

TL and the temporal pole (TP). Hence, we located contacts in the ATL

f they were located anteriorly to the posterior tip of the hippocampus

i.e., anteriorly to a Y Talairach coordinate around − 40) and posteriorly

o the limen insulae. 
.6. Group visualization, proportion and amplitude analyses in Talairach 

pace 

For group analyses and visualization, anatomical MRI were spatially

ormalized in order to determine the Talairach coordinates of VOTC

ntracerebral contacts. The cortical surface used to display group maps

as obtained from segmenting the Colin27 brain from AFNI ( Cox, 1996 ),

hich is aligned to the Talairach space. We performed two separate

roup analyses using Talairach transforms. 

First, we used Talairach transformed coordinates to compute the lo-

al proportion of FID intracerebral contacts across the VOTC. Unlike

n the amplitude quantification analysis, proportions were computed
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Fig. 3. Classification of FID contacts in UP and INV contacts for the proportion analysis. Example of summed segmented FFT spectra for the upright and inverted 

conditions in 4 recording contacts, illustrating the classification of FID contacts in UP and INV contacts (left and right columns respectively). Top-row: Contacts 

significant only either in the upright (left, UP contacts) or in the inverted (right, INV contacts) conditions. Bottom row: example contacts with a significant FID 

response in both conditions being classified as both UP and INV contacts. ∗ Indicates statistically significant responses ( Z > 3.1, p < 0.001). 
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eparately for UP contacts (i.e. contacts with significant FID response

n the upright condition, independently of the inverted condition) and

NV contacts (i.e. contacts with significant FID response in the inverted

ondition, independently of the upright condition). For ventral views

f the VOTC, local proportion of contacts was computed in volumes

i.e. ‘voxels’) of size 15 × 15 × 100 mm (respectively for the X: left –

ight, Y: posterior – anterior, and Z: inferior – superior dimensions) by

teps of 3 × 3 × 100 mm over the whole VOTC. A large voxel size in

he Z dimension enabled collapsing across contacts along the inferior-

uperior dimension, in order to increase statistical power and provide

 compact visualization of the VOTC. Additional views of the lateral

OTC were generated by running the same analyses using voxels of size

0 × 20 × 15 mm by steps of 3 × 3 × 3 mm along the X, Y and Z

imensions respectively. For each voxel, we extracted the following in-

ormation across all participants in our sample: (1) number of recorded

ontacts located within the voxel; (2) number of significant UP and INV

ontacts. From these values, for each voxel we computed the propor-

ion of significant contacts as the number of UP or INV contacts within

he voxel divided by the total number of recorded contacts located in

hat voxel. Then, for each voxel we determined whether the proportions

f significant UP or INV contacts were significantly above zero using a

ootstrap procedure, as follows: (1) within each voxel, sample as many

ontacts as the number of recorded contacts, with replacement; (2) for

his bootstrap sample, determine the proportion of UP or INV contacts

nd store this value; (3) repeat steps (1) and (2) 5000 times to generate

 distribution of bootstrap proportions; and (4) estimate the p -value as

he fraction of bootstrap proportions equal to zero. In addition, we sta-

istically compared the proportion VOTC maps for UP vs. INV contacts

n the same manner as described above but using, for each voxel, the

ifference between the number of UP vs. INV contacts in relation to the

umber of recorded contacts. With the UP vs . INV difference map, we

lso statistically determined interhemispheric differences by comparing

his UP-INV difference of proportion across corresponding voxels of the

eft vs . right hemispheres, again using a permutation test. 

Second, we used the same mapping approach to compute the local

ID response amplitude across the VOTC. Here, we plotted the mean

(  
aseline-subtracted amplitude across all the FID contacts (i.e. respond-

ng significantly either in the upright or inverted conditions) within each

5 × 15 × 100 mm voxel (for the ventral view) or 20 × 20 × 15 mm (for

he lateral view) over the cortical surface. Mapping the FID response am-

litude in the upright and inverted conditions therefore uses the same

et of contacts. We also statistically compared the amplitude maps for

pright and inverted conditions by applying a paired-sample permuta-

ion test (2-tailed, 5000 permutations) to the amplitude in the sample

f contacts within each voxel. 

. Results 

.1. Spatial distribution of face individuation (FID) contacts in the VOTC 

Following Fast Fourier Transform of SEEG data, high signal-to-noise

ID responses were identified in the VOTC at exactly the identity change

requency (1.2 Hz) and harmonics ( Fig. 2 shows an example contact in

ne participant) in the upright and inverted conditions. Significant FID

esponses were determined by grouping the first four harmonics (i.e.

umming 1.2, 2.4, 3.6 and 4.8 Hz, Fig. 2 B) and computing a z-score

ransform ( z > 3.1, p < 0.001, Fig. 2 C). In total, we found 295 contacts

howing a significant FID response in either the upright or the inverted

ondition in 63 individual brains (among 3825 contacts implanted in the

OTC of 69 participants). When using a slightly less conservative thresh-

ld of z > 2.745 ( p < 0.003) which was FDR-corrected ( Benjamini and

ochberg, 1995 ) at p < 0.05, more FID contacts were identified but

he pattern of results and data interpretation were extremely similar

Fig. S3). 

