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Abstract 

We report a comprehensive mapping of the human ventral occipito-temporal cortex (VOTC) 

for selective responses to frequency-tagged faces or landmarks (houses) presented in rapid 

periodic trains of objects, with intracerebral recordings in a large sample (N=75). Face-

selective contacts are three times more numerous than house-selective contacts and show a 

larger amplitude, with a right hemisphere advantage for faces. Most importantly, these 

category-selective contacts are spatially dissociated along the lateral-to-medial VOTC axis, 

respectively, consistent with neuroimaging evidence. At the minority of “overlap” contacts 

responding selectively to both faces and houses, response amplitude to the two categories is 

not correlated, suggesting a contribution of distinct populations of neurons responding 

selectively to each category. The medio-lateral dissociation also extends into the 

underexplored anterior temporal lobe (ATL). In this region, a relatively high number of 

intracerebral recording contacts show category-exclusive responses (i.e., without any 

response to baseline visual objects) to faces but rarely to houses, in line with the proposed 

role of this region in processing people-related semantic information. Altogether, these 

observations shed novel insight on the neural basis of human visual recognition and 

strengthen the validity of the frequency-tagging approach coupled with intracerebral 

recordings in temporal epileptic patients to understand human brain function. 
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Introduction 

The human visual system is highly efficient at transforming retinal input into meaningful 

categories, as exemplified by the ease of detecting highly variable human faces among other 

variable nonface objects (i.e., generic face categorization). Categorizing visual stimuli as 

faces is a challenging brain function since, besides the inherent variability in face and nonface 

object identity, each instance of a face or an object can produce an infinite number of retinal 

inputs, resulting from changes in e.g., size (distance), position, lighting, or orientation. The 

neural basis of human face categorization has been studied extensively in functional 

magnetic resonance imaging (fMRI) studies, which consistently report larger responses to 

faces in the lateral parts of the middle fusiform gyrus (latFG) and in the inferior occipital gyrus 

(IOG) of the ventral occipito-temporal cortex (VOTC) (Puce et al. 1995; Kanwisher et al. 1997; 

Haxby et al. 2000; see Grill-Spector et al. 2017 for recent review). 

These indirect measures of face-selective neural activity can be complemented by 

direct intracranial recordings of brain activity in human epileptic patients (Allison et al. 1994; 

Allison et al. 1999; Halgren et al. 1994; Vidal et al. 2010; Ghuman et al. 2014; Engell and 

McCarthy 2014; Jonas et al. 2016; Kadipasaoglu et al. 2016; see Rossion et al. 2018 for 

review). These investigations are valuable by the high temporal resolution that they afford but 

also because they provide direct neural measures without substantial regional variations in 

signal-to-noise ratio. Moreover, they provide direct links with the causal effects of electrical 

stimulation (e.g., Jonas et al. 2012; Parvizi et al. 2012). However, these investigations remain 

rare and are often limited in terms of the number of individual brains sampled as well as their 

spatial range of investigation, which is determined by strict clinical criteria. Moreover, the 

exact location/source of the neurophysiological recordings remain uncertain (Katzner et al. 

2009; Herreras 2016). This important approach for human neuroscience research therefore 
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requires further validation by testing large cohort of patients with objective quantification of 

responses of interest across wide cortical regions, documenting similarities and differences 

with other measures (Rossion et al. 2018). 

In this context, a recent study isolated face categorization responses with a frequency-

tagging approach (Fast Period Visual Stimulation [FPVS]) applied to 28 patients implanted 

with intracerebral (i.e., depth) electrodes across the VOTC (Jonas, Jacques, et al., 2016). 

Although face-selective responses were found across the whole VOTC, replicating previous 

intracranial observations with more traditional stimulation approaches (e.g., Allison et al., 

1999), clusters of high-amplitude face-selective contacts with a peak in the right lateral 

section of the middle fusiform gyrus were found, supporting fMRI observations (i.e., evidence 

for the “Fusiform Face Area”, “FFA” with a direct neural measure). Moreover, face-selective 

responses were found in several regions of the ventral anterior temporal lobe (ATL), an 

underexplored region in fMRI due to severe magnetic susceptibility artefacts (Wandell, 2011; 

Axelrod & Yovel, 2013; Rossion et al., 2018). Notably, up to 40% of population-level neural 

responses in the ATL showed responses to faces without any significant response to nonface 

objects (i.e., ‘face-exclusive’ contacts; Jonas et al., 2016).  

Although this frequency-tagging approach has substantial advantages in terms of 

sensitivity, objectivity, and quantification, these observations raise at least two important 

unresolved issues. First, to what degree does the wide distribution of face-selective 

responses in the human VOTC reflect a lack of specificity of this approach? That is, could this 

wide distribution be due to the recording of neural activity from distant sources in intracerebral 

recordings (Herreras 2016; Dubey & Ray, 2019), or to the additional contribution of non 

category-selective responses triggered by the mere periodic repetition of the same kinds of 

items in a continuous stream of variable nonface objects, or else to a combination of these 
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two factors? Second, are face-exclusive contacts found predominantly in the ATL truly 

category-selective – in particular limited to faces due to their rich network of semantic 

associations (Collins et al., 2016; Rice et al., 2018) - or do they rather reflect some kind of 

generic “oddball” responses to rare periodic events in such stimulation sequences? These 

issues are important to resolve not only to inform about the neural basis of face categorization 

and visual categorization in general, but also to better understand the validity and limitations 

of the frequency-tagging approach in the context of human intracerebral recordings. 

The current study directly addresses these issues in a very large group of individual 

human brains (N = 75) implanted with intracerebral electrodes. Subjects viewed variable 

objects images presented periodically at 6 Hz with either variable face- or house-images 

interleaved as every 5th image in separate sequences (Figure 1). Hence, both face-selective 

and house-selective neural responses were objectively identified and quantified at the face-

stimulation frequency (6Hz/5 = 1.2 Hz) and harmonics in different stimulation sequences. 

Pictures of houses provide a robust test to the issues at stake because it is known that 

houses, as spatial landmarks or places, are associated with responses in the medial regions 

of the VOTC such as the collateral sulcus, the lingual sulcus and the parahippocampal gyrus 

(Epstein & Kanwisher, 1998; Weiner & Grill-Spector, 2010; Epstein, 2014; Kadipasoglou et 

al., 2016). Moreover, faces and houses evoke quantitatively and qualitatively different 

category-selective responses in scalp EEG (Jacques et al., 2016). Hence, we hypothesized 

that face- and house-selective responses (i.e., discriminating faces or houses from a variety 

of other visual objects) would elicit largely spatially distinct maps in the VOTC, with a 

predominance in lateral and medial temporal regions respectively. Moreover, we took 

advantage of an extensive sampling of the ATL to test whether this spatial dissociation 

extends to these anterior regions. Finally, based on growing evidence for the role of the ATL 
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in person recognition and semantics (e.g., Gainotti, 2013; Rice et al., 2018), we hypothesized 

exclusive responses in the ATL to be truly category-specific, and with no or little response to 

houses on these contacts. Such findings would not only shed important insight on the neural 

basis of human face categorization but would also strengthen the validity and the frequency-

tagging approach combined with human intracerebral recordings in temporal epileptic patients 

to understand brain function. 

Materials and Methods 

Participants 

The study included 75 patients (35 females, mean age: 32.3 ± 8.4 years, 68 right-

handed) undergoing clinical intracerebral evaluation with depth electrodes 

(StereoElectroEncephaloGraphy, SEEG) for refractory partial epilepsy, studied in the Epilepsy 

Unit of the University Hospital of Nancy between 2013 and 2017. Patients were included in 

the study if they had at least one intracerebral electrode implanted in the VOTC (Figure 1C). 

The data on periodic faces from twenty-eight of the 75 patients were included in the study of 

Jonas et al. (2016). They all gave written consent to participate to the study, which was part of 

a protocol approved by the Ethics committee of the University Hospital of Nancy. 

Intracerebral electrode implantation and recording 

Intracerebral electrodes were stereotactically implanted within the participants’ brains 

for clinical purposes, i.e., to delineate their seizure onset zones and to functionally map the 

surrounding cortex in the perspective of an eventual epilepsy surgery (Bédos Ulvin et al. 

2017). Each 0.8 mm diameter intracerebral electrode contains 8-15 independent recording 

contacts of 2 mm in length separated by 1.5 mm from edge to edge (for details about the 

electrode implantation procedure, see Salado et al. 2017). Intracerebral EEG was sampled at 
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a 512 Hz with a 256-channel amplifier and referenced to either a midline prefrontal scalp 

electrode (FPz, available in 66 participants) or an intracerebral contact in the white matter (in 

9 participants). The data were not re-referenced. Contacts located in brain lesions visible on 

structural MRI were excluded from any analysis (n = 67; 1.83% of all contacts).  

