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a b s t r a c t 

Brain regions located between the right fusiform face area (FFA) in the middle fusiform gyrus and the temporal 
pole may play a critical role in human face identity recognition but their investigation is limited by a large sig- 
nal drop-out in functional magnetic resonance imaging (fMRI). Here we report an original case who is suddenly 
unable to recognize the identity of faces when electrically stimulated on a focal location inside this intermediate 
region of the right anterior fusiform gyrus. The reliable transient identity recognition deficit occurs without any 
change of percept, even during nonverbal face tasks (i.e., pointing out the famous face picture among three op- 
tions; matching pictures of unfamiliar or familiar faces for their identities), and without difficulty at recognizing 
visual objects or famous written names. The effective contact is associated with the largest frequency-tagged 
electrophysiological signals of face-selectivity and of familiar and unfamiliar face identity recognition. This ex- 
tensive multimodal investigation points to the right anterior fusiform gyrus as a critical hub of the human cortical 
face network, between posterior ventral occipito-temporal face-selective regions directly connected to low-level 
visual cortex, the medial temporal lobe involved in generic memory encoding, and ventral anterior temporal lobe 
regions holding semantic associations to people’s identity. 
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. Introduction 

In our human species, recognizing people’s identity by their faces
s key for social interactions. This face identity recognition (FIR) func-
ion is extremely challenging because of the visual similarity among
he many individual faces encountered, their complex configuration
ith multiple features varying in shape, texture and color cues, and

he large changes of viewing appearances of a given person’s face. De-
pite this challenge, neurotypical human adults attain a high degree of
roficiency at recognizing familiar face identities: they can recognize
housands of identities from their faces ( Jenkins et al., 2018 ), within a
AntCOS, Anterior section of the Collateral Sulcus; AntFG, Anterior section of th
TL, Anterior Temporal Lobe; FFA, Fusiform Face Area; FFT, Fast Fourier Transform;
esonance Imaging; FPVS, Fast Periodic Visual Stimulation; OFA, Occipital Face Are
atio; VOTC, Ventral Occipito-Temporal Cortex. 
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raction of a second and automatically (e.g. Barragan-Jason et al., 2013 ;
aharel et al., 2014 ; Zimmermann et al., 2019 ). The neural basis of this

mpressive recognition function has been initially investigated by stud-
es of patients with a specific FIR impairment following brain damage,
.e., prosopagnosia ( Bodamer, 1947 ). Collectively, these lesion studies
oint to a crucial role of the ventral occipito-temporal cortex (VOTC), in
articular the hominoid-specific fusiform gyrus (FG), with a dominant
ontribution of the right hemisphere ( Meadows, 1974 ; Sergent and Sig-
oret, 1992 ; Bouvier and Engel, 2006 ; Barton, 2008 ; Cohen et al., 2019 ;
ee Rossion, 2014 for review). 

In agreement with these observations, neuroimaging studies, mainly
ith functional magnetic resonance imaging (fMRI), have consistently
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eported face-selective activity (i.e., larger neural responses to faces
han non-face stimuli) in the posterior VOTC. Specifically, these face-
elective clusters have been systematically found in the inferior oc-
ipital gyrus ( “occipital face area ” or OFA, Gauthier et al., 2000 ) and
n the lateral section of the posterior and middle FG ( “fusiform face
rea ” or FFA, Kanwisher et al., 1997 ; or “pFus-faces ” and “mFus-faces ”,
einer and Grill-Spector, 2012a ; for review: Grill-Spector et al., 2017 ).

n the last decade, face-selective clusters in more anterior regions of the
OTC, i.e., in the ventral anterior temporal lobe (ventral ATL), have
lso been reported, usually close to the temporal pole ( Rajimehr et al.,
009 ; Nasr and Tootell, 2012 ; Rossion et al., 2012 ; Avidan et al., 2014 ),
upporting suggestive evidence from lesion studies that ventral ATL re-
ions may also be important for FIR ( Barton, 2008 ; Busigny et al., 2014 ;
ohen et al., 2019 ). However, given their very anterior localization
i.e., close to the temporal pole) and their multimodal response proper-
ies, these ventral ATL regions have been linked to multimodal person-
ecognition (person semantic knowledge) rather than to visual FIR per

e ( Collins and Olson, 2014 ; Collins et al., 2016 ; Rice et al., 2018 ; see
lso Gainotti et al., 2010 ; Gainotti, 2013a ). 

Critically, an overview of fMRI-based face-selective activity in
he human brain points to a substantial spatial “gap ” between the
FA/mFus-faces and the ventral ATL face-selective area(s) close to the
emporal pole. This gap in functional activity corresponds in particular
o the location of the anterior section of the FG (AntFG; Fig. 1 A ). While
his region may correspond to a transition zone between perceptual and
emory-based aspects of FIR (and of hypothetical apperceptive and as-

ociative forms of prosopagnosia, respectively; Davies-Thompson et al.,
014 ), it also corresponds, unfortunately, to a location affected by a
arge signal drop-out arising from magnetic susceptibility artifacts in
MRI ( Fig. 1 B ; Wandell, 2011 ; Axelrod and Yovel, 2013 ; Rossion et al.,
018 ). Consequently, even with distortion-corrected fMRI sequences im-
roving signal-to-noise ratio in the ventral ATL (e.g., Embleton et al.,
010 ; Hoffman and Lambon Ralph, 2018 ), face-selectivity remains low
r invisible specifically in this AntFG region ( Collins et al., 2016 ;
ice et al., 2018 ; see discussion in Rossion et al., 2018 ) limiting its
eeper exploration and understanding with this technique ( Fig. 1 C–E ;
or recent illustrations of this functional spatial gap in face-selectivity,
ee also Figs. 1 and 4 in Wang et al., 2020 ). 

Beyond fMRI, a few sources of evidence nevertheless point to a func-
ional role of the AntFG, in particular in the right hemisphere, in human
IR. First, two early studies using positron emission tomography iden-
ified the AntFG in a contrast between familiar and unfamiliar faces
 Wiser et al., 2000 ; Rossion et al., 2001 ). In the latter study, the right
ntFG signaled a clear-cut (i.e., categorical) difference between famil-

ar and unfamiliar faces in an orthogonal task ( Rossion et al., 2001 ),
n a region that was clearly demarcated (i.e., located anteriorly) from
he FFA/mFus-faces cluster ( Rossion et al., 2003 ). Second, a volume re-
uction of the AntFG has been specifically reported in FIR impairments
f neurodevelopmental origin (i.e., prosopdysgnosia), correlating with
ehavioral decrement in this function ( Behrmann et al., 2007 ). Third,
ore recently, intracerebral electrical stimulation of a face-selective

lectrode implanted in the right AntFG of a single case induced a spec-
acular transient FIR inability ( Jonas et al., 2015 ). Importantly, unlike
ther reports about the effect of electrical stimulations on posterior face-
elective VOTC regions, the subject did not report any change in per-
eptual experience of faces (e.g., rearrangement of facial feature as in
onas et al., 2012 ; distortions as in Parvizi et al., 2012 ; Rangarajan et al.,
014 ; Schalk et al., 2017 ; Schrouff et al., 2020 ; face identity palinop-
ia as in Jonas et al., 2018 ; see Jonas and Rossion, 2021 for review).
inally and most recently, frequency-tagging intracerebral electroen-
ephalography (EEG) studies using depth electrodes (stereotaxic EEG
r SEEG, Talairach and Bancaud, 1973 ) with large groups of patients
ave disclosed relatively large face-selective activity in the right AntFG
 Jonas et al., 2016 ; Hagen et al., 2020 ), as well as a high sensitivity to
ifferences between unfamiliar face identities ( Jacques et al., 2020 ). 
(

2 
Collectively, while these observations suggest a significant contribu-
ion of the right AntFG in human FIR, the critical and specific role of this
egion in this function remains largely unknown. To shed light on this
ssue, here we provide an extensive multimodal investigation (behavior,
EEG recordings and stimulation, fMRI) in a case of transient FIR im-
airment during focal electrical stimulation of the right AntFG. While
he electrode contacts leading to the transient FIR failure are located in
he same region as the only previously reported case ( Jonas et al., 2015 ),
he present case report goes well beyond this initial report. Specifically,
ere we provide a systematic and extensive behavioral investigation
uring stimulation with multiple tasks (quantified in terms of both accu-
acy rates and response times), fMRI recordings, as well as an objective
uantification of frequency-tagged face-selective, unfamiliar face dis-
rimination and famous face identity electrophysiological responses on
he effective contacts. Altogether, these investigations provide substan-
ial unique evidence and clarification for the critical role of the right
ntFG in human FIR. 