The proportion of these FID contacts was significantly higher in the

ight (8.8%, 157/1794) than in the left hemisphere (6.8%, 138/2031,

 = 0.02, 2-tailed permutation test). Among these 295 contacts, 161

ere significant only in the upright condition, 75 only in the inverted

ondition, and 59 in both conditions (see examples in Figs. 2 and 3 ). For

ome of the analyses (i.e. proportion), FID contacts were further split in

 sets based on the significance in the upright and inverted conditions:

1) UP contacts (i.e. showing a significant FID response in the upright
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Fig. 4. Spatial distribution and proportions of UP and INV FID contacts in Talairach space. A. Map of all 3825 VOTC recording contacts across the 69 individual 

brains displayed in the Talairach space using a transparent reconstructed cortical surface of the Colin27 brain (ventral view). Each circle represents a single recording 

contact. Color-filled circles correspond to FID contacts, either defined as UP contacts (left map, N = 220, see Venn diagram inset on the right) or INV contacts (right 

map, N = 134). UP and INV contacts are color-coded according to their anatomical location in the original individual anatomy (see legend on the right). White-filled 

circles correspond to contacts on which no significant FID responses was recorded. For visualization purposes, individual contacts are displayed larger than their 

actual size (2 mm in length). Values along the Y axis of the Talairach coordinate system (antero-posterior) are shown near the interhemispheric fissure. B. Ventral 

and right lateral maps of the local proportion of UP contacts (left) and INV contacts (middle) relative to number of recorded contacts, and statistical comparison 

between the local proportions of UP and the local proportion of INV contacts across VOTC (right, only significant differences of proportions at p < 0.01 are displayed). 

For left and middle maps, black solid contours outline proportions significantly above zero at p < 0.01. For the ventral map on the right, the dashed black contour 

lines show the location of the proportion difference between UP and INV contacts that are significantly ( p < 0.01) larger in one hemisphere. This indicates that the 

higher proportion of UP compared to INV contacts in the IOG and latFG is significantly larger in the right hemisphere. The coordinates of published peak location of 

face-selective regions are show in white for fMRI-defined FFA (star: Berman et al., 2010 , circle: Gao et al., 2018 , square: Zhen et al., 2015 ), in green for fMRI-defined 

OFA (square: Zhen et al., 2015 , diamond: Pitcher et al., 2011b ) and the mean coordinates for latFG face-selective responses in a recent SEEG study are displayed 

with a white triangle ( Jonas et al., 2016 ). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Amplitude quantification in FID contacts. A. FID response amplitudes in 

the upright face condition over all FID contacts ( N = 295), for each anatomical 

region (i.e. as defined in the individual native anatomy) and separately for the 

left and right hemispheres (LH and RH respectively). Amplitudes are quantified 

as the mean of the amplitudes across recording contacts within a given anatom- 

ical region. Error bars are standard error of the mean across contacts. B. Same 

convention as for panel A but displaying amplitudes in the inverted face condi- 

tion for the same contacts (FID contacts, N = 295). C. Face inversion effect. Am- 

plitude difference between upright and inverted face conditions are computed 

in each FID contact and averaged by anatomical region and hemisphere. Aster- 

isks in red indicate significant (FDR-corrected) amplitude difference between 

upright and inverted face conditions, computed separately for each region and 

hemisphere using linear mixed models. Note that the mean amplitudes of FID re- 

sponses in the MTG/ITG and TP are not reported as there were too few contacts 

in these regions to obtain reliable measures. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this 

article.) 
ondition, regardless of the inverted condition, Fig. 3 left), and (2) INV

ontacts (i.e. showing a significant FID response in the inverted condi-

ion, regardless of the upright condition, Fig. 3 right). Some contacts

xhibited significant responses in both upright and inverted conditions

o that the 2 sets of contacts overlapped ( Fig. 3 bottom; Fig. 4 A). 

Each significant FID contact was located and labeled according to the

articipant’s individual anatomy ( Table 1 ) using a topographic parcel-

ation of the VOTC (Fig. S2; as in Jonas et al., 2016 ; Lochy et al., 2018 ).

oreover, to perform group visualization and analyses, the coordinates

f each contact were transformed in the Talairach space ( Fig. 4 A). In

he occipital lobe (OCC), FID responses were recorded in the inferior

ccipital gyrus (IOG) and in a large portion of the ventro-medial occipi-

al cortex (VMO, Table 1 , Fig. 4 A). In the posterior temporal lobe (PTL),

umerous FID responses were recorded in the lateral fusiform gyrus and

djacent occipito-temporal sulcus (latFG), as well as to a lesser extent in

he medial fusiform gyrus and adjacent collateral sulcus (medFG), but

ery few in the lateral temporal cortex (inferior and middle temporal

yri, MTG/ITG). In the ATL (anterior to the posterior tip of the hip-

ocampus, around Talairach y coordinate = − 40, Fig. 4 A), FID responses

ere observed in several distinct regions: along the anterior segments of

he collateral sulcus (antCoS) and occipito-temporal sulcus (antOTS, lo-

ated laterally to the CoS), in the anterior fusiform gyrus (antFG, located

etween the antCoS and the antOTS) and more laterally in the anterior

art of the middle and inferior temporal gyri (antMTG/ITG). Finally,

ew FID responses were also found in the TP. Most of FID responses ex-

ended from approximately − 100 to − 5 along the antero-posterior Y axis

n Talairach coordinates ( Fig. 4 A). 