Fast periodic visual stimulation paradigm 

Stimuli. We used 200 grayscale natural images of various non-face objects (from 14 

non-face categories: cats [n=9], dogs [n=5], horses [n=5], birds [n=24], flowers [n=15], fruits 

[n=28], vegetables [n=21], houseplants [n=15], phones [n=13], chairs [n=15], cameras [n=6], 

dishes [n=15], guitars [n=15], lamps [n=14]), 50 grayscale natural images of faces and 50 

grayscale natural images of houses (see Figure 1 for examples of stimuli). Each image 

contained an unsegmented object, face or house near the center, which differed in terms of 

size, viewpoint, lighting conditions and background. Images were equalized for mean pixel 

luminance and contrast (i.e. standard deviation across pixels). Faces (or houses) represented 

20% of the stimuli. Since, they appeared 1 out of five stimuli (20%), images of faces (or 

houses) were repeated the same amount of time than images of nonface objects. In a 

recording sequence, there were 227 cycles displaying objects, and at each cycle an image 

was sampled randomly from the 200 object stimuli. In contrast, there were 75 cycles 

displaying faces or houses, and at each cycle an image was sampled randomly from the 50 

face or 50 house stimuli, respectively. 

Experimental procedure. Participants viewed continuous sequences of natural 

images of objects presented at a fast rate of 6 Hz through sinusoidal contrast modulation. In 

separate sequences, images of either faces or houses were presented periodically as every 

5th stimulus so that the frequency of face/house presentation was 1.2 Hz (i.e. 6 Hz/5) (see 

Figure 1, see also Videos 1 and 2 for an example of visual stimulation). All images were 
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randomly selected from their respective categories. A sequence lasted 70 s: 66 s of 

stimulation at full-contrast flanked by 2 s of fade-in and fade-out, where contrast gradually 

increased or decreased, respectively. During one sequence, there were 75 presentations of 

faces or houses and 227 presentations of objects. During the sequences, participants were 

instructed to fixate a small black cross which was presented continuously at the center of the 

stimuli and to detect brief (500 ms) color-changes (black to red) of this fixation-cross. All but 

19 participants saw the same number of sequences of face and houses (minimum 1 

sequence per condition). The average number of sequences across all patients was 2.67 and 

2.37 of face- and house-sequences, respectively. No participant had seizures in the 2 hours 

preceding FPVS recordings. 
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Figure 1. FPVS and SEEG methods. A. Example of natural images of faces and houses 

used in the experiment (actual face images not shown for copyright reasons). B. Images of 

living or non-living objects were presented by sinusoidal contrast modulation at a rate of 6 
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stimuli per second (6 Hz) with different images of either faces or houses presented in 

separate sequences every 5 stimuli (i.e., appearing at the frequency of 6 Hz/5 = 1.2 Hz). C. 

Schematic coronal representation of the typical trajectories of depth electrodes implanted in 

the VOTC (adapted from Jonas et al., 2016). Electrodes consist of 8-15 contiguous recording 

contacts (red rectangles) spread along the electrode length, along the medio-lateral axis. 

Acronyms: 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; a: anterior; lat: lateral; med: medial.  

 

Frequency domain processing. Signals corresponding to the face and house 

conditions were processed the same way. Segments of SEEG corresponding to stimulation 

sequences were extracted (74-second segments, -2 s to +72 s). The 74 s data segments 

were cropped to contain an integer number of 1.2 Hz cycles beginning 2 s after the onset of 

the sequence (right at the end of the fade-in period) until approximately 65 s, i.e. before 

stimulus fade-out (75 face cycles ≈ 63 s). No artifact rejection was performed since EEG 

artifacts generate broadband noise in the frequency domain that locate mostly outside the 

narrow frequency bins containing the signal measurements (1.2 Hz and associated 

harmonics; Regan, 1989; Jonas et al., 2016). Sequences of recorded voltage (i.e., time-

domain) were averaged separately for each participant and condition. Averaging sequences 

in the time-domain before the Fast Fourier Transform (FFT) increases signal-to-noise ratio by 

cancelling out non-phase locked noise. Subsequently, FFT was applied to the full length of 

the cropped averaged time sequences. The amplitude spectra were extracted for all contacts 

by taking the modulus of the Fourier coefficients at each frequency bin normalized (by 
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dividing) by half of the number of time samples in the time series. No normalization was 

performed on the time series prior to running the FFT.  The long recording sequence resulted 

in a spectrum with a high frequency resolution of 0.0159 (1/63sec). No data segments were 

excluded from the analysis. No other processing was performed to the data.  

Selective responses. The FPVS approach used here allows identifying and 

separating two distinct types of responses in both conditions: (1) a base response occurring 

at the base stimulation frequency (6 Hz) and its harmonics, as well as (2) a selective 

response at 1.2 Hz and its harmonics (face-selective or house-selective response). In both 

face and house conditions, selective responses significantly above noise level at the 

face/house frequency (1.2 Hz) and its harmonics were determined as follows: (1) the FFT 

spectrum was cut into 4 segments centered at the face/house frequency and harmonics, from 

the 1st until the 4th (1.2 Hz until 4.8 Hz), and surrounded by 25 neighboring bins on each side 

(Figure 2A); (2) the amplitude values in these 4 segments of FFT spectra were summed 

(Figure 2B); (3) the summed FFT spectrum was transformed into a Z-score (Figure 2C). Z-

scores were computed as the difference between the amplitude at the face/house 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 corresponding 48 surrounding bins. A contact was considered as showing a 

selective response in a given condition if the Z-score at the frequency bin of face or house 

stimulation exceeded 3.1 (i.e., p < 0.001 one-tailed: signal>noise). 
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Figure 2. Intracerebral selective responses recorded in the VOTC. A. Intracerebral EEG 

frequency-domain responses recorded at an individual recording contact (raw FFT amplitude) 

located in the right latFG in a single participant during a face sequence. The anatomical 

location of the contact is shown in a coronal MRI slice. Face-selective responses are 
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observed at 1.2 Hz and harmonics. B. Significant face-selective responses were determined 

by first segmenting the FFT spectrum into four segments centered at the frequency of face 

stimulation and its harmonics up to 4.8 Hz (i.e., 1.2, 2.4, 3.6, and 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 (dark gray line). The 0 mark corresponds to the face 

stimulation frequency. C. Z-score transformation of the summed FFT spectrum for statistical 

purpose. The Z score at the face frequency exceeds 3.1 (p < 0.001), indicating that this 

contact shows a significant face-selective response. The same procedure was used to identify 

house-selective responses. 

 

Classification of significant contacts. Based on the pattern of discrimination 

responses across the 2 conditions (i.e., significant or not), we labeled each significant contact 

as follows: (i) contacts showing a significant face discrimination response, but not a significant 

house discrimination response, were defined as “face” (+face, -house); (ii) contacts showing a 

significant house response, but not a significant face discrimination response, were defined 

as “house” (-face, +house); and (iii) contacts showing significant discrimination responses to 

both faces and houses, were defined as “overlap” (+face, +house). 

Quantification of response amplitude. Baseline-corrected amplitudes were 

computed as the difference between the amplitude at each frequency bin and the average of 

48 corresponding surrounding bins (up to 25 bins on each side, i.e., 50 bins, excluding the 2 

bins directly adjacent to the bin of interest, i.e., 48 bins). Face- and house selective responses 

were quantified separately as the sum of the baseline-subtracted amplitudes at the 

face/house frequency from the 1st until the 14th (1.2 Hz until 16.8 Hz), excluding the 5th and 
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10th harmonics (6 Hz and 12 Hz) that coincided with the base frequency (Jonas et al. 2016). 

Base response amplitudes were quantified separately as the sum of the baseline-subtracted 

amplitudes at the base frequency from the 1st until the 4th (6 Hz until 24 Hz), separately for 

face and house sequences.  

Contact Localization in the Individual Anatomy 

The exact position of each contact in the individual anatomy was determined by fusing 

the postoperative CT scan with a T1-weighted MRI. Contacts inside the gray matter were 

anatomically labeled in the individual anatomy using the same topographic VOTC parcellation 

as in Jonas et al. (2016) and Lochy et al. (2018) based on anatomical landmarks (Figure S1). 

Major VOTC sulci (collateral sulcus and occipito-temporal sulcus) served as medio-lateral 

divisions. Postero-anterior divisions were the anterior tip of the parieto-occipital sulcus for the 

border between occipital and temporal lobes, and the posterior tip of the hippocampus for the 

border between the posterior temporal lobe (PTL) and the anterior temporal lobe (ATL) (Kim 

et al., 2000). We did not include the temporal pole in our analyses (i.e., contacts anterior to 

the limen insulae, Ding et al. 2009). Therefore, we considered contacts in the ATL if they were 

located anteriorly to the posterior tip of the hippocampus and posterior to the limen insulae.  