. Materials and methods 

.1. Case description 

The subject was a right-handed 40-year-old man (DN) with refrac-
ory focal epilepsy. As part of the clinical investigation of his epilepsy,
N underwent a SEEG in August 2018. Following SEEG exploration,

he epileptogenic zone was delineated in the left ATL. DN gave written
onsent for the experimental procedures that were administered during
is SEEG exploration and were part of the clinical investigation as ap-
roved by the ethical committee of the University Hospital of Nancy. He
lso gave written consent for the fMRI experiment and the use of video
aterial. 

.2. Neuropsychological assessment 

.2.1. General assessment 

DN showed a general intellectual efficiency in the low-normal
ange (total IQ of 83; WAIS-IV), with a verbal/nonverbal IQ discrep-
ncy (verbal IQ: 104 > non-verbal IQ: 82). Neuropsychological assess-
ent showed normal performance in verbal and nonverbal memory

Grober & Buschke Free and Cued Selective Reminding Test, Brief Vi-
uospatial Memory Test-Revised). He was slightly slowed down at pro-
essing visuo-spatial information (subtest Code, WAIS-IV, percentile 5).
e performed below the normal range at naming objects (74/80 at the
O80 naming test, z = - 2.69), consistent with the left lateralization
f his epileptogenic zone in the temporal lobe. Importantly, he never
omplained of FIR difficulties, neither in his daily life nor during/after
pileptic seizures. 

.2.2. Face recognition 

Outside the SEEG procedure, a series of behavioral tests were per-
ormed to specifically assess DN’s performance at face/object recogni-
ion. These tests included (1) the electronic version of the Benton Fa-
ial Recognition Test (BFRT-c; Rossion and Michel, 2018 ); (2) a delayed
atching task with pictures of faces and cars at upright and inverted

rientations (Experiment 4 in Busigny and Rossion, 2010 ); (3) a simul-
aneous matching task with famous and unfamiliar faces at upright and
nverted orientations; (4) a face memory task; (5) a famous face pointing
ask; and (6) a famous name pointing task (see all methods in Supple-

entary Information ). All tasks were administered through E-Prime
.0 on a 60 Hz screen, at a distance of about 60 cm. 

We also tested five control participants (matched on gender, age,
andedness and educational level) with the same tests. To compare
he results of DN to the control participants, a modified t -test of Craw-
ord and Howell for single-case studies was used ( Crawford and How-
ll, 1998 ; Crawford and Garthwaite, 2002 ), with a p value below 0.05
one-tailed) considered as statistically significant. 
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Fig. 1. Anatomical location of the AntFG and its spatial relationship with classical fMRI face-selective regions and fMRI signal drop-out. A. The anatomical location 
of the AntFG (black and white star) is shown on a transparent reconstructed cortical surface of the Colin27 brain (ventral view). The AntFG is located in the posterior 
section of the ATL, just anteriorly to the lateral section of the middle FG, i.e., the typical location of the FFA. B. The approximative location of the AntFG is indicated 
on an inflated view of the VOTC (Rajimehr et al., 2009). The AntFG is located posteriorly to the classical ATL face-selective activations identified with fMRI, usually 
located very anteriorly, close to the temporal pole (ATFP, green outlines), and within a strong magnetic susceptibility artifact due to the ear canal, i.e., signal drop- 
out, affecting the ventral ATL (grey zones). Consequently, fMRI studies rarely report the AntFG as face-selective and usually report a gap between the FFA (pFus 
and mFus-faces) and the classical ATL face-selective activations. C. The approximative location of the AntFG is indicated on a recent illustration of the cortical face 
network based on fMRI studies, ventral view ( Kovács, 2020 ). D. The approximative location of the AntFG is indicated on an inflated lateral brain view, along with 
the classical face-selective activations found in fMRI ( Weiner and Grill-Spector, 2015 ). E. Same as panel C, lateral view ( Kovacs, 2020 ). 
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DN performed extremely well at all tasks with upright faces both in
ccuracy and response times, and was in the normal range for all of these
asks (even regularly outperforming controls, Supplementary Table 1 ).
verall, these results indicate that DN has normal FIR ability. 

.3. Stereotaxic placement of intracerebral electrodes 

Intracerebral depth electrodes were stereotaxically implanted in
N’s brain in order to delineate the seizure onset zone ( Talairach and
ancaud, 1973 ; Cardinale et al., 2012 ; Salado et al., 2017 ). The sites
f electrode implantation were determined based on non-invasive data
ollected during an earlier phase of the investigation. Each intracere-
ral electrode consisted of a cylinder of 0.8 mm diameter and contained
 linear array of 8–15 recording contacts, each 2 mm in length sepa-
ated by 1.5 mm from edge to edge (Dixi Medical, Besançon, France).
he implantation was performed exactly as in previous procedures (e.g.,
3 
alado et al., 2017 ). A postoperative non-stereotaxic CT-scan was car-
ied out and fused with a T1-weighted MRI to determine the exact
natomical position of each electrode. 

Twelve electrodes were implanted in total in DN’s brain, includ-
ng six electrodes in the left VOTC and three electrodes in the right
OTC (TM, TB, and B). Electrode TM (15 contacts) was located in the
ight ventral ATL and targeted specifically the anterior collateral sulcus
AntCOS), the AntFG, the anterior occipito-temporal sulcus (AntOTS)
nd the inferior temporal gyrus (see Fig. 2 A ). Electrode TB (11 contacts)
lso explored the ventral ATL and was located anteriorly to electrode
M. Electrode B (15 contacts) targeted the body of the right hippocam-
us. 

The SEEG signal was recorded at a 512 kHz sampling rate on a 256-
hannel amplifier (4 SD LTM 64 Headbox, Micromed, Treviso, Italy).
he reference electrode during data acquisition was an intracerebral
ontact located in the white matter of the right ATL. 
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Fig. 2. Anatomical and functional location of the stimulation sites inducing transient prosopagnosia. A. Anatomical location of electrode TM (in red) in sagittal and 
coronal MRI slices. AntCOS, anterior part of the collateral sulcus; AntFG, anterior part of the fusiform gyrus; AntOTS, anterior part of the occipito-temporal sulcus; 
HIP, hippocampus. B. Face-selective intracerebral responses (Face Localizer experiment, see Fig. 4A ) recorded on electrode TM in low-frequency bands (LFB, above) 
and in high-frequency bands (HFB, below). These responses were determined by summing segments of the EEG spectrum centered on the face presentation frequency 
and its harmonics (i.e., 1.2, 2.4, 3.6, and 4.8 Hz). The 0 mark corresponds to the face presentation frequency. Note the particularly large face-selective response in 
both low- and high-frequency bands for the contacts whose stimulation induces transient prosopagnosia, and especially for the effective contact TM5. C. Intracerebral 
LFB responses to unfamiliar face discrimination (Unfamiliar Face Discrimination experiment, see Fig. 4B ) recorded on electrode TM for both upright and inverted 
faces. The contacts inducing transient prosopagnosia, in particular TM5, were sensitive to unfamiliar face discrimination for upright faces only. D. Intracerebral LFB 
responses to famous face identity recognition (Famous Face Identity experiment, see Fig. 4C ) recorded on electrode TM for both upright and inverted faces. Contacts 
inducing transient prosopagnosia were sensitive to famous faces for upright faces only, in particular TM5. Red rectangles around contact’s name represent contacts 
on which electrical stimulation elicited transient FIR impairment. ( ∗ ) indicates significant responses at p < .001. 