We investigated the spatial distribution of FID contacts separately for

P and INV contacts. Fig. 3 shows examples of these 2 contact types.

here were 220 UP contacts and 134 INV contacts (59 contacts in com-

on between the 2 orientations, see Fig. 3 bottom and Fig. 4 A Venn dia-

ram). Overall, the proportion of UP contacts (i.e. number of UP contacts

ivided by the number of recorded contacts) was significantly higher

han INV contacts (UP = 220/3825 = 5.75% vs. INV = 134/3825 = 3.5%,

 < 0.0001, 2-tailed permutation test). Both types of contacts were

idely distributed across the VOTC ( Fig. 4 A). 

.2. Right VOTC shows higher proportion of UP FID contacts 

To quantify and visualize the spatial distribution of UP and INV con-

acts at a more local level, we used Talairach transformed coordinates

o compute the proportion of each type of contact (i.e. UP and INV) rel-

tive to the number recorded contacts in smaller volumes (i.e. ‘voxels’)

 Fig. 4 B, see also Fig. S4 for the left hemisphere lateral views). Comput-

ng such proportions allows taking into account the local variation in the

umber of recorded contacts across the VOTC. These proportion maps

how that for both types of contacts, proportions significantly above zero

 p < 0.01) are found in the VMO and in the bilateral FG. For UP con-

acts, we also observed significant proportions in the ventral and lateral

OG, especially in the right hemisphere, and in more anterior portions

f the bilateral temporal lobe ( Fig. 4 B, see the solid black contour lines

n the left and middle maps). Statistically comparing proportion maps

or UP vs . INV contacts reveals a significantly higher ( p < 0.01) pro-

ortion of UP contacts in the right hemisphere between approximately

 80 mm to − 10 mm along the postero-anterior axis of the Talairach

pace (i.e. y-dimension, Fig. 4 B, right). More precisely, the significantly

igher proportion of UP contacts started from the right IOG (mean Ta-

airach antero-posterior y-coordinate of IOG contacts = -65 ± 6 mm)

ver ventral and lateral aspects ( Fig. 4 B, right), continuing anteriorly

ll along the right latFG (mean Talairach y-coordinate = -49 ± 8 mm),

nd up to the antFG (-25 ± 7 mm), antOTS (-28 ± 10 mm) and antCOS

-22 ± 12 mm). Notably, as depicted in Fig. 4 B, this strip of cortex in

he right hemisphere includes the mean peak coordinate of the FFA (in

he latFG) as identified in fMRI in a meta-analysis ( Berman et al., 2010 ,

39, − 52, − 15]), in a probabilistic atlas ( Zhen et al., 2015 , [38, − 49,

 18] converted from MNI to Talairach space), in a recent fMRI face lo-
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Fig. 6. Spatial distribution and response amplitude over FID contacts in the Ta- 

lairach space. A. Map of all FID contacts ( N = 295) across 69 individual brains 

displayed in the Talairach space. Each circle represents a single contact color- 

coded according to its FID response amplitude in the upright face (left) or in- 

verted face (right) condition. For visualization purposes, individual contacts are 

displayed larger than their actual size (2 mm in length). B. Ventral and right 

lateral maps showing smoothed response amplitude over FID contacts displayed 

over the VOTC cortical surface for the upright face (left) and inverted face (mid- 

dle) conditions, and maps of the significant amplitude difference ( p < 0.01) be- 

tween upright and inverted face conditions (right). The coordinates of published 

peak location of face-selective regions are show in white for fMRI-defined FFA 

(star: Berman et al., 2010 , circle: Gao et al., 2018 , square: Zhen et al., 2015 ), in 

green for fMRI-defined OFA (square: Zhen et al., 2015 , diamond: Pitcher et al., 

2011b ) and the mean coordinates for latFG face-selective responses in a recent 

SEEG study are displayed with a white triangle ( Jonas et al., 2016 ). (For inter- 

pretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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alizer using a frequency-tagging procedure similar to the present study

 Gao et al., 2018 , [42, − 54, − 14]), as well as the mean coordinate of the

ace-selective responses in the latFG in a recent intracerebral recording

tudy ( Jonas et al., 2016 , [41, − 45, − 16]). This strip of cortex also in-

ludes the mean coordinates of the OFA in the inferior occipital gyrus

s reported in a review ( Pitcher et al., 2011b , [39, − 74, − 10]) or in a

robabilistic atlas ( Zhen et al., 2015 , [39, − 73, − 13] converted from

NI to Talairach space). In the left hemisphere, we also found a higher

roportion of UP contacts in the ATL and in a small portion of the IOG.

nterestingly, the proportion of significant UP and INV contacts did not

iffer in the VMO. To statistically establish interhemispheric differences

n the local proportions of UP vs . INV contacts, we compared this dif-

erence in proportion (i.e. UP vs . INV contacts) in corresponding voxels

cross hemispheres, restricting the comparison to voxels showing a sig-

ificant difference between UP and INV contacts. This revealed that the

ifference in proportion of UP vs . INV contacts was significantly higher

n the right hemisphere in portions of the IOG and latFG ( Fig. 4 B right,

ee the dashed black contour lines on the ventral map). Note that the

roportion analyses yield virtually the same results whether or not the

3 participants with a BFRT-c score below the normal range were in-

luded in the analyses (Fig. S5). 