Proportion and amplitude maps in MNI space 

In a separate analysis, anatomical MRIs were spatially normalized to determine 

Talairach coordinates of intracerebral contacts (for transformation procedure, see Koessler et 

al., 2009). Talairach coordinates of the intracerebral contacts were used to perform group 

analyses and visualization. The cortical surface used to display group maps was obtained 

from segmentation of the Collin27 brain from AFNI (Cox, 1996) which is aligned to the 

Talairach space. Using Talairach coordinates, we computed the local proportion and 

amplitudes of the discrimination intracerebral contacts across the VOTC. Local proportion and 
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amplitudes of contacts were computed in volumes (i.e., “voxels”) of size 15 × 15 × 200 mm 

(for the X, left–right; Y, posterior–anterior; and Z, inferior–superior dimensions, respectively) 

by steps of 3 × 3 × 200 mm over the whole VOTC. A large voxel size in the Z dimension was 

used to collapse across contacts along the inferior–superior dimension. For each voxel, we 

extracted the following information across all participants in our sample: (i) the number of 

recorded contacts located within the voxel; (ii) the number of contacts showing a significant 

response for each type of discrimination; and (iii) the mean amplitudes in the significant 

contacts. For each voxel and each type of discrimination (i.e. face, house, overlap), we 

computed the proportion of significant contacts over recorded contacts/ (proportions are 

crucial here since sampling differs across regions), as well as the mean amplitudes over/in 

the significant contacts. To ensure reliability and reproducibility, we only considered voxels in 

which at least two participants showed significant responses. Then, for each voxel, we 

determined whether the proportion/amplitudes of significant contacts was significantly above 

zero using a bootstrap procedure in the following way: (i) sampling contacts from the voxel 

(the same number as the number of recorded contacts in the voxel) with replacement; (ii) 

determining the proportion of significant contacts for this bootstrap sample and storing this 

value; (iii) repeating steps i and ii 5,000 times to generate a distribution of bootstrap 

proportions and to estimate the p-value as the fraction of bootstrap proportions equal to zero.  

Bayesian estimation 

Bayesian estimation was used as a statistical tool for direct comparisons between 

conditions (for information on Bayesian estimation, see Krutche, 2013, 2014). This method 

assigns credibility to different parameter values (e.g., parameter = mean difference of face 

and house amplitudes in latFG) according to their consistency with the data. The more 

consistent the data is with a parameter value, the more credible that parameter value is (and 
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vice versa for parameter values not consistent with the data). The posterior probability 

distribution expresses the probability of parameter values given the data, from which we 

computed 95% high density confidence interval (95% HDI), reflecting the 95% most likely 

parameter values given the data. A separate decision criterion was applied to yield a discrete 

decision as to whether there was evidence for a difference larger than 0. Specifically, a 95% 

HDI excluding a difference of 0 was interpreted as sufficient evidence for a difference (i.e., 0 

was not among the 95% most likely values given the data), whereas a 95% HDI including a 

difference of 0 was interpreted as insufficient evidence for a difference (i.e., 0 was among the 

95% most likely values given the data).  

  Continuous data (e.g., amplitudes, Talairach coordinates) was described by a normal 

distribution with the parameters mean and standard deviation. A noninformative prior 

distribution was specified by a uniform distribution. All dichotomous data (described as 

proportions) was described by a binominal distribution with the parameter theta. A 

noninformative prior distribution was specified using a beta distribution with shape parameters 

a = 1 and b = 1. A No-U-Turn sampler (NUTS) Marcov Chain Monte Carlo (MCMC) algorithm, 

implemented using the Pystan package (Carpenter et al. 2017) in the Python programming 

language, was used to estimate the posterior probability distribution. For each estimation, four 

chains were initialized, and each provided 100,000 samples. The burn-in period consisted of 

50,000 samples. The chains were checked for convergence by inspecting the overlap of the 

different chains as plotted in trace plots and density plots of the parameter values sampled in 

each chain. 

Results 

 Following Fourier Transform of SEEG data, high SNR selective responses (for faces 

and/or houses) were identified in the VOTC exactly at the face/house presentation frequency 
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(1.2 Hz) and harmonics (see Figure 2A for an example in the face condition). Significant 

selective responses were determined based on a combination of the first four harmonics (i.e. 

1.2, 2.4, 3.6 and 4.8 Hz, Figure 2B) and a z-score transform (z > 3.1, p < 0.001, Figure 2C). 

 We found 1154 contacts with category-selective responses (for faces and/or houses) in 

71 participants (among 3588 contacts implanted in the VOTC of 75 participants; i.e., 32% of 

recorded contacts). Among these contacts, 46.6% were selective to faces only (“face” 

contacts, 537/1154, participants = 65) and 15.8% were selective to houses only (“house” 

contacts, 182/1154, participants = 47). The remaining 37.7% contacts were selective to both 

faces and houses (“overlap” contacts, 435/1154, participants = 54). An example of the 

response profile of each contact type is shown in Figure 3.  Each contact was localized in the 

individual anatomy using a topographic parcellation of the VOTC and in the MNI space to 

perform group analyses and visualization (Figure 3; see Lochy et al. 2018 for the parcellation; 

Table 1 for contact count by hemisphere and region).  
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Figure 3. Classification and distribution of three types of selective contacts. Left.  Maps 

of all 3588 VOTC recording contacts across the 75 individual brains displayed in the MNI 

space using a transparent reconstructed cortical surface of the Colin27 brain. Each circle 

represents a single contact. Color filled circles correspond to selective contacts colored 

according to their category (face, house, overlap). White-filled circles correspond to contacts 

on which no selective responses were recorded. Right. Examples of baseline corrected FFT 

spectra for each contact type (3 individual contacts in 3 different participants). Top: face 

contact, selective to faces only, middle: house contact selective to houses only; bottom: 

overlap contact selective to both faces and houses. Their anatomical location is illustrated in 

the respective coronal MRI slices. The letters below each hemisphere (R, L) refers to the 

hemispheric side.   
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Table 1. Number of selective contacts and corresponding number of participants (in 

parentheses) in each anatomical region. Acronyms: ATL: anterior temporal lobe; PTL: 

posterior temporal lobe; OCC: occipital lobe; VMO: ventromedial occipital; IOG: inferior 

occipital gyrus; PHG: parahippocampal gyrus; FG: fusiform gyrus; MTG: middle temporal 

gyrus; ITG: inferior temporal gyrus; OTS: occipito-temporal sulcus; COS: collateral sulcus; a: 

anterior; lat: lateral; med: medial. 

 

 Left Hemisphere Right Hemisphere 

Regions Faces Houses Overlap Faces Houses Overlap 

VMO 14 (4) 15(6) 49 (7) 25 (6) 13 (6) 33 (4) 

IOG 15 (8) 5 (2) 22 (8) 37 (11) 0 (0) 39 (11) 

Total OCC 29 (8) 20 (6) 71 (9) 62 (13) 13 (6) 72 (12) 

PHG 0 (0) 1 (1) 2 (1) 0 (0) 5 (4) 1 (1) 

medFG 12 (8) 23 (11) 55 (19) 17 (10) 6 (3) 48 (14) 

latFG 34 (16) 10 (8) 23 (11) 43 (15) 2 (2) 32 (13) 

MTG/ITG 27 (8) 6 (4) 5 (4) 27 (10) 5 (1) 3 (1) 

TOTAL PTL 73 (19) 40 (16) 85 (20) 87 (21) 18 (8) 84 (18) 

antPHG 0 (0) 7 (6) 1 (1) 0 (0) 6 (4) 0 (0) 

antCOS 48 (23) 17 (10) 26 (17) 41 (16) 36 (18) 31 (14) 

antFG 8 (5) 2 (1) 7 (5) 7 (3) 2 (1) 16 (6) 

antOTS 43 (20) 10 (6) 23 (12) 54 (21) 6 (3) 17 (7) 

antMTG/ITG 22 (10) 4 (4) 0 (0) 63 (16) 1 (1) 2 (1) 

Total ATL 121 (32) 40 (20) 57 (22) 165 (29) 51 (20) 66 (19) 
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Latero-medial spatial dissociation between face and house contacts 

 Bayesian estimation was used for subsequent inferential analysis (e.g., Kruschke 

2013). For each contrast we report the difference in central tendencies and a 95% posterior 

high density confidence interval (HDI), which indicates the 95% most likely parameter values 

given the data (e.g., difference of mean face- and house amplitudes in latFG). For a given 

contrast, a 95% HDI excluding a difference of 0 was interpreted as sufficient evidence for a 

difference (i.e., 0 was not among the 95% most likely values given the data), whereas a 95% 

HDI including a difference of 0 was interpreted as insufficient evidence for a difference (i.e., 0 

was among the 95% most likely values given the data). See the Methods section for 

additional information on this approach.   

 Overall there was a larger proportion of significant face than house contacts (propdiff = 

(537/3588) - (182/3588) = 9.89%, 95%HDI = [8.52, 11.27]). Moreover, for faces, there was a 

higher proportion of significant contacts in the right as compared to the left hemisphere 

(propdiff = (314/1682) - (223/1906) = 6.97%, 95%HDI = [4.61, 9.31]). In contrast, for houses, 

there was an equal proportion of significant contacts in the right and the left hemispheres 

(propdiff = (82/1682) - (100/1906) = -0.37%, 95%HDI = [-1.8, 1.09]). Finally, there was a larger 

proportion of face- than house- contacts in the OCC (propdiff = (91/381) - (33/381) = 15.22%, 

95%HDI = [10.04, 20.28]), PTL (propdiff = (160/660) - (58/660) = 15.45%, 95%HDI = [11.51, 

19.36]), and the ATL (propdiff = (286/2547) -  (91/2547) = 7.65%, 95%HDI = [6.24, 9.08]).  