2

2

 

t  

(  

b  

t  

(  

S  

a  

(  

s  

a  

e  

o  

s
 

e  

s  

a  

m  

m  

t  
.4. Intracerebral electrical stimulations 

.4.1. General procedure 

Intracerebral electrical stimulations were applied at 1.2 mA between
wo adjacent contacts as biphasic square wave pulses with 1050 μs width
alternating positive and negative 500 μs phases, spaced from each other
y 25 μs) delivered at 55 Hz during 5 s (except for 3 out of 42 stimula-
ions that lasted 10 s). These stimulation parameters are typical in SEEG
 Trébuchon and Chauvel, 2016 ; Isnard et al., 2018 ; Ritaccio et al., 2018 ;
o and Alwaki, 2018 ; Grande et al., 2020 ; Aron et al., 2021 ) and were
lso used in our previous reports eliciting transient FIR impairments
 Jonas et al., 2012 , 2015 , 2018 ). While presented with a set of succes-
4 
ive images, DN was not aware of the exact stimulation onset, duration
nd termination (no pain during stimulation, no click sound at onset,
tc.). He was never made aware of the stimulation site or the nature
f the impairments that could potentially be elicited during electrical
timulations. 

Before, during and after each intracerebral electrical stimulation of
lectrode TM contacts, DN was asked to perform several trials of a pre-
pecified task involving successive images of faces, objects, buildings
nd written names (i.e., pointing out famous faces and names, Fig. 3 A ;
atching unfamiliar or famous faces, Fig. 3 B ; naming famous faces, fa-
ous buildings and visual objects). Considering the limited amount of

ime afforded by the clinical context, we first identified the relevant elec-
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Fig. 3. Stimuli and procedure of the famous pointing tasks (face and name) and simultaneous face matching tasks (famous and unfamiliar) performed during 
stimulation sessions on electrode TM contacts. A. Famous face and name pointing tasks. DN had to point to the famous item presented among two unfamiliar 
distractors, before, during and after electrical stimulation of two adjacent intracerebral contacts. B. Unfamiliar and famous face matching tasks. Each trial consisted 
of three face photographs organized in two rows with a target on the top and two probes on the bottom, with one of the probes being another photograph of the 
target identity and the other probe being a photograph of another identity. DN had to match the probe with the target by pointing to the correct face, before, during 
and after electrical stimulation of two adjacent intracerebral contacts. Note that the pictures used in this figure were not those used in the original paradigm because 
of copyright reasons (copyright information for the pictures shown here are available in Supplementary Information). 
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rode contacts for FIR with one task (pointing to the famous face) and
hen further tested these contacts with the remaining tasks. Given that
N was flawless outside of stimulation, and in line with his high perfor-
ance at neuropsychological tests of face recognition ( Supplementary

able 1 ), we considered that a stimulation evoked an impairment if he
ailed (error or no response) at least one trial during the time of the
timulation. Since we found a FIR impairment with the pointing task
hen stimulating the first electrode tested, i.e., electrode TM ( Fig. 2 A ),
e focused on this electrode to maximize the number of relevant tasks
nd trials (i.e., other electrodes were not stimulated with face-related
asks). 

The stimulation sites, the number of stimulations performed at each
timulation site and type of task used are presented in Supplementary

able 2 . Below, we describe the different face and non-face tasks per-
ormed during stimulation sessions. The neurologist (JJ) performed all
lectrical stimulations and set the stimulation site, the stimulation pa-
ameters, the task, and the onset of the stimulation. For each stimula-
ion and task, we measured the accuracy and the response times before,
uring and after stimulation by retrospectively rewatching the video
ecording (for response times, we measured the delay between the pre-
entation of the trial and either when the finger touched the image or
hen the subject finished naming, depending on the task). 

.4.2. Famous face and famous name pointing tasks 

The same tasks as used to evaluate FIR performance outside the SEEG
rocedure (100% of accuracy, see Neuropsychological assessment sec-
ion, Supplementary Information and Supplementary Table 1 ) were
sed during stimulation sessions. Each trial consisted of 3 faces or writ-
en names presented next to each other, with one famous and 2 unfamil-
ar identities ( Fig. 3 A ). The famous identity on each trial was the same
cross modalities (faces and names). Face images were 5.7 cm wide by
.7 cm high; written names ranged from 2.1 to 5.6 cm in width, and
rom 0.4 to 1.3 cm in height. For each stimulation session, DN was
resented with a set of 3 to 10 trials of the same category (faces or
ames), presented one by one, and he had to point to the famous face
r name in turn ( Fig. 3 A ). For each set, the electrical stimulation was
andomly triggered during the presentation of 1 to 3 trials. 

In total, DN was presented with 153 face trials (across 24 stimulation
essions on electrode TM contacts): 44 during electrical stimulation, 41
efore and 68 after (since there were 50 different face trials in total,
everal face trials were repeated across stimulation sessions). DN was
lso presented with 52 name trials (across 7 stimulation sessions): 17
uring electrical stimulation, 18 before and 17 after. 

Immediately after stimulating one site (TM4-TM5), DN was pre-
ented again with several trials presented during the stimulation session
long with distractors and he was asked to indicate verbally if these tri-
ls had been presented during the stimulation session or not. This recall
ask was performed after 8 stimulation sessions with faces, and 7 with
ames. He was also presented again with the missed trials (no response
r error) and asked to perform the task again. This was done after 5
M4-TM5 stimulation sessions with faces. 

.4.3. Famous and unfamiliar face matching tasks 

These tasks were the same as those used during the FIR evaluation
utside the SEEG procedure (100% of accuracy, see Neuropsychological
ssessment section, Supplementary Information and Supplementary

able 1 ), except that only upright faces were presented. 
Each trial consisted of three face photographs organized with a target

n top of two probes: another face photograph of the target identity vs.
 face distractor ( Fig. 3 B ). Face images were 7 cm wide by 9 cm high.
or each stimulation session, DN was presented with a set of 6 to 9 trials
f the same category (famous or unfamiliar), presented one by one, and
e had to point to the probe corresponding to the target ( Fig. 3 B ). For
ach set, the electrical stimulation was randomly triggered during the
resentation of 2 to 5 trials. Note that the two stimulations triggered
uring unfamiliar face matching lasted 10 s instead of 5 s. 
6 
In total (across 4 stimulation sessions of electrode TM contacts), DN
as presented with 15 unfamiliar face trials (across 2 stimulation ses-

ions of contacts TM4-5) and 16 famous face trials (2 stimulation ses-
ions of contacts TM4-5), corresponding to 8 unfamiliar and 4 famous
rials during stimulation, 4 and 7 before, and 3 and 5 after. Twenty-two
mages were available for each set so that no face trials were repeated
cross stimulation sessions. 

Immediately after each stimulation session, DN was presented again
ith several trials presented during the stimulation procedure along
ith distractors. He was asked to indicate verbally if these trials had
een presented during the stimulation session or not. He was also pre-
ented again with two famous face trials on which he hesitated (1 stim-
lation session), and asked to perform the task again. 

.4.4. Famous face, famous building and object naming 

Stimulations were also carried out during recognition of sets of im-
ges of the same category presented one by one (famous faces, famous
uildings, or visual objects; see Supplementary Fig. S1 for examples ).
N had to name each image in turn. Face images were 13.4 cm wide
y 15 cm high; visual objects ranged from 2.5 to 13.5 cm in width, and
rom 1 to 7.5 cm in height; famous building images measured between
.3 and 15.7 cm wide, and between 9.8 and 12.5 cm high. For each set,
he stimulation was randomly triggered during the presentation of 2 to
 images. 

In total (across 7 stimulation sessions on electrode TM contacts), DN
as presented with 25 pictures of isolated famous faces (3 stimulation

essions: 6 images during electrical stimulation, 9 before and 10 after;
ne image was presented twice across 2 stimulation sessions), 27 visual
bjects (including animals and fruits/vegetables; 3 stimulation sessions:
 images during, 8 before and 10 after; 4 images were presented twice
cross 2 stimulation sessions) and 8 famous buildings (1 stimulation
ession: 2 images during, 3 before and 3 after; no repetition of images).

Immediately after 6 out of 7 stimulation sessions, DN was again
resented with several images presented during the stimulation session
long with distractors and was asked to indicate verbally if these trials
ad been presented during the stimulation session or not. 

.5. Fast periodic visual stimulation: intracerebral responses 

.5.1. FPVS paradigms: stimuli and procedure 

Well-validated fast periodic visual stimulation (FPVS) (or
frequency-tagging ”; see Norcia et al., 2015 ; Rossion et al., 2020 )
aradigms were used to identify face-selective contacts and contacts
ensitive to unfamiliar face discrimination and famous face identity
ecognition ( Fig. 4 , see also Supplementary Information for all
ethods details). These recordings were performed on the day before

he electrical stimulation sessions (but note that electrical stimulation
essions were performed blind to the results of the FPVS paradigms). 