.3. Right hemispheric predominance of upright FID response amplitudes 

We also quantified response amplitudes of the significant FID con-

acts ( N = 295). Unlike in the proportion analysis, this was performed by

easuring the response amplitude for the upright and inverted condi-

ions over the whole set of FID contacts (i.e. no longer splitting in UP and

NV contacts). To do so, we summed the baseline-subtracted amplitude

ver the first 4 harmonics of the face identity change frequency (i.e. 1.2,

.4, 3.6 and 4.8 Hz) for each significant FID contact (see Methods for

etails). We then calculated the mean amplitudes across FID contacts in

ach anatomical region, separately for the upright and inverted condi-

ions ( Fig. 5 ) and compared amplitudes across hemisphere using linear

ixed model statistics. Note that the mean amplitudes of FID responses

n the MTG/ITG and TP are not reported as there were too few contacts

n these regions to obtain reliable measures ( Table 1 ). In the upright con-

ition ( Fig. 5 A), the largest FID response was recorded in the right latFG,

ollowed by the right antFG, the left antCOS, the right antOTS and the

ight IOG. Only the latFG showed a trend for significant hemispheric

ifference ( p = 0.09, FDR corrected, p = 0.01 uncorrected), despite a

arge difference in the amplitude between left and right hemispheres

or this region ( Fig. 5 A; the amplitude in the left latFG was 45% smaller

han in the right latFG; computed as 100 ∗ (R-L) / R). When combining

he two regions in the posterior temporal lobe with the highest propor-

ions of FID contacts (i.e. the latFG and IOG), the amplitude in the right

emisphere was significantly higher than in the left hemisphere (13.22

V vs. 8.04 μV, p = 0.021). In the inverted face condition, the overall

mplitudes across the VOTC was reduced compared to the upright con-

ition ( Fig. 5 B) and the largest responses were found in the right medFG,

ollowed by the right VMO. No significant interhemispheric differences

ere found in the inverted face condition. 

Next, we quantified the face inversion effect in each region by sub-

racting the response amplitude in inverted condition from the response

n the upright condition for each contact and then averaging across con-

acts ( Fig. 5 C). FID responses were significantly higher in the upright

ompared to inverted conditions in several regions: the right IOG (mean

mplitude difference between upright and inverted ± S.D. = 5.7 μV ±
.8, p < 0.0001, FDR-corrected, Fig. 5 C; percentage of amplitude reduc-

ion for INV vs. UP = − 53%, computed as 100 ∗ (UP-INV) / UP), the left

nd right latFG (respectively 3.8 μV ± 6.1, p < 0.005 and 8.9 μV ± 10.1,

 < 0.0002, i.e. − 44% and − 56% of reduction for inverted faces), the left

nd right antFG (7.5 μV ± 6.5, p < 0.05 and 6.9 μV ± 5.5, p < 0.0005; -

8% and − 59% of reduction for inverted faces), the left antCOS (3.8

V ± 6.1, p < 0.01; − 63%), and the left and right antOTS (5.7 μV ±
.8, p < 0.01 and 7.8 μV ± 3.5, p < 0.0005; − 54% and − 65% respec-
ively). We also found the opposite pattern with significantly larger FID

esponses for inverted compared to upright faces in the right medFG

 − 5.1 μV ± 7.4, p < 0.01, + 108%) and right antMTG/ITG ( − 5.4 μV

 5.7, p = 0.0015, + 384%). The face inversion effect measured in the

OG and latFG was larger in the right compared to left hemisphere (65%

maller in the left hemisphere when combining the two regions). How-

ver, owing to the high variability of amplitude values across patients

 n = 13 and n = 12 for left and right hemisphere, respectively) in these

egions, this difference did not reach significance. 

As in the proportion analyses above, we also examined the distri-

ution of response amplitudes without a priori regional grouping by

enerating VOTC maps of the amplitudes of all FID contacts ( N = 295)

n the Talairach space. FID amplitudes were displayed either at the level

f each individual contact ( Fig. 6 A) or averaged within voxels projected

o the cortical surface ( Fig. 6 B, see also Fig. S4 for the left hemisphere

ateral views). As expected from the previously described regional aver-
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ges, the highest response amplitude was located in the right latFG in the

pright condition. A statistical comparison of upright and inverted am-

litude maps revealed significantly higher responses for upright faces

redominantly in the right hemisphere, stretching along the postero-

nterior axis starting from the right IOG, to the right latFG, and up

o the ATL region ( Fig. 6 B, right). Similarly to the significantly higher

roportion of UP contacts in the right hemisphere ( Fig. 4 B, right), this

ace inversion effect amplitude difference also extended from approxi-

ately − 75 mm to − 7 mm on the antero-posterior Y axis of the Talairach

pace. This strip of cortex in the right hemisphere showing a face inver-

ion effect in amplitude includes the mean peak coordinate of the FFA

 Berman et al., 2010 ; Gao et al., 2018 ; Zhen et al., 2015 ), the mean coor-

inate of the face-selective responses in the latFG in a recent SEEG study

 Jonas et al., 2016 ) and the mean coordinates of the OFA ( Pitcher et al.,

011b ; Zhen et al., 2015 ) ( Fig. 6 B, right). We also found significantly

igher amplitudes in the upright condition in the left hemisphere, re-

tricted to the anterior portion of the latFG and posterior portions of the

ntCOS, antFG and antOTS ( Fig. 6 B and 5 C). Interestingly, while there

ere clear responses over the posterior VOTC (VMO), these responses

ere of similar magnitude in the upright and inverted conditions, as in-

icated by an absence of significant difference across conditions in this

egion ( Fig. 6 B, see also Fig. 5 C). As for the proportion analyses, note

hat the amplitude analyses yield virtually the same results whether or

ot the 13 participants with a BFRT-c score below the normal range

ere included in the analyses (Fig. S5 and Fig. S6). 