 To visualize and quantify the proportions of face and house contacts at a group level, 

local proportions were computed and projected on the cortical surface (Figure 4 A). 

Consistent with previous work (e.g., Kadipasaoglu et al., 2016; Spiridon et al., 2006), we 

observed a medio-lateral spatial dissociation between house and face selective contacts. The 
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lateral regions of the VOTC contained the largest proportion of face contacts, while the medial 

regions contained the largest proportion of house contacts (Figure 4A). This was confirmed 

statistically by comparing the percentage of house- and face-contacts along the X Talaraich 

axis (12 equally spaced bins with size 6 mm), which was computed separately for each 

contact type by dividing the number of contacts in each bin by the total number of contacts for 

that specific contact-type across all bins and converting to percentage (Figure 5A; each curve 

sums to 100). This showed that the center of mass for house contacts (meantalx = 28.39 mm) 

was more medial than that of face contacts (meantalx = 38.79 mm; meandiff = 10.40 mm, 

95%HDI = [8.17, 12.61]; Figure 5A). 
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Figure 4. Proportion and amplitude maps. A.  Maps of the local proportion of selective 

contacts relative to recorded contacts across VOTC for each contact type (face, house, 

overlap), displayed on the cortical surface. B. Maps of the local mean selective response 

amplitudes for face- and house-contacts. C. Maps of the local mean face- and house-

selective response amplitudes in overlap contacts. Local proportions and amplitudes were 

computed in 15 × 15 voxels (for X and Y dimensions, respectively) using contacts collapsed 

over the Z dimension (superior–inferior) for better visualization. For the sake of replicability, 

only voxels containing significant responses from at least two individual brains were 

considered. Black contours outline proportions and amplitude significantly above zero. The 

letters below each hemisphere (R, L) refers to the hemispheric side.   

 

 

 

Figure 5. Medio-lateral organization to faces and houses across 6 equally spaced bins 

(width = 6 mm) along the Talairach coordinates. A. Percentage of contacts as a function of 

Talairach coordinates and contact-type (hemispheres collapsed). The percentages were 

normalized by dividing the number of contacts in each bin by the total contacts across all bins 

separately for each contact-type, before converting to percentage (each curve sums to 100).  
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B. Average selective response amplitudes to faces and houses as a function of X Talairach in 

face and house contacts (solid lines) and overlap contacts (dashed lines). C. Face- and 

house-amplitude bias in face- and house-contacts (solid line) and overlap contacts (dashed 

line). Bias was computed by subtracting the average house- from average face-selective 

amplitude within each bin. Thus, amplitudes below and above 0 indicate house and face 

amplitude bias, respectively.  

 

 Next, we compared the relative proportion of face and house contacts within 

anatomical regions (e.g., latFG: face or house contacts / total of face and house contacts). A 

larger proportion of face than house contacts was observed in the IOG (propdiff = (52/57) - 

(5/57) = 82.46%, 95%HDI = [67.64, 89.16]), latFG (propdiff = (77/89) – (12/89) = 73.03%, 

95%HDI = [60.58, 80.81]), MTG/ITG (propdiff = (54/65) – (11/65) = 66.15%, 95%HDI = [50.35, 

76.13]), antFG (propdiff = (15/19) – (4/19) = 57.90%, 95%HDI = [25.09, 75.18]), antCOS 

(propdiff = (89/142) – (53/142) = 25.35%, 95%HDI = [13.64, 35.93]), antOTS (propdiff = 

(97/113) – (16/113) = 71.68%, 95%HDI = [60.70, 78.94]), and antMTG/ITG (propdiff = (85/90) 

– (5/90) = 88.89%, 95%HDI = [79.01, 93.13]; Figure 6A). In contrast, a larger proportion of 

house than face contacts were observed in the PHG (propdiff = (0/6) – (6/6) = -100%, 95%HDI 

= [-96.64, -37.69]) and the antPHG (propdiff = (0/13) – (13/13) = -100%, 95%HDI = [-98.27, -

65.03]). Finally, an equal proportion of face and house contacts was observed in the VMO 

(propdiff = (39/67) – (28/67) = 16.42%, 95%HDI = [-0.6, 32.01]) and the medFG (propdiff = 

(29/58) – (29/58) = 0%, 95%HDI = [-17.66, 17.67]). As illustrated in Figure 6A, there was also 

a medial-to-lateral organization within OCC, PTL and ATL, as indicated by a decrease (or 

increase) in the proportion of house (or face) contacts moving from medial to lateral regions 

(logistic regression, where b reflects a change in the odds of significant contacts moving from 
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medial to lateral regions (negative reflects a decrease and increase in house- and face-

contacts, respectively) : OCC: b = -2.1, 95%HDI = [-3.26, -1.09]; PTL: b = -1.11, 95%HDI = [-

1.55, -0.69]; ATL: b = -0.85, 95%HDI = [-1.1, -0.63]). Thus, in terms of proportions, house and 

face contacts were organized across medial and lateral regions, respectively, and were found 

in both posterior and anterior parts of the VOTC. The anterior parts largely followed the 

patterns of the more posterior regions of the VOTC.  
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Figure 6. Quantification of proportions and selective amplitudes in each anatomical 

region (hemispheres collapsed). A. Relative percentage of face and house contacts were 

computed in each region as the number of face (or house) contact out of the total of face and 

house contacts in that region. B. Selective response amplitudes were quantified in each 

region as the average of the selective response amplitudes across contacts, separately for 

face- and house-contacts. C. Selective response amplitudes were quantified in each region 

as the average of the response amplitudes across contacts, separately for face- and house-

selective response amplitudes in overlap contacts. D. Relative proportion of face and house 

biased overlap contacts were computed in each region as the number of face (or house) 

biased contact out of the total of overlap contacts in that region. Face and house bias were 

computed in each overlap contact by subtracting the house- from the face -selective response 

amplitudes. An overlap contact with positive value was categorized as a face-biased overlap 

contact, whereas one with a negative value was categorized as a house-biased overlap 

contact.  Error bars represents SEMs. The number of significant contacts in each region is 

indicated by the number on top of each proportion bar. 

 

 We next quantified the selective response amplitudes recorded in face and house 

contacts. For each contact, we summed the baseline-subtracted amplitudes over harmonics 

of the 1.2 Hz face/house-selective response (from the 1st until the 14th, i.e., 1.2 Hz until 16.8 

Hz, excluding the 5th and 10th harmonics, i.e., 6 Hz and 12 Hz that coincided with the base 

frequency). Overall, the mean face-selective amplitude in face contacts was larger than the 

mean house-selective amplitude in house selective contacts (meandiff = 20.60 - 15.56 = 5.04 

µV, 95%HDI = [2.62, 7.48]). Moreover, for both faces and houses, there was a higher 

selective amplitude in the right than the left hemisphere (Faces: meandiff = 22.27 - 18.24 = 
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4.03 µV, 95%HDI = [0.48, 7.58]; Houses: meandiff =17.49 - 13.97 = 3.52 µV, 95%HDI = [0.35, 

6.66]). These observations are consistent with recordings on the scalp (Jacques et al., 2016). 

 To visualize and quantify the selective amplitudes of face and house contacts at a 

finer spatial scale and group level, local average amplitudes were computed and projected on 

the cortical surface (Figure 4B). Amplitudes also showed a medio-lateral dissociation between 

house and face selective contacts (Figure 4B). This was confirmed statistically by first 

computing the mean selective-response amplitude within each X Talairach bin (12 equally 

spaced bins with size of 6 mm) separately for each contact type (Figure 5B). Using the 

amplitude, for each contact type we generated a distribution of Talairach coordinates 

proportional to the mean selective amplitude in each bin. Specifically, for each X Talairach bin 

we generated a number of data points (with coordinates matching the center of the X 

Talairach bin) that was directly proportional to the mean selective amplitudes in that bin (e.g., 

for amplitude = 2 we generated 2 coordinate data points; for amplitude = 4 we generated 4 

coordinate data points; and so on). In the resulting distribution of X Talairach coordinates 

across bins, the mode reflects the X Talairach coordinate with the highest amplitudes (unlike 

the mode for the count data, which reflects the X Talairach coordinate with the highest density 

of contacts). Direct statistical comparison of the house- and face-scaled coordinate data, 

revealed that the house-selective amplitudes centered more medially (meantalx = 29.66mm) 

than did the face-selective amplitudes (meantalx = 35.14mm, meandiff = 5.48, 95%HDI = [1.69, 

9.27]; Figure 5B). This medio-lateral-dissociation was also found in individual participants 

showing face- and house-selective responses in the same anatomical regions (higher face-

selective responses in lateral regions and higher house-selective responses in medial 

regions, Figure S2). 
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Next, we directly compared face and house amplitudes within anatomical regions. 