Face-selective responses were recorded with 70 s sequences of vari-
ble non-face object images presented at 6 Hz while inserting period-
cally (every 5 images) widely variable natural images of face stimuli,
o that the face frequency among objects was set at 1.2 Hz, i.e., 6 Hz
 5 (Face Localizer experiment, Fig. 4 A ). This paradigm was run ex-
ctly as in previously described intracerebral recording group studies
 Jonas et al., 2016 ; Hagen et al., 2020 ). Unfamiliar face discrimination
eural responses were recorded with a paradigm presenting the same
nfamiliar face identity at a fast 6 Hz rate while periodically insert-
ng (every 5 images) different unfamiliar face identities, so that the fre-
uency of identity change was set at 1.2 Hz, i.e., 6 Hz / 5 (Unfamiliar
ace Discrimination experiment; Liu-Shuang et al., 2014 ; Rossion et al.,
020 ; Fig. 4 B ). Faces were presented either at upright or inverted ori-
ntation in separate sequences. This paradigm was run exactly as in a
reviously described intracerebral recording group study ( Jacques et al.,
020 ). Finally, responses reflecting sensitivity to famous face identity
ere recorded by presenting variable images of unfamiliar faces also at
 Hz, with different exemplars of the same famous identity appearing
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Fig. 4. FPVS paradigms during SEEG recordings. A. Face Localizer paradigm used to define face-selective neural activity ( Rossion et al., 2015 ). B. Unfamiliar Face 
Discrimination paradigm used to measure sensitivity to unfamiliar face identity changes ( Liu-Shuang et al., 2014 ; Rossion et al., 2020 ). Faces were presented either 
in upright or inverted orientation in separate sequences (only the upright condition is shown here). C. Famous Face Identity paradigm used to measure sensitivity to 
individual famous faces ( Zimmermann et al., 2019 ). Faces were presented either in upright or inverted orientations in separate sequences (only the upright condition 
is shown here). Note that the pictures used in this figure were not those used in the original paradigm because of copyright reasons. For license information, Nicolas 
Sarkozy: Pictures licensed under the CC BY 2.0. Attribution: Thomas Bresson. Robert Gonera, Piotr Adamczyk, Krzysztof Kowalewki, Cezary Pazura, Andrzej Piacezny, 
and Andrzej Chyra: Pictures licensed under the CC BY-SA 2.0. Attribution: Fryta 73. Pawel Delag, and Linda Boguslaw: Pictures licensed under the CC BY-SA 2.0. 
Attribution: S ł awek. 
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very 9 stimuli, so that the famous face frequency among unfamiliar
aces was set at 0.666 Hz, i.e., 6 Hz / 9 (Famous Face Identity exper-
ment; Zimmermann et al., 2019 ; Fig. 4 C ). Faces were also presented
ither at upright or inverted orientation in separate sequences. During
ll these FPVS paradigms, DN was fixating a small black cross presented
ontinuously at the center of the stimuli and had to detect brief color-
hanges of this fixation cross, so that neural responses were measured
ithout explicit task. 

.5.2. Analysis in the low-frequency bands 

Preprocessing : Analyses were carried out using the free software
etswave 5 , with a similar procedure as in recent reports (e.g.,
ochy et al., 2018 ; Hagen et al., 2020 ; Jacques et al., 2020 ). Portions
f SEEG corresponding to sequences of FPVS presentation (70 s dura-
ion) were first extracted using segments exceeding the actual visual
resentation length (78 s segments, -2 s to + 76 s) and then cropped to
n integer number of cycles beginning after the 2 s fade-in and ending
efore the 2 s fade-out (i.e., ending up with 66 s segments; Face Local-
zer and Unfamiliar Face Discrimination = 33,707 bins; Famous Face
dentity = 33,792). These sequences, acquired with a monopolar mon-
age (reference electrode: intracerebral contact within the white matter)
ere re-referenced to a bipolar montage (minus the signal recorded at

he contact located just laterally along the electrode). Sequences corre-
ponding to the same condition were averaged in the time domain. A
7 
ast Fourier Transform (FFT) was then applied to these averaged seg-
ents and amplitude spectra were extracted for all contacts. 

Identification of significant responses in the low-frequency bands : Face-
elective, unfamiliar face discrimination or famous face identity re-
ponses significantly above noise level at the target frequency and its
armonics were determined in each condition as follows: (1) the FFT
pectrum was cut into segments of 50 bins centered at the response fre-
uencies (i.e., 1.2 Hz for the Face Localizer and Unfamiliar Face Discrim-
nation paradigms, 0.666 Hz for Famous Face Identity) and harmonics,
ntil the last harmonic before 6 Hz base frequency: 4 harmonics for the
ace Localizer and Unfamiliar Face Discrimination paradigms, 8 har-
onics for Famous Face Identity; (2) the amplitude values of these FFT

egments were summed; (3) the summed FFT spectrum was transformed
nto a Z- score. Z -scores were computed as the difference between the
mplitude at the target frequency bin and the mean amplitude of the 48
urrounding bins (25 bins on each side, i.e., 50 bins, excluding the first
in directly adjacent to the bin of interest, i.e. 48 bins) divided by the
tandard deviation of amplitudes in the corresponding 48 surrounding
ins (see also Lochy et al., 2018 ). A contact was considered as showing
 significant response in a given condition if the Z -score at the target
requency bin exceeded 3.1 ( p < 0.001). 

Quantification of response amplitudes : The responses were quantified
t each contact on the sum of harmonics ( Retter and Rossion, 2016 ;
etter et al., 2021 ). The range over which frequency harmonics were
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ummed extended from the first harmonic to the last harmonic before
he base frequency (4 harmonics for the Face Localizer and Unfamil-
ar Face Discrimination paradigms, 8 harmonics for the Famous Face
dentity paradigm). A baseline correction was then computed as the dif-
erence between the amplitude at each frequency bin and the average
f the 48 surrounding bins (25 bins on each side, i.e., 50 bins, but ex-
luding the 2 bins directly adjacent to the bin of interest, i.e., 48 bins). 

Statistical comparison between upright and inverted response ampli-

udes: For the Unfamiliar Face Discrimination and Famous Face Iden-
ity paradigms, we statistically compared the amplitudes of the target
esponses at the upright and inverted conditions on each contact. To
o so, the upright and inverted summed FFT segments were subtracted
rom one another (upright – inverted) and transformed into a Z -score.
 contact was considered as showing a larger amplitude at the upright

han at the inverted condition if the Z -score at the target frequency bin
xceeded 3.1 (i.e., p < 0.001, one-tailed: upright > inverted). 

.5.3. Analysis of high-frequency broadband ( “Gamma ”) activity 

Since low- and high-frequency face-selective responses may not al-
ays spatially overlap and may potentially reflect different functional
rocesses in the cortical face network ( Engell and McCarthy, 2011 ), we
lso examined face-selective responses in high-frequency broadband ac-
ivity ( “gamma range ”; 30–160 Hz). To do so, we tested for periodic
urst of gamma activity during the Face Localizer, Unfamiliar Face Dis-
rimination and Famous Face Identity paradigms. 

Event-related spectral perturbations were computed with Letswave

 . Variation in signal amplitude as a function of time and frequency
as estimated by a Morlet wavelet transform on each SEEG segment,

e-referenced to a bipolar montage, from frequencies of 1 to 160 Hz,
n 2 Hz increments. The number of cycles (i.e., central frequency) of
he wavelet was adapted as a function of frequency from 2 cycles at
he lowest frequency to 9 cycles at the highest frequency. The wavelet
ransform was computed on each time-sample and the resulting ampli-
ude envelope was downsampled by a factor of 12 (i.e., to a 42.6 Hz
ampling rate). Amplitude was normalized across time and frequency to
btain the percentage of power change generated by the stimulus onset
elative to the mean power in a pre-stimulus time-window (-1600 ms to
300 ms relative to the onset of the stimulation sequence). Then, the am-
litude was averaged across frequencies (between 30 Hz and 160 Hz),
he high-frequency band envelopes corresponding to the same condition
ere averaged in the time domain, and the frequency content of the
igh-frequency band envelopes was transformed using a Fast Fourier
ransform. 