Last, we further investigated whether the neural processes involved

n generating FID responses in the upright and inverted conditions were

ualitatively different by correlating the response amplitude in the two

onditions across regions ( N = 18 across the 2 hemispheres) and FID con-

acts ( N = 295). The resulting correlations were weak: Pearson r = − 0.18

 p = 0.47, randomization test where the null distribution is generated

y randomly shuffling the pairing of amplitudes) and 0.14 ( p < 0.0063),

espectively for correlations using regions or contacts. Although the cor-

elation using all FID contacts was significantly different from zero, it

as very low explanatory power, accounting for only 2% of shared vari-

nce. 

. Discussion 

We report an original neural cartography of unfamiliar face individ-

ation across the human VOTC, using data collected in a large sample

f individuals implanted with intracerebral electrodes. To our knowl-

dge, only a handful of studies reported human intracranial recordings

uring unfamiliar FID. Specifically, Puce et al. (1999) showed ampli-

ude decreases of low-frequency late ECoG (Electrocorticography) re-

ponses in the ATL to repeated presentations of faces, while Engell and

cCarthy (2014) described high-frequency activity decreases over the

iddle FG at an earlier latency with a subset of the same data. Using

VPA, Ghuman et al. (2014) found significant decoding of individual

ace images and features in 4 patients with recordings over the middle

G, and Davidesco et al. (2014) were able to decode 14 different images

f faces in the posterior ventral and lateral occipito-temporal cortex us-

ng data recorded in 14 patients with both ECoG and SEEG. 

While the current observations generally agree with these previ-

us findings, the present investigation goes well beyond these studies

y mapping neurophysiological FID responses across the whole human

OTC, sampling both gyri and sulci thanks to the SEEG approach, in a

arge number of individual brains ( Rossion et al., 2018 ). Importantly,

he strengths of the current FPVS paradigm enable to capture neural

esponses directly reflecting visual face identity processing. Hence, not

nly does this paradigm have high validity, objectivity, sensitivity, and

eliability, but it also offers control for individuation based on low-

evel features through the speed and large number of variable indi-

idual discriminations occurring during a sequence, the requirement

o generalize across stimulus size ( Dzhelyova and Rossion, 2014 ; Liu-

huang et al., 2014 ), and most importantly, through the comparison to
he exact same stimulation with faces presented in the inverted orienta-

ion ( Rossion et al., 2020 ). 

Our comprehensive intracerebral mapping of the VOTC reveals four

ey findings characterizing the FID function in the human brain. First,

e find a robust face inversion effect as demonstrated by a larger pro-

ortion of significant contacts and higher FID response amplitudes for

pright than inverted faces. Second, the face inversion effect is spatially

istributed yet confined to a relatively narrow strip of cortex extending

rom the right posterior VOTC (IOG and latFG) to bilateral ATL regions.

hird, our study identifies clear FID responses in the anterior FG and

urrounding sulci, up to 3 cm more anterior than the latFG. Fourth, al-

ost no FID responses are found in very anterior ATL regions, including

he temporal pole, despite extensive sampling of this region. 

.1. The effect of stimulus inversion on face individuation 

Picture-plane inversion dramatically affects behavioral individua-

ion of faces in humans ( Rossion, 2008 ; Yin, 1969 ), therefore allowing to

solate high-level neural processes subtending FID, i.e. processes that go

eyond the discrimination of physical differences between face images

which are strictly identical regardless of orientation). Interestingly, our

xtensive spatial sampling reveals substantial differences across brain

egions in terms of the FID response amplitude and the proportion of sig-

ificant contacts for upright and inverted faces. On recording contacts

ocated closely to or in low-level visual cortical regions ( “VMO ”), there

as little to no difference between FID responses to upright and inverted

aces, suggesting that the small effects found in these regions are based

n low-level visual cues. In contrast, multiple higher-order cortical re-

ions, i.e., in the posterior and anterior ventral temporal cortex, showed

 robust reduction of amplitude and proportion of significant contacts

or inverted compared to upright faces. These findings directly contra-

ict the view that unfamiliar faces are individuated by low-level visual

rocesses/cues in the human brain similarly for upright and inverted

aces ( Hancock et al., 2000 ; Megreya & Burton, 2006 ; Burton, 2013 ).

oreover, according to a quantitative view of the face inversion effect

e.g., Murphy et al., 2020 ; Sekuler et al., 2004 ), the decrease of ampli-

ude for inverted faces should be uniformly observed, and proportional

cross brain regions (i.e., no interaction between inversion and cortical

ocalization). Instead, the large differences in the face inversion effect

bserved between regions as described above, as well as the null or very

eak correlation between FID amplitude for upright and inverted faces

cross electrode contacts, rather fully support a qualitative view of this

ffect ( Rossion, 2008 ). 

The reduction of amplitude for inverted faces was most prominent

n the right hemisphere, where it ranged from 53% (IOG) to 65%

antOTS). Intriguingly, the magnitude of the face inversion effect ob-

erved in the right IOG and latFG ( − 53% and − 56% respectively) is

n striking correspondence with scalp EEG results over the right hemi-

phere in neurotypical adult participants, showing a 53% decrease in

ID response amplitude with inversion ( Rossion et al., 2020 ). The lo-

ation of this effect is also largely in line with fMRI-adaptation studies

eporting significantly larger repetition suppression for upright than in-

erted faces in well-defined bilateral face-selective regions of the latFG

i.e., the FFA) and, to a lesser extent, of the IOG (OFA; Gilaie-Dotan et al.,

010 ; Mazard et al., 2006 ; Yovel and Kanwisher, 2005 ). The role of the

ight IOG in FID has sometimes been related to the processing of low-

evel facial features due to the lack of a behavioral inversion effect when

timulating this region with transcranial magnetic stimulation (TMS)

 Pitcher et al., 2011a ). In contrast with this view, our data unambigu-

usly shows a robust and right lateralized effect of inversion on FID in

his region. 