Maximum face-selective response amplitudes for face contacts were recorded in the latFG 

(Figure 6B), where, consistently with Jonas et al (2016), the response was larger in the right 

than the left hemisphere (meandiff = 36.5µV, 95%HDI = [19.77, 53.26], see Figure 4B top). 

This difference was not found in proportion of face contacts (Figure 4A top), as analyzed by 

statistically comparing the proportion in right and left latFG voxels (p < 0.01, permutation test). 

Direct comparisons between face- and house-selective responses amplitudes within each 

anatomical region (hemisphere collapsed, Figure 6B) showed that faces evoked larger 

response in the IOG (meandiff = 6.73µV, 95%HDI = [1.64, 11.76]), latFG (meandiff = 26.22µV, 

95%HDI = [10.51, 41.95]), antOTS (meandiff = 12.37µV, 95%HDI = [7.63, 17.1]), and 

antMTG/ITG (meandiff = 5.53µV, 95%HDI = [0.85, 10.14]). In contrast, houses evoked larger 

amplitudes in the PHG (meandiff = -17.91µV, 95%HDI = [-21.72, -14.1]) and antPHG (meandiff 

= -14.17µV, 95%HDI = [9.03, 19.24]), since there were no face contacts in these regions (thus 

relative to 0). Finally, houses and faces evoked equal amplitudes in the VMO (meandiff = 

2.01µV, 95%HDI = [-2.58, 6.59]), medFG (meandiff = -4.15µV, 95%HDI = [-8.99, 0.69]), 

MTG/ITG (meandiff = 2.48µV, 95%HDI = [-1.05, 6.0]), antCOS (meandiff = -1.65µV, 95%HDI = 

[-5.53, 2.24]), and antFG (meandiff = 6.92µV, 95%HDI = [-13.52, 26.89]). Overall, the 

amplitude patterns were largely consistent with the patterns observed in the proportion data. 

Spatial dissociation between face and house contacts is maintained in the ATL 

We examined whether the well-known face-house spatial dissociations extend into the 

ATL, largely affected by a magnetic artefact in fMRI. Figure 7A shows the distribution of face 

and house contacts in the ATL as a function of X Talairach (medio-lateral) and Y Talairach 

(postero-anterior) axes, where the color of the line indicate the density of the  respective 

contacts (face and house densities are relative to itself). A medio-lateral dissociation was 
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confirmed statistically in the ATL by comparing mean X Talairach coordinates for face- and 

house-contacts, which showed that the center of mass for house contacts (meantalx = 31.42 

mm) was more medial than that of face contacts (meantalx = 40.34 mm; meandiff = 8.92 mm, 

95%HDI = [6.36, 11.45]; Figure 7A), which is in agreement with our proportion and amplitude 

analyses across ATL anatomical regions (see above). Moreover, a comparison of the mean Y 

Talairach (postero-anterior) coordinates for face- and house-contacts showed that the center 

of mass for house contacts (meantaly = -23.11 mm) was more posterior than that of face 

contacts (meantaly = -18.80 mm; meandiff = -4.31 mm, 95%HDI = [1.94, 6.67]; Figure 7A).  

Next, we examined the medio-lateral and postero-anterior dissociation between 

houses and faces in specific anatomical regions of the ATL. To do so, we combined the 

Talairach coordinates and the anatomical locations of face and house contacts in the ATL. 

We considered the X coordinates in the different ATL anatomical regions to examine in which 

region the medio-lateral transition of the ATL is likely to occur (Figure 7B). Only the antCOS, 

containing both numerous face and house contacts, showed a medio-lateral dissociation, with 

the central mass of houses (meantalx = 28.26 mm) being more medial than the central mass of 

faces (meantalx = 30.47 mm; meandiff = 2.21 mm, 95%HDI = [0.3, 4.13]; Figure 7A). No other 

regions in the ATL contained a medio-lateral dissociation (all 95%HDIs included 0). This 

shows that the antCOS is an anatomical landmark between face- and house selective regions 

in the ATL. Second, we examined posterior-anterior dissociations within regions of the ATL (Y 

coordinates of face and house contacts in the different ATL anatomical regions, Figure 7C). 

Again, a dissociation was found only in the antCOS, where the central mass of houses 

(meantaly = -23.02 mm) was more posterior than that of face contacts (meantaly = -19.03 mm; 

meandiff = 3.99 mm, 95%HDI = [0.56, 7.38]; Figure 7A). This dissociation was not found in any 

other regions (all 95%HDIs included 0). The antPHG, containing only house contacts, did not 
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show very anterior house contacts (except one, Figure 7C). As it is shown in Figure 7C, while 

face-selective contacts are distributed all along the postero-anterior axis of the antMTG/ITG, 

antOTS, antFG and antCOS, the house contacts are clustered in the posterior parts of the 

(medial) antCOS and the antPHG (Figure 7A and 7C). 

 

 

Figure 7. Spatial dissociation between face and house contacts in the ATL. A. Contour 

plot showing distribution of face and house contacts along the medio-lateral (x-axis) and 

postero-lateral axis (y-axis). Each distribution is computed relative to itself and darker contour 

colors indicate larger density of contacts. The central mass for each distribution is plotted as a 

solid dot within the contour plot and as a vertical line on the x- and y-axis. The central mass 
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coordinates of the entorhinal and perirhinal cortices extracted from the Brede Database are 

plotted within the figure. B. X coordinates of face and house contacts in the different ATL 

anatomical regions. The boxplot displays three quartiles (Q1, median, Q2) and the whiskers 

extend to points that lie within 1.5 interquartile range (IQRs) of the lower and upper quartile. * 

indicates that the 95% HDI did not include 0. The number next to the error bar indicate the 

number of contacts. Note that the strength of the color of contacts (relative to legend) 

indicates the contact-density along the Talairach X. C. Y coordinates of face and house 

contacts in the different ATL anatomical regions. Same convention as for panel B.  

 

Dissociations between face and house amplitudes in overlap contacts. 

 A large portion of contacts responded to both faces and houses (overlap contacts, 

Figure 3). They were equally distributed in both hemispheres propdiff = (213/1906) - 

(222/1682) = -2.02%, 95%HDI = [-0.11 4.17]) and local proportion maps showed a wide 

distribution across OCC and PTL (without a clear medial or lateral bias) while density was low 

in the ATL (Figure 4A). We first characterize the spatial location of overlap contacts along the 

X Talairach axis (medial – lateral). The statistical comparison of the normalized percentages 

of overlap contacts with that of faces and houses (the contact-count in each bin divided by the 

sum within contact-type and converted to percentage) showed that the central mass of 

overlap contacts (meantalx = 28.96mm) differed from that of face (meandiff = 9.83mm; HDI = 

[8.43, 11.26]), but not house contacts (meandiff = -0.57mm; HDI = [-2.78, 1.62]; Figure 5A).   

  What do the overlap contacts represent? Since these contacts are selective to both 

faces and houses, they could reflect domain-general responses that originate in mechanisms 

that discriminate both face and house stimuli (or a repeating category among less frequently 

repeated categories). According to this account, overlap contacts should have similar 
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response profiles to both face- and house-stimuli. Alternatively, the overlap contacts could 

reflect dissociated face and house selective responses originating from distinct neural 

sources close to the same contact. In this latter scenario, one would expect faces and houses 

to evoke dissociated responses (e.g., spatially dissociated maximum amplitudes; non-

correlated amplitudes). To disentangle these accounts, we quantified and compared in each 

overlap contact the selective responses evoked separately by faces and houses (sum over 

harmonics, as for face and house contacts and computed local amplitude maps). 

 We first examined their amplitudes along the X Talairach axis. Notably, the house and 

face amplitude profiles of the overlap contacts mirrored the profiles measured for house and 

face contacts in two ways. First, following the same approach as with house- and face-

contacts (generating the x-coordinates proportional to its mean amplitude, see above) 

revealed that the house-selective amplitudes centered more medially (meantalx = 25.95mm) 

than did the face-selective amplitudes (meantalx = 32.31mm, meandiff = 6.36mm, 95%HDI = 

[3.29, 9.50]; Figure 5B). Second, within each bin, we subtracted the mean amplitude between 

house- and face-responses (dashed line) within the overlap contacts, as well as between 

house- and face-contacts (solid line) (Figure 5C). There was a strong correlation between the 

bias reflected by the solid and dashed lines (r = 0.87, n = 12, 95%HDI = [0.48, 0.99]; X 

Talairach bins with no data (i.e., 60-66, 66-72 for overlap) was set to 0 to indicate neither face 

nor house bias). For both analyses, we found similar results with house biased amplitudes 

centered more medially and face biased amplitudes more laterally. Such similarity is 

consistent with the claim that the house and face sources measured by the overlap contacts 

originate medially and laterally, respectively. 