Periodic responses in the high-frequency bands were detected simi-
arly as for the low-frequency bands: (1) the FFT spectrum was cut into
egments of 50 bins centered at the response frequencies (i.e., 1.2 Hz
or the Face Localizer and Unfamiliar Face Discrimination paradigms,
.666 Hz for Famous Face Identity) and harmonics, until the last har-
onic before 6 Hz base frequency; (2) the amplitude values of these

FT segments were summed; (3) the summed FFT spectrum was trans-
ormed into a Z -score. A contact was considered as showing a significant
esponse if the Z -score at the target frequency bin exceeded 3.1 (i.e.,
 < 0.001). The quantification of response amplitudes was done simi-
arly as for the low-frequency bands (sum across harmonics followed by
aseline-correction). 

.6. Cortical face-selective regions in fMRI 

We localized face-selective regions in fMRI with a Fast Periodic Stim-
lation fMRI paradigm ( Gao et al., 2018 , see Supplementary Informa-

ion ). This approach is not only similar to the Face Localizer paradigm
sed in SEEG ( Fig. 4 ), but identifies face-selective fMRI activity at typ-
cal locations of the VOTC (and superior temporal sulcus [STS]) with
igher signal-to-noise ratio and internal reliability than conventional
ace localizers, while excluding contributions from low-level cues con-
ained in the amplitude spectrum of the images (see Gao et al., 2018 ). 
8 
DN was tested with fMRI 7 months after the SEEG procedure. Natu-
al non-face object images were presented at a fixed rate of 6 Hz (i.e., 6
mages by second). Mini face “bursts ” with a duration of 2.167 s were
mbedded at every 9 s (i.e., 1 / 9 = 0.111 Hz). Each burst consisted of
 set of seven natural face images interleaved with six object images,
n order to avoid potential neural adaptations to consecutive face im-
ges. The face burst created direct contrast between face and non-face
bjects. Therefore, a neural response measured exactly at 0.111 Hz re-
ects a selective and reliable response to the face stimuli. Each fMRI
equence (run) lasted 333 s of 36 cycles of mini face burst appearing at
very 9 s (including a 9 s baseline). DN was tested with six functional
ocalizer runs. The whole testing session took about one hour, includ-
ng breaks. To measure the magnitude of the face-selective responses
t the stimulation frequency of 0.111 Hz, we extracted the amplitude
pectrum from the preprocessed BOLD time series with a Fast Fourier
ransform (FFT) (see Supplementary Information , and all methods as

n Gao et al., 2018 ). 
For result visualization, the functional activation map was coreg-

stered to the high-resolution T1-weighted image (AC-PC plane
ligned) using SPM ( https://www.fil.ion.ucl.ac.uk/spm/ ). Cortical sur-
ace of DN’s brain was also reconstructed by segmenting the
natomical volumes into gray and white matter using Freesurfer
 https://surfer.nmr.mgh.harvard.edu/ , version 5.0). To assess the spa-
ial relationship between face-selective activations and intracerebral
lectrodes, we further extracted the electrode contact coordinates by
using the T1-weighted image with the post-operative CT-scan. 

To examine whether some electrode contacts overlap with the fMRI
ignal drop-out area in the ventral ATL region, we mapped contacts onto
he mean temporal signal-to-noise (tSNR; Krüger and Glover, 2001 ) ra-
io map across all six functional runs. The tSNR map was calculated in
ach voxel of each functional run (with no spatial smoothing) as the
ean signal divided by the standard deviation of the time series. We

lso created disk ROIs with a radius of 1 mm centered on each contact
f electrode TM and extracted the mean tSNR value across voxels in
ach contact ROI from the mean tSNR map. The mean tSNR map was
lso coregistered to the T1-weighted image. 

. Results 

.1. Overview of the experimental plan 

In subject DN, intracerebral electrical stimulations were applied be-
ween two adjacent intracerebral contacts while he was tested with an
riginal set of various tasks, including famous face, famous building, and
isual object naming tasks, but most importantly, a famous face point-
ng task (and its famous name counterpart) and famous or unfamiliar
ace matching tasks that did not require any verbal output ( Fig. 3 A and

 B , respectively). Importantly, outside the SEEG procedure, DN’s per-
ormance on all these pointing/matching tasks was at ceiling (100% of
ccuracy on upright faces, Supplementary Table 1 ), so that every failed
rial during the time of the electrical stimulation could be considered as
 genuine impairment related to the stimulation. 

Considering the limited amount of time afforded by the clinical con-
ext, we first identified the relevant electrode contacts for FIR with the
amous face pointing task (which allows to test DN’s FIR ability without
equiring any verbal output) and then further tested these contacts with
he remaining tasks. Since we found a FIR impairment when stimulat-
ng the first electrode tested, i.e., electrode TM ( Fig. 2 A ), we focused
n this electrode to maximize the number of tasks and trials (conse-
uently, other electrodes were not stimulated with face-related tasks).
ndependently of the electrical stimulation sessions, we identified face-
elective contacts and contacts sensitive to unfamiliar face discrimina-
ion and famous FIR using well-validated FPVS paradigms during SEEG
ecordings ( Fig. 4 , see also Supplementary Information for all meth-
ds details), in both low- and high-frequency bands. Finally, we local-

https://www.fil.ion.ucl.ac.uk/spm/
https://surfer.nmr.mgh.harvard.edu/
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Fig. 5. Response times for correct trials before, during and after electrical stim- 
ulation of electrode TM contacts for the famous face pointing task, the famous 
face matching task and the famous name pointing tasks. A. Response times for 
the famous face pointing task before, during and after stimulation of contacts 
TM4-TM5 and TM5-TM6 (across 4 stimulation sessions without any failed tri- 
als). B. Response times for the famous face matching task before, during and 
after stimulation of contacts TM4-TM5 (across 2 stimulation sessions without 
any failed trials). C. Response times for the famous name pointing task before, 
during and after stimulation of contacts TM4-TM5 (across 7 stimulation sessions 
without any failed trials). Error bars indicate standard error. RT, response time; 
( ∗ ) indicates significant difference at p < .001. 
zed face-selective regions in fMRI with a Fast Periodic Stimulation fMRI
aradigm performed 7 months after the SEEG procedure. 

.2. Right AntFG and AntOTS stimulation elicits transient face identity 

ecognition impairment 

DN was transiently impaired at pointing out the famous face dur-
ng electrical stimulation of contacts TM4-TM5 and TM5-TM6 in the
ight AntOTS (tested across 14 stimulation sessions) as well as contacts
M1-TM2 in the right AntFG, although this last site was stimulated only
nce (Talairach coordinates: x: 31 to 37, y : -21, z : -17, Fig. 2 A ). DN
ailed at least one trial during the stimulation time for 11 out of 15
timulation sessions involving these 3 sites ( Supplementary Table 2 ).
or these failed trials, DN either did not respond, or pointed to an un-
amiliar face ( Videos S1, S2 and S3 ). Across the 15 stimulation ses-
ions involving these contacts, his performance was at celling before
nd after stimulation (70/70 trials succeeded, 100%). Critically, his per-
ormance dropped significantly during the time of stimulation (11/24,
5.8%, 𝜒(1) = 44.002, p < 0.001). 

DN was fully aware of his transient difficulty at face identity recogni-
ion. During the stimulation, he stated for example: “I don’t’ know who he

s ”; when probed by the experimenter after stimulation, DN reported: “I

on’t know the 3 faces you showed me ”, “I had difficulties recognizing her ”,
I looked at the 3 faces and I had a doubt ”, “I didn’t recognize the face imme-

iately ” ( Videos S1 and S3 ). When DN was presented with the trials in
hich he failed during stimulation (after 5 TM4-TM5 and 1 TM1-TM2

timulation sessions) and asked to perform the task again, he quickly
ointed to the famous faces without errors (8/8 trials) (for examples,
ee Videos S1 and S2 ). Importantly, DN never reported any face dis-
ortions. When asked explicitly if the face was distorted, he responded:
No, it wasn’t ”, “No, not at all ”. 