Inversion also largely modulated FID responses in the ATL (antCOS,

ntFG, and antOTS), reaching up to − 65% in the right antOTS. To

ur knowledge, such effects have not been reported, most likely ow-

ng to the large signal drop-out in these ventral ATL regions in fMRI

 Axelrod and Yovel, 2013 ; Rossion et al., 2018 ; Wandell, 2011 ). In ad-
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ition, there was no inversion effect in more medial regions (medFG)

r more lateral regions of the VOTC (MTG/ITG, antMTG/ITG), with

he right medFG even exhibiting the opposite pattern of larger FID re-

ponses to inverted than to upright faces. Larger responses to inverted

ompared to upright faces (regardless of identity) have been observed

reviously in fMRI over medial regions of the VOTC such as the parahip-

ocampal gyrus or medial fusiform gyrus ( Aguirre et al., 1999 ; Gilaie-

otan et al., 2010 ; Haxby et al., 1999 ; Rosenthal et al., 2016 ), with one

tudy reporting larger repetition suppression effects for inverted than

or upright individual unfamiliar faces in the parahippocampal gyrus

 Gilaie-Dotan et al., 2010 ). Since these regions typically show reduced

esponses to faces relative to visual objects in fMRI ( Aguirre et al., 1999 ;

axby et al., 1999 ), these effects have been interpreted in terms of the

ecruitment of processing resources from object perception systems for

nverted faces (see also Rosenthal et al., 2016 ). Our findings with direct

ecordings of neural activity in VOTC support these observations. 

.2. A confined distribution of cortical face individuation responses in the 

ight hemisphere 

While individuation of inverted faces is not necessarily based on low-

evel visual cues, comparing upright and inverted faces nevertheless al-

ows to isolate high-level processes, i.e. going beyond physical differ-

nces between stimuli. Hence, in the remaining of the discussion, we

ocus on the differential FID maps for this comparison. The large-scale

roportion and the amplitude maps ( Figs. 4 and 6 ), which largely agree

ith each other, indicate that unfamiliar FID in humans is not limited to

 local brain region but is instead achieved by widely distributed pop-

lations of neurons. Specifically, high-level unfamiliar FID is supported

y a strip of cortex in the right VOTC including the right IOG, the right

atFG and the right ATL region just anterior to the latFG (antCOS, antFG

nd antOTS), as well as the latter region in the left hemisphere. Face-

elective activations typically identified in fMRI studies in the IOG (OFA,

authier et al., 2000 ; Pitcher et al., 2011b ; Zhen et al., 2015 ) and latFG

FFA, Berman et al., 2010 ; Gao et al., 2018 ; Kanwisher et al., 1997 ;

hen et al., 2015 ; pFUS and mFUS, Weiner and Grill-Spector, 2012 ; see

lso Jonas et al., 2016 for latFG face-selective responses in SEEG) fall

ithin this strip of cortex ( Figs. 4 B and 6 B). This is supported by the sim-

larity both in terms of the anatomical location in individual brains in

he current study and in terms of mean Talairach coordinates. As men-

ioned earlier, these two functional regions are known to be involved

n FID, based on fMRI-adaptation effects. However, although these ef-

ects are often found bilaterally in these regions (see Rossion, 2014 for

eview), lesion studies, as well as effects of transcranial and intracra-

ial stimulation on FID clearly point to a right hemisphere dominance

f these regions ( Bouvier and Engel, 2006 ; Jonas et al., 2018 , 2014 ;

eadows, 1974 ; Pitcher et al., 2007 ). Such right hemispheric domi-

ance is clearly supported by the present direct recordings of intrac-

rebral neurophysiological responses, in line with effects observed on

he scalp in the same paradigm ( Liu-Shuang et al., 2014 ; Rossion et al.,

020 ). The lack of strong right hemispheric lateralization of this effect in

MRI may be due to the slow temporal dynamics of the fMRI responses,

hich favors a spread of responses to the other hemisphere. 

Importantly, despite their wide cortical distribution, high-level unfa-

iliar FID responses are not found everywhere in the occipito-temporal

ortex. Rather, they are anatomically confined to the right IOG, the

ight latFG and extending to the bilateral ATL. Whether this cortical

trip appears continuous due to the averaging methods across individ-

al brains or reflects a genuine functional organization cannot be de-

ermined with the present dataset. Again, fMRI-adaptation studies have

nvestigated the sensitivity to individual face identities within focal face-

elective regions of the IOG and latFG spatially segregated in each partic-

pant’s brain (e.g., Eger et al., 2004 ; Ewbank et al., 2013 ; Gauthier et al.,

000 ; Hermann et al., 2017 ; Hughes et al., 2019 ; Rostalski et al., 2019 ;

chiltz and Rossion, 2006 ). The variable localizations of these fMRI

egions-of-interest across individual brains coupled with a superimpo-
ition of neural activity across brains as performed here could result

n a visually artificial continuous strip subtending the FID function. Al-

ernatively, fMRI studies may only identify the tip(s) of the iceberg(s),

.e. local regions with the highest density of neurons sensitive to face

dentity, these neurons being nevertheless distributed continuously all

long the IOG, latFG and the ATL. In other words, the FID function may

ell be truly continuously distributed along the (right) IOG, latFG and

TL, with local clusters of neuronal populations being most critical for

he function. Supporting this latter point, rare transient behavioral dis-

uptions of FID due to intracerebral electrical stimulation appears to be

onfined to regions showing the largest face-selective and FID responses

 Jonas et al., 2018 , 2014 ). 