  Second, we computed maps separately for face and house selective- response 

amplitudes in overlap contacts (Figure 4C). At local levels, faces evoked maximum amplitude 
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in the same lateral regions (especially the right IOG and right latFG) as in face contacts, 

whereas houses evoked maximum amplitude in some of the same medial regions as in house 

contacts (Figure 4C). Direct comparisons between face and house response amplitudes 

within each anatomical region showed that faces evoked larger responses than houses in the 

IOG (meandiff = 20.51µm, 95%HDI = [11.03, 30.03]), latFG (meandiff = 20.62µm, 95%HDI = 

[11.73, 29.55]), and the antOTS (meandiff = 12.07µm, 95%HDI = [4.65, 19.47]; Figure 6C). In 

contrast, houses evoked larger response amplitudes than faces in the VMO (meandiff = -

4.21µm, 95%HDI = [-7.59, -0.82]). Equal amplitudes were found in the medFG (meandiff = -

2.74µm, 95%HDI = [-5.87, 0.39]), MTG/ITG (meandiff = 0.09 µm, 95%HDI = [-11.84, 12.13]), 

antCOS (meandiff = 0.22µm, 95%HDI = [-3.78, 4.24]), and antFG (meandiff = 6.20µm, 95%HDI 

= [-7.56, 19.97]). Finally, there were too few contacts to estimate the mean amplitudes in the 

PHG (n = 3), antPHG (n = 1), and antMTG/ITG (n = 2). Collectively, these patterns largely 

mirrored that of the face and house contacts (compare Figure 4B and C; compare Figure 6B 

and C). 

 Third, we computed the proportion of face-biased contacts (selective–response 

amplitude face > house) and house-biased contacts (selective–response amplitude house > 

face) among all overlap contacts across regions (Figure 6D). We compared the relative 

proportion of face and house biased contacts within local regions (e.g., latFG: face- or house-

biased contacts/total of overlap contacts). A larger proportion of face than house biased 

contacts was observed in the IOG (propdiff = (52/61) - (9/61) = 70.49%, 95%HDI = [54.62, 

79.83]), latFG (propdiff = (46/55) – (9/55) = 67.27%, 95%HDI = [50.03, 77.63]), and antOTS 

(propdiff = (29/40) – (11/40) = 45%, 95%HDI = [22.91, 61.04]; Figure 6D). In contrast, a larger 

proportion of house than face contacts were observed in the VMO (propdiff = (34/82) – (48/82) 

= -17.07%, 95%HDI = [-31.34, -1.67]) and medFG (propdiff = (44/103) – (59/103) = -14.56%, 
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95%HDI = [-27.53, -0.73]). An equal proportion of face and house contacts was observed in 

the MTG/ITG (propdiff = (4/8) – (4/8) = 0%, 95%HDI = [-41.32, 41.35]), antCOS (propdiff = 

(26/57) – (31/57) = -8.77%, 95%HDI = [-26.17, 9.43]), and antFG (propdiff = (11/23) – (12/23) 

= -4.35%, HDI = [-30.93, 23.36]). Finally, there were too few contacts to estimate the relative 

proportions in the PHG (n = 3), antPHG (n = 1), and antMTG/ITG (n = 2). Importantly, across 

regions, the proportions of face- and house biased contacts correlated strongly with the 

respective proportions of face and house contacts (compare Figure 6A and D; r = .87, n = 11, 

95%HDI = [0.48, 0.99]). 

 Finally, we correlated face and house selective-response amplitudes computed at the 

individual contact level. Across all overlap contacts, the face- and house-selective response 

amplitudes (1.2 Hz and harmonics) correlated weakly (r = 0.16, n = 435, 95%HDI = [0.07, 

0.25]; Figure 8A), despite that the exact same contacts showed an almost perfect correlation 

to the base responses (i.e., 6 Hz and harmonics; r = 0.98, n = 435, 95%HDI = [0.96, 1], 

Figure 8C). This suggests that while the base response was largely generated by the same 

neural populations, the selective response at the same contacts was generated largely by 

dissociated neural populations. Even after removing face- and house-selective amplitudes 

higher than z = 3 (z score computed separately, 18 “outlier” contacts removed), the 

correlation of category-selective response remained weak (i.e., r = 0.26, n = 417, 95%HDI = 

[0.17, 0.36], Figure 8B) and substantially lower than the correlation for base responses.  

  Taken together, these results showed that overlap contacts reflected to a large extent 

dissociated face- and house-selective responses that are both captured by a common 

contact, typically located between face- and house-selective regions. 
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Figure 8. Amplitude correlations with overlap contacts. A. Correlation between the face- 

(y-axis) and house- (x-axis) selective response amplitudes within the overlap contacts. B. 

Correlation between the face- (y-axis) and house- (x-axis) selective response amplitudes 

within the overlap contacts, after removing contacts with a selective amplitude higher than z = 

3 (18 contacts removed). C. Correlation between the base response amplitudes in the face 

sequences (y-axis) and the base response amplitudes in the house sequences (x-axis) within 

the overlap contacts.  

 

Category-exclusive responses 

 A previous SEEG-FPVS study (Jonas et al. 2016) found contacts in the ATL that 

exhibited exclusive responses to faces, i.e., significant face responses without any significant 

general visual response to nonface objects at the base frequency. However, due to their 

anterior location, it could be speculated that these responses (rather than being face 

exclusive) reflected a domain-general response to a predictable event (oddball faces) among 

non-predictable events (base objects). If the latter account is correct, then the face-exclusive 

contacts should also be selective to houses (i.e., overlap contacts with similar selective 
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responses for both categories). To detect exclusive contacts in our sample, we assessed the 

significance of the base response (6Hz and harmonics) on each selective contacts (face, 

house, overlap) using the same method as for the discrimination responses (epoching the 

FFT spectrum into segments centered at the base frequency and harmonics, from the 1st 

until the 4th, i.e., 6 Hz until 24 Hz, summing the 4 FFT segments, transforming the summed 

FFT spectrum into a Z-score). A selective contact was considered as exclusive if the base 

response was non-significant in both the face and the house conditions (Z-score < 3.1). 

 In total, we found 225 exclusive contacts (19.50% of significant contacts; 6.34% of total 

recorded; 59 unique patients). Consistent with Jonas et al. (2016), most of these contacts 

were located in the ATL (160/225 = 71.11%). We found exclusive contacts specific to one 

category (face-exclusive = 160; house-exclusive = 41) as well as exclusive contacts 

responsive to both categories (overlap-exclusive = 24). An example of each contact is shown 

in Figure 9. Most of exclusive contacts were specific to one category ([160 + 41]/225 = 

89.33%). Out of the total number of exclusive contacts, there was a much larger proportion of 

face-exclusive than house-exclusive contacts (propdiff = (160/225) – (41/225) = 52.89%, 

95%HDI = [44.44, 59.98]), and a larger proportion of house-exclusive than overlap-exclusive 

contacts (propdiff = (41/225) – (24/225) = 7.56%, 95%HDI = [1.05, 14.01]). Out of the number 

of total selective contacts within each contact type (e.g., face, house and overlap contact), 

there was no difference in the proportion of face and house exclusive contacts (propdiff = 

(160/537) – (41/182) = 7.27%, 95%HDI = [-0.31, 14.03]). However, the proportions of face- 

and house-exclusive contacts were larger than the proportion of overlap contacts (face vs 

overlap: propdiff = (160/537) – (24/435) = 24.28%, 95%HDI = [19.74, 28.56]; house vs overlap: 

propdiff = (41/182) – (24/435) = 17.01%, 95%HDI = [10.94, 23.74]). The spatial distribution of 

each exclusive contact type (face, house, overlap) at group level is shown in Figure 9.  
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 Thus, the finding of mostly category-exclusive contacts contradicts the claim that the 

exclusive contacts reflect domain-general responses to a predictable event, but rather 

suggest a change in response profile of category-specific (e.g., face, house) processes 

towards anterior regions. 
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Figure 9. Classification and distribution of three types of exclusive discrimination 

contacts. Left. Maps of all 3588 VOTC recording contacts across the 75 individual brains 

displayed in the MNI space using a transparent reconstructed cortical surface of the Colin27 

brain. Each circle represents a single contact. Color filled circles correspond to exclusive 

contacts colored according to their category (face, house, overlap). These were contacts that 

showed a significant selective response (to faces only, houses only or both), but no significant 

response to other objects at the base frequency. White-filled circles correspond to contacts on 

which no exclusive responses were recorded. Right. Examples of summed FFT spectra 

showing both selective and base responses for each contact type (3 individual contacts in 3 

different participants). Top: face-exclusive contact, selective to faces only with no base 

responses, middle: house-exclusive contact selective to houses only with no base responses; 

bottom: overlap-exclusive contact selective to both faces and houses with no base responses. 

Their anatomical location is illustrated in the respective coronal MRI slices. 