It is important to note that for the 4 stimulation sessions of TM4-TM5
nd TM5-TM6 contacts during which DN answered correctly for all tri-
ls, he was in fact hesitant when performing trials during stimulation.
or these correctly responded trials across these 4 stimulation sessions,
here was a significant increase of the response times during stimulation
 n = 6, mean = 2420 ms ± 521.4 ms) compared to time periods outside
timulation (before: n = 9, mean = 1120 ms ± 175.5 ms; after: n = 12;
113 ms ± 313.9 ms) (F(2,24) = 35.391, p < 0.001) ( Fig. 5 A ). A post
oc Bonferroni test showed that correct response times during stimu-
ation were significantly slower than correct response times before or
fter stimulation ( p < 0.001 for both “before-during ” and “during-after ”
omparisons). In agreement with these results, a Bayesian analysis (per-
ormed in JASP; see van Doorn et al., 2021 for the interpretation guide-
ines of BF values) showed extreme evidence for the alternative hypoth-
sis with a Bayes Factor (BF10) equal to 111900.665, meaning that the
ata was 111900 times more likely to occur under the alternative hy-
othesis (i.e., there is a difference between testing times) than under the
ull hypothesis (i.e., there is no difference). 

Stimulating electrode TM contacts outside these effective sites (TM2-
M3, TM3-TM4 in the AntCOS, TM6-TM7 in AntOTS, and TM7-TM8,
M8-TM9, TM9-TM10, TM10-TM11, TM11-TM12, TM12-TM13 in the
nterior inferior temporal gyrus; Fig. 2 A ) did not evoke any mistakes
r omissions at pointing out famous faces (100% of accuracy across 9
timulation sessions: 39/39 trials outside stimulation, 20/20 trials dur-
ng stimulation, Supplementary Table 2 ). 

Subject DN was also tested with simultaneous unfamiliar and famous
ace matching tasks, which allow to specifically test face individuation
nd the integrity of facial percepts (with and without the help of long-
erm memory of specific identities). During stimulation of contacts TM4-
M5, DN was transiently impaired at matching unfamiliar and famous
aces. With unfamiliar faces, he failed at least one trial during stimu-
ation for 2 out of 2 stimulation sessions (i.e., pointing to the wrong
ace). For one stimulation session, he failed one trial during stimula-
ion and for the second, he failed 3 trials during stimulation, and 2 af-
er stimulation ( Video S4 ). Across the 2 stimulation sessions, his per-
9 



A. Volfart, X. Yan, L. Maillard et al. NeuroImage 250 (2022) 118932 

f  

(  

n  

(  

t  

7  

o  

b  

s  

c  

u  

r  

i  

s  

(  

c  

m  

u  

a  

i  

a  

t
 

n  

t  

t  

i  

s  

(  

2  

s  

e  

(  

s  

r
 

j  

a  

s  

m  

i  

t  

t  

e  

t  

2

3

 

i  

n  

o  

1  

s  

t  

l
 

w  

g  

i  

7  

n  

f  

s  

h  

p  

D  

t  

w  

t  

1  

=  

b  

p  

f

3

 

t  

m  

t  

w  

s  

w  

1  

s  

w  

a  

b  

r  

l  

(  

t
 

f  

s  

(  

h  

s  

p  

F  

b  

o  

t  

m  

p  

m  

c
 

d  

s  

s

3

 

w  

P  

t  

s  

(  

w  

n  

o  

w  

(  

r  

l
 

l  
ormance was 100% before stimulation (4/4), 50% during stimulation
4/8, i.e., chance level) and 33% after stimulation (1/3). Accuracy did
ot statistically differ between stimulation and non-stimulation periods
 𝜒(1) = 0.714, p = 0.398) because the effect of the second stimula-
ion lasted longer, decreasing his performance outside stimulation (5/7,
1%). When comparing the before and during stimulation time peri-
ds only, we found a trend towards a difference ( 𝜒(1) = 3, p = 0.083),
ut not significant probably because of a low number of trials. Across 2
timulation sessions with the famous face matching task, DN performed
orrectly at all trials presented outside (12/12) and during (4/4) stim-
lation. As for the famous face pointing task, we compared the correct
esponse times during the famous face matching task for the three test-
ng times (before, during and after). A one-way ANOVA highlighted a
ignificant difference between testing times (F(2,25) = 5.517, p = 0.018)
 Fig. 5 B ). More precisely, post-hoc tests showed that DN was signifi-
antly slower to answer the trials presented during stimulation ( n = 4,
ean = 1750 ms ± 356.8 ms) compared to those presented before stim-
lation ( n = 7, mean = 1143 ms ± 268.2 ms) ( p = 0.017). Response times
fter stimulation ( n = 5, mean RT = 1352 ± 270.4 ms) were not signif-
cantly different from response times in other testing periods. Bayesian
nalysis supported this effect by showing moderate evidence for the al-
ernative analysis (BF10 = 3.623). 

Although it does not allow to distinguish between naming and recog-
ition impairments, we also asked DN to perform a famous face naming
ask when stimulating electrode TM ( Supplementary Table 2 ) since
his task led to FIR impairments in previous electrical stimulation stud-
es ( Puce et al., 1999 ; Jonas et al., 2012 , 2015 ; see Jonas and Ros-
ion, 2021 ). Electrical stimulation of TM4-TM5 in the right AntOTS
 Fig. 2 A ) evoked a transient inability to name famous faces (2 out of
 stimulation sessions). DN’s performance was at 100% on trials outside
timulation (7/7 trials before, 7/7 after) but was reduced to 25% during
lectrical stimulation (1/4 trials; 𝜒(1) = 12.600, p < 0.001). Stimulation
 n = 1) of TM5-TM6 did not impair famous face naming (2 trials during
timulation; Supplementary Table 2 ; see Supplementary Fig. S2 for
esponse times). 

In summary, electrical stimulation involving the right AntFG and ad-
acent AntOTS (bipolar stimulations on contacts TM1-TM2, TM4-TM5
nd TM5-TM6, Table S2 , Fig. 2 A ) of subject DN evoked a reliable tran-
ient FIR impairment expressed across a variety of behavioral tasks (fa-
ous face naming, pointing to a famous face among distractors, match-

ng different views of famous or unfamiliar faces for identity), with con-
act TM5 being the most consistently effective (i.e., electrical stimula-
ions involving contact pairs TM4-TM5 or TM5-TM6 most consistently
licited transient impairments, with failed trials in 10 out of 14 stimula-
ion sessions with the famous face pointing task, Supplementary Table

 ). 

.3. Specificity for faces 

Although stimulation of the effective contacts TM4-TM5 evoked an
nability to name famous faces, stimulation of this site did not affect
aming of non-face objects. DN was able to name all pictures of visual
bjects (across 3 stimulation sessions: 9 objects during stimulation and
8 before or after stimulation) and all famous buildings (1 stimulation
ession: 2 famous buildings during stimulation and 6 outside stimula-
ion). There was also no significant increase of the response times re-
ated to the stimulation for these two tasks ( Supplementary Fig. S2 ). 

Most importantly for the present investigation, we evaluated
hether the identity recognition impairment was specific to the cate-
ory of faces and not due to a general semantic impairment by assess-
ng DN’s ability to recognize written names of famous people. During
 stimulation sessions of contacts TM4-TM5, DN performed a famous
ame pointing task ( Fig. 3 A ), using the same procedure as the famous
ace pointing task (1 famous name and 2 unfamiliar phonologically-
imilar fictional names), a task that DN performed perfectly during
is neuropsychological evaluation outside the SEEG procedure ( Sup-
10 
lementary Table 1 ). There was no impairment at all at this task,
N being flawless across the 7 stimulation sessions (17 trials during

he stimulation, 34 trials before or after stimulation). Moreover, there
ere no differences in response times between trials outside stimula-

ions (before: n = 18, mean = 1528.3 ms ± 505.6 ms; after: n = 16;
835 ms ± 420.8 ms) and trials during stimulation ( n = 17, mean
 1894.1 ms ± 730.5 ms, Fig. 5 C ). There was no statistical difference
etween testing times, i.e., before, during and after (F(2,48) = 2.089,
 = 0.135). Concordantly, Bayesian analysis showed anecdotal evidence
or the null hypothesis (BF10 = 0.672). 