.3. The role of the anterior fusiform gyrus and surrounding sulci in FID 

Our investigation identified regions anterior to the latFG/FFA as be-

ng involved in unfamiliar FID. Hence, the cortical maps showed that

ID responses extended anteriorly and bilaterally in the ATL, up to about

 cm beyond the anterior part of the latFG (i.e. starting at Talairach y co-

rdinate around − 40) but not covering the most anterior part of the ATL

i.e. anterior to around y = − 7 Talairach coordinate; see the discussion

elow). This region corresponds anatomically to the anterior fusiform

yrus and its 2 adjacent sulci, antCOS and antOTS (for simplicity, we

ill refer to this region as antFG + sulci). The effects of inversion are

articularly large (i.e., 65%) in this antFG + sulci region, except in the

ight antCOS. While FID is strictly right lateralized in the posterior tem-

oral lobe (IOG and latFG), FID is found bilaterally in the antFG + sulci,

ointing to a functional difference from posterior FID regions. 

Since the antFG + sulci is located at the heart of the largest VOTC

agnetic susceptibility artifact in fMRI (e.g., Axelrod and Yovel, 2013 ;

onas et al., 2015 ; Rossion et al., 2018 ; Wandell, 2011 ), its contribution

o FID and face processing in general has been largely unexplored. In

act, this region lies more anteriorly than the reported location of the

ost anterior face-selective activation in the latFG measured with fMRI

FFA1 / mFus; Pinsk et al., 2009 ; Weiner et al., 2014 ). It is also more

nterior and lateral than the antFG region showing above chance decod-

ng of individual faces as reported in a MVPA-fMRI study ( Nestor et al.,

016 ). However, the antFG + sulci region has been singled out as show-

ng categorical differences between unfamiliar and familiar faces dur-

ng an orthogonal task in an early Positron Emission Tomography study

 Rossion et al., 2001 ) and has been associated with reduced cortical vol-

me in low performers at face identity recognition ( Behrmann et al.,

007 ). Intracerebral electrical stimulation of this region in the right

emisphere can also lead to temporary selective familiar face identity

ecognition impairments ( Jonas et al., 2015 ). The present findings sug-

est that this transient interruption could be due to a failure to individ-

ate faces based on visual representations rather than access to specific

emantic information about people. 

.4. Lack of temporal pole FID responses: an effect of un familiarity? 

Despite extensive sampling of the ATL up to the temporal pole, FID

esponses are weak and rare in the most anterior part of the ATL (ante-

ior to around − 7 Talairach y coordinate) and in the temporal pole (ex-

ept in the left hemisphere in the proportion map). Over the last decade,

TL regions, in particular in the temporal pole, have been attributed

 prominent role in face processing ( Avidan et al., 2014 ; Axelrod and

ovel, 2013 ; Rajimehr et al., 2009 ; Von Der Heide et al., 2013 ). Some

tudies, relying primarily on fMRI-MVPA reports of above chance unfa-

iliar face identity decoding in this region, have even claimed it as

 primary locus of face identity recognition ( Anzellotti et al., 2014 ;

riegeskorte et al., 2007 ). However, the localization of decoding ef-

ects is inconsistent across these studies, these effects are usually just

bove chance level and may not be specific to identity (e.g., decoding

etween a single male and female face picture in Kriegeskorte et al.,

007 ). Most importantly, cortical damage to this region is not typically
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ssociated with prosopagnosia – an impairment of face identity recogni-

ion limited to the visual modality – but rather with multimodal seman-

ic memory impairments, as in the right hemispheric fronto-temporal

ariant of semantic dementia ( Busigny et al., 2009 ; Evans et al., 1995 ;

ainotti et al., 2008 ; Lambon Ralph, 2014 ). Together with the present

ndings based on an extensive spatial sampling of the FID function in

he ATL, this suggests that the temporal pole is not critical for visual

ace identity recognition. Instead, this region may be involved in the as-

ociation of semantic information with specific face identities, including

erbal labels ( Collins et al., 2016 ; Rice et al., 2018 ; Von Der Heide et al.,

013 ). If this reasoning is correct, the same frequency-tagging approach

s used here but with pictures of familiar(ized) faces ( Verosky et al.,

020 ) should reveal an increased contribution of ATL regions including

he temporal poles. 

.5. Potential limitations and future extensions 

Although we isolated high-level visual responses supporting FID by

omparing upright and inverted faces, the present frequency-tagging

aradigm is based on the repetition of the exact same image (at different

izes) of a full-front face identity, interrupted periodically by other facial

dentities also presented at a full-front view. Hence, we did not evalu-

te FID responses across natural changes of viewing conditions, e.g. in

ead rotation and lighting direction ( O’Toole et al., 2006 ; Rossion and

ichel, 2018 ; Tarr and Bülthoff, 1998 ). Scalp EEG data collected with

his paradigm show that the FID response to unfamiliar faces remains

obust through random variations in head pose (e.g., head tilted down,

ooking upward, to the side, etc.) throughout the stimulation sequence

 Damon et al., 2020 ). The FID response is also strong when head orien-

ation varies randomly in depth (i.e. full-front faces, profile, 3 4 profile

aces, etc.) but decreases linearly over the right occipito-temporal cor-

ex with increasing viewpoint variation ( Rossion et al., 2020 ), indicating

hat this response is viewpoint-dependent to some extent. Exploring the

eural basis of this viewpoint-dependency with the present intracerebral

ecording approach would be highly valuable, in particular to evaluate

hether there is a progressive increase of invariance to changes in view-

ng conditions in FID responses from posterior (IOG) to more anterior

latFG or antFG) regions in the human brain (see Ramirez, 2018 ). 