 
 
Discussion 

The functional specificity of the FPVS-SEEG approach 

Testing 28 patients with the same paradigm as used here but with faces as the only 

category of interest, Jonas et al. (2016) reported clusters of high-amplitude face-selective 

contacts with a peak in the right latFG, supporting the dominant role of this region in face 

categorization as identified previously with fMRI (e.g., Kanwisher et al., 1997). They also 

reported a wide distribution of face-selective responses across the VOTC, including the 

underexplored ATL. These findings are largely replicated here with a much larger group of 

patients (N = 75), providing a much denser sampling of the VOTC (3588 contacts in the grey 

matter in the present study compared to 1678 contacts in Jonas et al. 2016). Most 
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importantly, the present study goes well beyond previous evidence by showing  that the wide 

distribution of face-selective responses in the human VOTC does not reflect a lack of 

specificity of the FPVS-SEEG approach (i.e., responses to any highly familiar category 

appearing periodically in a continuous stream of various non-face objects and/or responses 

from very distant sources), for several reasons. First, although face- and house-selective 

responses are found in the VOTC, they elicit largely spatially distinct VOTC maps, both in 

amplitude and proportion of significant contacts, in lateral regions for faces and in medial 

regions for houses. This observation is consistent with observations of fMRI studies that have 

directly contrasted the two categories (e.g., Weiner and Grill-Spector 2010, Spiridon et al. 

2006, Nasr et al. 2011, Tootell et al. 2008, Gomez et al. 2015) but also with the findings of an 

intracranial (Electrocorticography, ECoG) study focusing on more restricted regions and with 

smaller sample tested (Kadipasaoglu et al. 2016). Second, most (62.4%) of the significant 

contacts were selective to one category only, either faces or houses. Third, the wide 

distribution of face-selective responses was still present when considering only the contacts 

selective to faces and not to houses. Fourth, there was a higher proportion of significant face 

than house contacts and a higher amplitude recorded on face contacts (consistently with 

observations made on the scalp on neurotypical observers tested with the same approach, 

Jacques et al. 2016), as well as a specifically higher proportion in the right than in the left 

hemisphere only for face contacts. This last result is in agreement with the long-standing 

observation of a right hemispheric dominance for faces (Meadows, 1974; see Rossion 2014). 

Altogether, these observations show that selective responses recorded with the SEEG-FPVS 

approach are specific to the tested category and not merely due or related to the periodic 

repetition of any category in a continuous stream of various nonface objects (Quek and 

Rossion 2017). 

Spatial dissociation between face- and house-selective responses extends to the ATL  
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Previous fMRI and intracranial EEG studies comparing face- and house selective 

responses found a medio-lateral dissociation in the posterior VOTC only (fMRI: Spiridon et al. 

2006; Nasr et al. 2011; intracranial EEG: Kadipasaoglu et al. 2016; Jacques et al. 2016). A 

recent fMRI study showed that place-selective voxels in the medial VOTC are not found 

anteriorly to the anterior tip of the mid-fusiform sulcus, i.e., not anteriorly to the latFG and 

medFG (Weiner et al., 2018). Here we found that this spatial dissociation extends to the ATL, 

mostly because house-selectivity extends into the antPHG and antCOS (at least in their 

posterior parts, as indicated by the group maps; Figures 3 and 4). By combining the individual 

anatomy and the Talairach coordinates, we found a medio-lateral dissociation within the 

antCOS, showing that this sulcus is an anatomical landmark between face- and house-

selective regions in the ATL (houses: antPHG and medial part of the antCOS; faces: lateral 

part of the antCOS, antOTS, antFG, antMTG/ITG). Within the antCOS, we also found a 

postero-lateral dissociation, with house contacts being clustered in the posterior part of the 

antCOS. Moreover, in the antPHG, containing only house contacts, these contacts are not 

located very anteriorly. These observations are probably explained by the fact that the 

anterior parts of the (medial) antCOS and antPHG are known to be the location the perirhinal 

cortex and entorhinal cortex respectively (Van Hoesen, 1995, Van Hoesen et al., 2000), both 

belonging to the medial temporal lobe (MTL) memory system. This suggests that, along the 

postero-anterior axis of the (medial) antCOS and antPHG, these is a transition from a high-

level visual area (house-selective) to the MTL memory system involved in episodic memory. 

These results also help clarifying the relationship between the face-selective responses found 

in the antCOS belonging to the cortical face network (the present data, Jonas et al., 2016, 

Tanji et al., 2012, Rajimehr et al., 2009, Rossion et al., 2012, Tsao et al., 2008) and the 

perirhinal cortex involved in episodic memory (e.g., see Collins and Olson, 2014). The present 

data suggest that these regions are spatially segregated: while the face-selective responses 



44 
 

are located all along the lateral part of the antCOS, the perirhinal cortex is restricted to the 

medial and anterior part of the antCOS.   

This spatial dissociation in the ATL has not been found in fMRI studies, probably 

because the signal drop-out affects both face- and house-selective responses in this region 

(e.g., Spiridon et al. 2006; Nasr et al. 2011). Intracranial EEG studies using ECoG with a high 

SNR in the ATL also failed to find such dissociation in anterior regions of the temporal lobe 

(Kadipasaoglu et al. 2016; Jacques et al. 2016). For example, despite a wide sampling across 

the VOTC, Kadipasaoglu et al. (2016) did not report category-selective responses anteriorly 

to the anterior tip of the middle fusiform sulci, in the ATL (for faces or houses). This could be 

because ECoG electrodes as used by Kadipasaoglu et al. (2016) are restricted to the gyral 

surface and may therefore be less sensitive to ATL category-selective responses located 

mainly in sulci, as captured here with the SEEG approach. 

The overlap between face-selective and house-selective responses 

In the current FPVS paradigm, responses to face stimulation measured at 1.2 Hz and 

harmonics are face-selective responses, i.e. responses that reflect a contrast with nonface 

objects presented in the FPVS sequence. This contrast response is generalized across widely 

variable exemplars, providing a generic face categorization response in the human brain (see 

Rossion et al. 2018). However, interestingly, a proportion of contacts that measured a 

selective response to faces also recorded significant selective responses to houses. These 

responses could either (1) reflect domain-general processes that originate in populations of 

neurons that discriminate any repeated category among other categories, or (2) reflect 

functionally distinct populations of neurons whose responses are measured at the same 

recording contacts. Consistent with the latter account, the low correlation between the 

amplitude of face- and house-selective responses in the overlap contacts provides no 

evidence that these responses originate from the same domain-general underlying process. 
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Moreover, the spatial dissociation between the response amplitudes to faces and houses in 

overlap contacts closely matched that of face and house contacts (Figure 4; 5), providing 

further evidence that the overlap contacts reflect dissociated face- and house-selective 

responses. 

In the case of dissociated face- and house-selective responses projecting to the same 

contact, two main scenarios could be considered. First, category-selectivity could gradually 

decrease, so that adjacent category-selective populations of neurons could be partly 

intermingled (Spiridon et al. 2006; Kadipasaoglu et al. 2016). Second, face- and house-

selective neurons could be located in spatially distinct but nearby anatomical regions, and 

some recording contacts may measure responses generated by both regions due to volume 

conduction of the electrical field (Herreras 2016; Buzsáki et al. 2012). Current fMRI findings 

on spatial organization of category-selectivity in VOTC is compatible with both scenarios, with 

evidence for spatially separated face-selective and house-selective regions but with 

potentially graded selectivity along the medio-lateral axis (Tootell et al. 2008; Spiridon et al. 

2006). It is important to note that some fMRI studies may have artificially increased the spatial 

dissociation between face- and house-selective regions since they directly contrasted faces 

and house stimuli (e.g., Nasr et al. 2011; Tootell et al. 2008). Further investigation will be 

needed to disentangle the different scenarios. 

How local electrophysiological activities recorded with intracranial electrodes (using 

SEEG or ECoG) are is a matter of debate (e.g., Zaveri et al. 2009; Wennberg 2010; Dubey 

and Ray 2019; Yoshor et al. 2007). This issue is not specific to the present FPVS approach 

and concerns intracranial EEG studies in general. Here, according to one of the scenarios 

outlined above, some responses could be related to volume conduction from distant source. 

For example, a recent ECOG study in the monkey visual cortex showed that the spatial 

spread was around 3 mm (Dubey and Ray 2019). However, despite this uncertainty, the 
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FPVS-SEEG approach as used here is able to provide distinct and valid category-selectivity 

maps across the whole VOTC, even if different sources could project to the same electrode 

(Figure 4). Moreover, it validates with a direct measure of neural activity the predominant 

face-selective activation in the right latFG found in human neuroimaging, the so-called 

“Fusiform Face Area” (FFA), where the highest face-selective response amplitude was found. 

Further support that our approach allows measuring local neural sources comes from the 

observation that the sites where impairments of face perception and/or recognition are 

observed following intracerebral electrical stimulation, are systematically the sites that record 

the largest FPVS face-selective response amplitudes among all the implanted electrodes 

(Jonas et al. 2014; Jonas et al. 2018). 

The neural basis of face categorization 

Considering here only the contacts that showed a face-selective response without any 

house-selective response (46.6% of significant contacts), they were widely distributed across 

the VOTC, with the largest amplitude responses in the middle section of the right lateral FG 

as previously observed, i.e. corresponding to the FFA in neuroimaging (Kanwisher et al. 