.4. Visual memory impairment following stimulation 

Immediately after 15 stimulation sessions out of 21 involving FIR
asks (famous face naming, famous face pointing, unfamiliar and fa-
ous face matching task), DN was presented again with some of the

rials (i.e., single faces or triplets) presented during the stimulation and
as asked to indicate verbally if they had been presented during the

timulation session (15 stimulation sessions: 9 with impairment and 6
ithout; 14 of contacts TM4-5 and 1 of contacts TM5-TM6). Across these
5 stimulation sessions, DN did not remember 16 out of 21 trials pre-
ented during stimulation (23.8% of accuracy, 13 stimulation sessions
ith at least one non-remembered trial). For these non-remembered tri-
ls, when asked if he just saw one of the trials presented few seconds
efore, DN answered “no ” ( Videos S1 and S2 ). In contrast, he correctly
emembered having seen 24 out of 24 trials presented outside stimu-
ation, before or after (100% accuracy). This difference was significant
 𝜒(1) = 28.37, p < 0.001). Outside stimulation, he also correctly de-
ected 15 out of 15 distractor faces (100% accuracy). 

Interestingly, although he was never impaired at recognizing non-
ace stimuli during stimulation, his difficulty to remember trials pre-
ented during the stimulation extended to all stimuli, not just faces
 Video S5 ). Across 2 stimulation sessions with the object naming task,
e was unable to remember 4 out of 7 objects (42.8% of accuracy) pre-
ented during stimulation, while he correctly remembered all 5 objects
resented outside the stimulation and correctly detected 2 distractors.
or the famous building naming task, he was unable to remember 1
uilding presented during stimulation, but correctly remembered 3 out
f 3 buildings presented outside the stimulation and correctly detected
he only distractor presented. Across 7 stimulation sessions with the fa-
ous name pointing task, he was unable to remember 8 out of 17 trials
resented during stimulation (47% of accuracy), while he correctly re-
embered 16 out of 16 names presented outside the stimulation and

orrectly detected 4 out of 4 distractors. 
In summary, while the transient identity recognition impairment

uring electrical stimulation appeared only during face tasks, the sub-
equent difficulty to remember which items were presented during the
timulation was found regardless of the stimulus category. 

.5. Face-selectivity of effective contacts 

To localize the effective contacts with respect to the cortical face net-
ork, DN was tested (7 months after the SEEG procedure) with a Fast
eriodic Stimulation fMRI paradigm ( Gao et al., 2018 ). Fig. 6 shows
he face-selective clusters at a threshold of p < 0.001 (uncorrected; z -
core > 3.1), with a minimal cluster size of 10 2.5 × 2.5 × 2.5 voxels
see also Supplementary Table 3 ). Face-selective fMRI activity in DN
as strongly right lateralized and concerned the typical cortical face
etwork, with two significant face-selective clusters in the lateral part
f the posterior/middle right FG (pFG and mFG), corresponding to the
ell-known “FFA ” ( Kanwisher et al., 1997 ) or pFus and mFus-faces
 Weiner and Grill-Spector, 2012a ). Other clusters were located in the
ight posterior STS (right pSTS), and in the lateral part of the posterior
eft FG (left pFG). 

Fig. 6 A to D show that the critical electrode contacts whose stimu-
ation led to transient impairment at recognizing the identity of faces
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Fig. 6. The critical stimulation sites eliciting transient impairment at recognizing facial identities are located anteriorly to the middle fusiform face-selective clusters 
identified by fMRI and at the edge of the fMRI signal drop-out. A. Sagittal slice passing through contact TM7 (red dot). B. Axial slice passing through electrode TM. 
Red and white dots represent contacts of electrodes TM and TM’, colored according to their face-selectivity with the FPVS/SEEG Face Localizer paradigm in the 
low-frequency bands. C. Coronal slice passing through right pSTS and mFG face-selective clusters. D. SNR spectrum at the face stimulation rate (i.e., 0.11 Hz) of the 
peak voxel in the right pFG (highlighted by a black circle). E. Superimposition of the fMRI face-selective clusters and electrodes TM and TM’ (red and white dots) in 
sagittal (left) and axial slices (right) onto the mean tSNR map. The critical stimulation sites on electrode TM are located at the edge of a strong fMRI signal drop-out. 
mFG, middle fusiform gyrus; pFG, posterior fusiform gyrus; pSTS, posterior superior temporal sulcus. 
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i.e., TM1, 2, 4, 5 and 6) were located anteriorly to the right mFG
luster, i.e., right “FFA ” (see also Fig. 7 A for an inflated cortical sur-
ace map). There was no overlap between the significant face-selective
lusters and the critical contacts, even when the functional activation
lusters were defined with a relatively liberal threshold of p < 0.05,
ncorrected. 

It is widely known that the fMRI signal drops out significantly
n the ventral ATL in echo-planar imaging due to field gradient dis-
ortions from magnetic susceptibility differences between air/tissue
nd bone/tissue interfaces ( Wandell, 2011 ; Axelrod and Yovel, 2013 ;
ossion et al., 2018 ). This might explain why we found no face-selective
11 
ctivations in the right AntFG, where the critical contacts were located.
o test this assumption, we measured the mean tSNR ratio across the six
unctional runs and overlaid the electrode TM and TM’ contacts on top of
t ( Figs. 6 E and 7 B ). As expected, the critical TM contacts were located
t the edge of a severe signal loss in the right ventral ATL, according to
he tSNR thresholds reported in previous studies (e.g., Friedman et al.,
006 ; Murphy et al., 2007 ), with the tSNR values ranging between 9
nd 38 (e.g., TM1: 9, TM2: 25, TM3: 32, TM4: 38, TM5: 38, TM6: 27).
nstead, an equal-sized ROI defined in the right mFG region including
he peak face-selective activity had a larger tSNR value at 65. Moreover,
o face-selective clusters were found in the AntFG, as if the right mFG
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Fig. 7. Face-selective activations, tSNR and intracerebral contacts mapped onto 
the inflated cortical surface of DN’s brain. A. Ventral view of fMRI face-selective 
activations in the VOTC. Contacts of electrodes TM, TB, B and TM’ are displayed 
through green or white circles, colored according to their face-selectivity with 
the FPVS/SEEG Face Localizer paradigm in the low-frequency bands. Some TM 

contacts, including the effective contacts are labeled (1 to 6). Note that the 
inflation process spreads contacts on both sides of the sulci, disrupting the initial 
linear arrangement of SEEG electrodes. B. Superimposition of the fMRI face- 
selective activations in the left and right VOTC (white outlines) and electrodes 
TM, TB, B and TM’ (green and white dots) onto the mean tSNR map. 
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12 
luster was cut short, anteriorly, by the signal drop-out ( Figs. 6 E and

 B ). 
We also measured electrophysiological face-selective responses on

ach contact in both low-frequency and high-frequency bands with
 validated face-localizer FPVS paradigm during SEEG recordings
 Jonas et al., 2016 ; Hagen et al., 2020 ; Fig. 4 A ). Despite the lack of face-
elective response in fMRI, highly significant frequency-tagged face-
elective responses occurring exactly at 1.2 Hz and harmonics were
ound on contacts TM1 to TM9 in the low-frequency bands ( Fig. 2 B ).
mpressively, among all contacts of electrode TM but also among all
41 contacts implanted in DN’s brain, the largest face-selective response
mplitude was found on the effective contact TM5 ( Fig. 2 B; see also

upplementary Fig. S3 ). Significant face-selective responses were also
ound on 17 other contacts outside electrode TM in the left and right
TL ( Fig. 8 ) . 

Face-selective periodic bursts of high-frequency broadband activity
30 to 160 Hz) at 1.2 Hz (see Materials and methods ) were also found
n several contacts of electrode TM ( Fig. 2 B ), including the effective
ontacts TM1, TM2, TM4, TM5, TM6, and with a maximum ampli-
ude on TM5 ( Fig. 2 B; see also Supplementary Fig. S3 ). Fig. 9 shows
hese bursts of face-selective high-frequency activity following the face
resentation recorded on TM5 as they appear in the time-frequency
nalysis, as well as a time-domain analysis of the face-selective high-
requency activity on this contact, with an onset time estimated around
30 ms. Two significant high-frequency band responses were also found
n the left ATL ( Fig. 8 ). 

In summary, both the largest face-selective responses in low- and
igh-frequency bands were found on contacts whose stimulation elicited
 transient FIR impairment, and the highest face-selective amplitude was
ound on the effective contact TM5. 