An important issue to consider is that the data reported here was

ollected on a specific clinical population, namely patients with long-

erm drug-resistant epilepsy. Most participants tested here have tem-

oral lobe epilepsy which may cause (visual) recognition deficits. Neu-

opsychological studies have shown that this population, on average,

uffers from increased difficulties at encoding and recognizing familiar

aces ( Drane et al., 2013 ). However, there is also a wide interindivid-

al variability in this function in the normal population ( Jenkins et al.,

018 ), and there is currently no evidence that these face identity en-

oding and recognition processes are qualitatively different in tempo-

al lobe epilepsy patients than in the normal population. Moreover, to

ur knowledge, there is no evidence that temporal lobe epilepsy pa-

ients have difficulties to individuate unfamiliar faces ( Chiaravalloti and

losser, 2004 ). A subset of 32 participants of our sample performed a

ehavioral delayed face matching task (experiment 4 of Busigny and

ossion, 2010 ) and showed large, normal range, face inversion effects

oth in accuracy rates and response times (Fig. S1). Also, most of our

articipants (84%) were tested at the Benton Face Recognition Test-

 ( Rossion and Michel, 2018 ), reaching an average performance in the

ormal range. While 13 participants showed a score below normal range

 < 39), the outcome of the proportion and amplitude analyses reported

ere was not affected by the inclusion of these participants (Fig. S5 and

6). This supports the view that lower performance (and higher reaction

imes) at explicit behavioral tasks of face individuation in some of these

emporal lobe epilepsy patients are not due to specific face individu-

tion deficits. Instead, these difficulties may be due to lower levels of

ducation and general cognitive impairments (see Benton et al., 1983 ;
chretlen et al., 2001 for BFRT performance; see also Fig. S1 for perfor-

ance at the face matching task in the present sample). 

Another related issue is that of the potential neuro-functional reorga-

ization of face processing in this population of temporal lobe epilepsy

atients. Here, contrary to weakly substantiated claims of such reorga-

ization ( Mogi et al., 2019 ; Riley et al., 2015 ), our observations of large

eural face inversion effects, right hemispheric lateralization and con-

ned localization of FID responses in the IOG and latFG in our sample

f patients are in general agreement with multiple sources of evidence

rom lesion studies, neuroimaging and effects of intracerebral or tran-

cranial stimulation as reviewed in the introduction. In addition, there

s a close correspondence between the present findings from temporal

obe epilepsy patients in SEEG and normal controls tested with the exact

ame experimental paradigm in scalp EEG. Specifically, the magnitude

f the face inversion effect in the two key regions of the right IOG and

atFG (53% and 56% reduction respectively) is strikingly similar to the

ffect found on the scalp over the right occipito-temporal region (53%

eduction; Rossion et al., 2020 ). As for the right hemispheric lateraliza-

ion index, it is at least as large in these two regions here (37% and 45%

ight IOG and latFG respectively) as it is on the scalp in neurotypical

ndividuals (27%; Rossion et al., 2020 ). These observations do not only

trengthen the validity of the present findings, but also neurophysiolog-

cal data recordings in temporal lobe epilepsy patients to understand

uman face recognition and brain function in general. 

A future extension of this study would be to determine when and

ow unfamiliar FID is achieved in the human brain. Answering the

uestion of the time-course of FID could be potentially addressed by

nalyzing the present data in the time-domain ( Rossion et al., 2020 ).

owever, unlike the frequency-domain approach used here, which pro-

ides an objective compact measure of the function, the temporal de-

omposition of the response yields numerous deflections over time

 Dzhelyova and Rossion, 2014 ; Rossion et al., 2020 ). Inside the brain,

hese local field potentials occur with opposite polarities in interlocked

ime-courses depending on the recording sites and reference electrode

e.g., Barbeau et al., 2008 ), making it extremely challenging to combine

articipants to obtain an intelligible representation across the whole

eural circuitry. Determining how (i.e., neural mechanisms) unfamiliar

ID is achieved in the human brain would require recording at lower-

evels of neural organization to capture the activity of single units in

umans ( Quian Quiroga, 2012 ; Rey et al., 2020 ). Importantly, the find-

ngs of the present study indicate that the neuronal code for human face

ndividuation is unlikely to be cracked by focusing on small local pop-

lations of neurons but will rather require recordings at multiple VOTC

ocations, preferentially in the right hemisphere. 

. Summary and conclusions 

In summary, our large scale human intracerebral investigation shows

hat fast, automatic and high-level unfamiliar face individuation in hu-

ans is achieved by neural populations distributed within a strip of cor-

ex running from the IOG and latFG to the antFG and surrounding sulci,

ith a right hemispheric dominance. These observations fully support

he qualitative view of the face inversion effect. They also highlight

he importance of probing the neural basis of human FID with unfa-

iliar faces in order to isolate visual processes subtending this func-

ion from the contribution of associated semantic, affective and verbal

nformation. 
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