1997), but also in the IOG and the ATL of the right hemisphere (Figure 4). The wide 

distribution of face-selective responses refers to the numerous brain regions showing a high 

face-selective response amplitude and/or a high proportion of face-selective responses. 

These regions include the IOG, the latFG, the antFG, the antOTS, and the antCoS bilaterally, 

that is, a large a part of the human VOTC running all along the fusiform gyrus from the 

occipital lobe to the ATL. These regions are thought to form a highly interconnected face-

selective network (Gschwind et al. 2011; Pyles et al. 2013; Duchaine and Yovel 2015). 

Nevertheless, it is important to stress that a wide distribution as found here or in 

previous large-scale studies (e.g., Allison et al. 1999 with ECoG) contrasts with the spatially 

separated clusters identified by fMRI studies (Rossion et al. 2018). Two hypotheses can be 
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considered. On the one hand, the present approach may artificially increase the width of the 

distribution of face-selective responses. Our data visualization, showing maps with the 

superposition of all significant recording contacts across participants (Figure 3) may enhance 

the impression of distributed responses (relative to fMRI studies showing maps averaged 

across participants). This impression is further increased by the large interindividual variability 

of the location of face-selective areas across individuals (e.g., Rossion et al. 2012; Gao et al. 

2018; Zhen et al., 2015). To control for this bias, in the present study, we reported proportion 

maps of significant contacts (out of total recorded contacts), which were not reported 

previously (Jonas et al. 2016), highlighting the regions with the highest probability of face-

selective responses. Moreover, as discussed above, there is a possibility that some overlap 

contacts in the present study may capture responses arising from distant source due to 

volume conduction of the electrical field. The combination of these two factors (data 

visualization and volume conduction) may explain discrepancies with fMRI findings and offer 

a potential explanation for rare (among non-significant) and weak face-selective responses in 

some regions (e.g. MTG/ITG, antMTG/ITG, medFG, i.e., regions lateral or medial to the 

fusiform gyrus) which are usually not disclosed in fMRI studies. On the other hand, fMRI may 

not be sensitive enough to record all face-selective responses of the VOTC. FMRI provides 

only a hemodynamic (indirect) measure of neural activity and therefore smaller, scattered, 

face-selective responses in the VOTC may be entirely missed by fMRI studies that identify 

only sufficiently large clusters of activation near blood vessels. In contrast, our approach 

provides electrophysiological face-selective responses with a very high SNR (FPVS) on small 

electrodes implanted directly inside the gray matter (SEEG). Moreover, fMRI is affected by 

severe magnetic susceptibility artefacts that causes a strong signal dropout in the ATL, so 

that our approach identified many more face-selective regions in the ATL (antCOS, antOTS, 

antFG, antMTG/ITG).   
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In the present study, we report intracranial maps both for amplitude and proportion of 

significant contacts in the VOTC for the first time (Figure 4). We believe that both types of 

analyses are important and informative. First, both analyses showed largely overlapping 

results, thus reinforcing each other. Amplitude and proportion of face-selective responses 

were maximal in the IOG and all along the fusiform gyrus (latFG, the antFG, the antOTS, and 

the antCOS bilaterally), reinforcing the extent of the face-selective network, centered on the 

lateral fusiform gyrus. Second, both types of analyses provide complementary information. 

For example, while the right latFG showed the largest face-selective response amplitude, the 

bilateral IOG showed the highest proportion (Figure 4). The right IOG is a region where high 

face-selective responses are usually observed in fMRI (Haxby et al. 2000; Rossion et al. 

2003; Duchaine and Yovel 2015; Grill-Spector et al. 2017), whose lesion can produce 

prosopagnosia (Rossion et al. 2003; Bouvier and Engel 2006 and whose transient inactivation 

either by transcranial electrical stimulation (TMS; Pitcher et al. 2007; Ambrus et al., 2017) or 

intracerebral electrical stimulation (Jonas et al. 2012) can cause difficulties of face identity 

recognition. The amplitude recorded on a given SEEG contact depends on several factors 

including the distance between the source and the electrode, the spatial configuration of the 

cortical source, etc. (Herreras 2016). Therefore, if all conditions are not met to record the 

largest amplitude possible, the proportion analysis can still identify an important region of the 

cortical face network independently of the response amplitude. 

Face-exclusive responses in the ATL 

Importantly, the wide distribution of face-selective responses refers also to the fact that 

these responses largely extend to the ATL (Jonas et al. 2016), a region that is difficult to 

image with fMRI due to strong magnetic artefacts caused by the proximity of the ear canals 

(Wandell 2011; Axelrod and Yovel 2013; Rossion et al. 2018). In this region, face contacts 

largely outnumbered house contacts (286 vs. 91). This region also showed the highest 
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proportion of so-called “exclusive” contacts (Jonas et al. 2016), i.e. contacts exhibiting 

significant categorization response (1.2 Hz and harmonics) without a general visual 

stimulation response to other objects at the base frequency (6 Hz and harmonics). 

Given the anterior location of these “exclusive” contacts, it was unknown whether they 

reflected a post-visual-categorization process evoked by any category, or if they were truly 

part of a face-selective process. For example, it is well known that a post-visual categorization 

system(s) is capable of monitoring events that differ in frequency, as for example reflected in 

the robust P300 scalp EEG component located on posterior parietal channels (e.g., Donchin, 

1981; Kutas et al. 1977). Consistent with Jonas et al. (2016), here we identified a large 

proportion of exclusive responses (19.5% of all significant contacts) that were mostly located 

in the ATL (71.11% of all exclusive contacts). It is important to note that the criteria to define a 

contact as exclusive was stricter in the present study than in Jonas et al. (2016) (no base 

response for the preferred category but also no selective and base responses for the non-

preferred category). Contrary to a general oddball detector account, we found that most of the 

exclusive contacts were responsive to either only faces or only houses (89.3 % of all 

exclusive contacts). Notably, most of the exclusive contacts (71.1%) responded to faces only.   

The current study thus provides additional evidence that response profiles in the ATL 

are qualitatively different than in the more posterior brain regions. These results suggest that 

the ATL is involved in the highest stages of face categorization for which faces should be 

processed independently of the context and for which face information should be shared with 

other modality-specific regions in order to build a common person-related representation 

(face-name-voice association, linking information specific to an individual face, etc.). This 

hypothesis is consistent with a “hub” theory of semantic cognition in which the ATL integrates 

modality-specific representations into a shared crossmodal representation (Lambon Ralph 

2014; Rice et al. 2018). The response profile evolving from category-selective to category-
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exclusive along the posterior-anterior axis may reflect that regions of the temporal lobe 

become gradually crossmodal as direct connections from early visual areas become sparser 

and connections with other modality-specific regions increase (voice, name, etc.).  

In summary, our large-scale intracerebral recording study provides a global mapping of 

the human VOTC for selective responses to frequency-tagged faces presented in rapid 

periodic trains of nonface objects. Face- and house-selective contacts were spatially 

dissociated along the medial-to-lateral VOTC axis, even across overlap contacts which 

appeared to measure spatially distinct populations of neurons responding selectively to each 

category, and this dissociation was present up to the ATL. A high proportion of intracerebral 

recording contacts in the ATL show exclusive responses to faces, indicating that this region is 

particularly important for higher-order face-related processes independent of general visual 

responses. Altogether, these observations shed light on the neural basis of human face 

categorization and strengthen the validity of the frequency-tagging approach coupled with 

intracerebral recordings in epileptic patients to understand visual categorization and human 

brain function in general.             
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Figure S1. Schematic representation of the parcellation scheme used to determine the 
anatomical label of each contact. Anatomical regions were defined in each individual 
hemisphere according to major anatomical landmarks. The ventral temporal sulci (COS, OTS, 
and midfusiform sulcus, i.e., MFS) serve as medial/lateral borders of regions, whereas two 
coronal reference planes containing anatomical landmarks (posterior tip of the hippocampus, 
i.e., HIP and anterior tip of the parieto-occipital sulcus, i.e., POS) serve as an 
anterior/posterior boundary for each region. We considered contacts in the ATL if they were 
located anteriorly to the posterior tip of the hippocampus. Note that we did not include in our 
analyses contacts in the temporal pole (TP), i.e., anterior to the limen insulae. The schematic 
locations of these anatomical structures are shown on a reconstructed cortical surface of the 
Colin27 brain. 
 
 
 

 

Figure S2. Individual participant analysis in four anatomical regions (antOTS, antCOS, latFG, 
medFG). For each participant, we averaged the selective amplitude across face or house 
contacts belonging to the same anatomical region. Each dot therefore represents the mean 
selective amplitude for face or house contacts in a single region of a single participant. Error 
bars represents SEMs. The participants are ranked from lowest to highest average 
amplitudes for faces (i.e., participant number does not match across the different panels). As 
expected, there is variability in terms of amplitude across participants, which could be due 
several factors: contacts distance to the source, dipole orientation, size of the generator (i.e., 
of the functional area), etc.  