.6. Sensitivity of effective contacts to unfamiliar and famous face identity 

Finally, we tested sensitivity to face identity on each intracere-
ral contact independently of the electrical stimulation with two FPVS
aradigms. 

First, we tested sensitivity to unfamiliar face discrimination, i.e., sen-
itivity to discriminate face identity based on the visual information
hat makes a face unique independently of long-term memory, with a
aradigm that periodically introduces different unfamiliar face identi-
ies among a train of same-identity face stimuli ( Liu-Shuang et al., 2014 ;
eview in Rossion et al., 2020 ; Fig. 4 B ). We found significant unfamiliar
ace discrimination responses in the low-frequency bands for the upright
ace condition on contacts TM1, TM4, TM5 and TM6 ( Fig. 2 C ). There
as no significant response on any other implanted contacts ( Fig. 8 ).
mong all recording contacts, the amplitude was again the largest on
ontact TM5 ( Fig. 2 C; see also Supplementary Fig. S3 ). This experi-
ent was also performed with inverted faces, allowing to isolate neural

ndexes of face individuation that go beyond physical differences be-
ween images. There was no significant response on electrode TM, or on
ny other electrodes for inverted faces (except on one contact in the left
emisphere). We found a significant difference between upright and in-
erted conditions on contacts TM4 and TM5 only with, again, the largest
mplitude difference found on TM5 among all contacts (see Supple-

entary Fig. S3 ). In high-frequency bands, an unfamiliar face discrim-
nation response was found only on contact TM1, only for upright faces
 Fig. 8 ). Second, we also tested sensitivity to famous FIR on each intrac-
rebral contact using a FPVS paradigm contrasting famous and unfamil-
ar faces in which different face exemplars of the same famous identity
re presented periodically in a fast periodic train of variable unfamiliar
aces ( Fig. 4 C ; Zimmermann et al., 2019 ; Yan et al., 2020 ). In this exper-
ment, we recorded robust responses in the low-frequency bands exactly
t the famous face identity frequency on contacts TM1, and from TM3 to
M7 ( Fig. 2 D ), with the largest response again recorded on TM5 among
ll contacts implanted in DN’s brain ( Fig. 2 D, see also Supplementary

ig. S3 ). Significant responses were also found on 4 contacts in the left
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Fig. 8. Spatial distribution of SEEG electrodes in DN’s VOTC and significant responses to three FPVS experiments (Face Localizer, Unfamiliar Face Discrimination 
[upright condition] and Famous Face Identity [upright condition]) in the low-frequency bands (LFB, left panel) and high-frequency bands (HFB, right panel). 
Intracerebral contacts are plotted in the native MRI space using a transparent reconstructed cortical surface of DN’s brain (ventral view). Each circle represents a 
single intracerebral contact. White-filled circles represent contacts with no significant response. Colored circles represent contacts with one or several significant 
responses across the 3 FPVS experiments. For visualization purposes, individual contacts are displayed larger than their actual size (2 mm in length). Electrodes’ 
names are displayed on the outer side of each electrode. 
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nd right ATL ( Fig. 8 ). For inverted faces, response amplitudes at the
amous face identity frequency were much weaker than in the upright
ondition on electrode TM ( Fig. 2 D ). The difference between upright
nd inverted conditions was significant on contacts TM1, and from TM4
o TM7 ( p < 0.001), with the largest amplitude difference found on TM5
mong all recorded contacts ( Fig. 2 D; Supplementary Fig. S3 ). A sig-
ificant difference between upright and inverted conditions was also
ound on 3 right-lateralized contacts (contacts TB4, B10 and B12) and
 left-lateralized contacts (contacts TM’4, TM’5, and A’9, see Fig. 8 for
ontact location). In high-frequency bands, no response was significant
n the upright condition. 

. Discussion 

.1. Contextual summary of the present observations 

By electrically stimulating a face-selective region in the right AntFG
nd adjacent AntOTS (contacts TM1-TM2, TM4-TM5, and TM5-TM6),
e evoked a transient inability to recognize the identity of faces. Some
f the findings reported here are similar to a previous stimulation case
tudy of the same region (subject CD, Jonas et al., 2015 ). In both cases:
1) the effective stimulation site was located in the right AntFG and ad-
acent AntOTS, anteriorly to the right FFA or mFG; (2) the stimulation of
his effective site elicited a transient inability to recognize famous faces;
3) this effect was specific to faces, with no recognition impairment be-
ng observed for non-face stimuli; (4) the impairment at recognizing fa-
ous faces was not associated with visual distortions of perceived faces;

5) a difficulty to remember which visual items were presented during
he stimulation, not specific to faces, was almost systematically present;
6) the stimulation site was shown as face-selective in low-frequency and
igh-frequency bands but not in fMRI, since it was located in a severe
ignal drop-out affecting this region. 
13 
Despite these striking similarities, the present study goes well beyond
he previous case report of Jonas et al. (2015) . First, outside the stimula-
ion procedure, subject CD already presented difficulties at recognizing
amous faces. In contrast, subject DN reported here performed extremely
ell with famous faces (100% accuracy at the famous face pointing task
erformed outside the SEEG procedure). Second, during electrical stim-
lation, subject CD was tested only with a face task requiring a verbal
utput (naming famous faces). In order to ensure that the deficit was not
ue to naming access/output (as potentially in a number of early cases
f face naming impairment following intracranial stimulation, often of
he left VOTC, Allison et al., 1994 ; Puce et al., 1999 ; see Jonas and Ros-
ion, 2021 ), DN was stringently tested here with a famous face pointing
ask. Third, we were able to perform an unusually large number of stim-
lations and trials (15 stimulation sessions of the effective sites with the
amous face pointing task, i.e., 97 trials including 27 trials during stim-
lation) in the present case. This allowed us to reliably quantify and
tatistically test the effect of stimulation, both in accuracy (drop from
0/70 trials succeeded outside stimulation i.e., 100%, to 11/27 during
timulation, i.e., 45.8%) and in correct response times (increase of mean
esponse time from 1116 ms outside stimulation to 2420 ms during stim-
lation of the effective contacts; i.e., 117% increase). Fourth, DN was
niquely tested with a wide range of face tasks, including two face tasks
ith their non-face counterparts (i.e., famous face and famous building
aming tasks, famous face and famous name pointing tasks), allowing
o assess the face specificity of the observed effect. Upon stimulation of
he very same contacts inducing a transient FIR deficit, there were no
rrors or increased response times for the non-face tasks. Moreover, DN
as tested with a simultaneous face matching task (unfamiliar and fa-
ous) allowing to specifically test face individuation independently of
is long-term and short-term memory of specific facial identities. When
timulating the effective contacts, DN was impaired at this task. 

Beside being able to find the famous written name among two
istractors and rapidly name famous buildings in similar tasks failed for
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Fig. 9. Broadband high frequency (gamma activity) recorded on contact TM5. A. Time-frequency analysis of high-frequency bands recorded on contact TM5 during 
the Face Localizer frequency-tagging experiment (obtained after averaging the 4 Face Localizer sequences recorded in DN [66 s each, without fade-in and fade-out], 
segmenting the average segment into 19 epochs containing 4 face cycles each, and then averaging these epochs). Gamma activity occurs between 30 Hz and 120 Hz 
but with a larger response centered around 60 Hz. This response is largely increased following the periodic presentation of the faces. These periodic bursts of gamma 
activity are captured in the frequency-domain analysis shown in Fig. 2 B. F: Face; O: Object. B. Time-domain analysis of the high-frequency response displayed in A. 
Signal related to the 6 Hz base frequency and its harmonics was filtered out. Face Localizer sequences were segmented relative to each face onset (i.e., every 0.83 s, to 
extract 1 face cycle), and resulting epochs were averaged. The black line indicates the onset of face presentation. The red vertical line shows estimated onset latency 
of face-selective responses in the high-frequency bands (i.e., computed as the time-point at which the SEEG response exceeded ± 2.58 times the standard deviation of 
the amplitude in the interval before the face onset [-0.166 to 0s], p < 0.01, two-tailed, for at least 30 ms). As stimuli appeared through sinusoidal contrast modulation, 
the corrected face onset time is indicated with a grey line, shifted forward from the black line by 41 ms (i.e., ∼1/4 of a 6 Hz cycle duration, corresponding to a face 
contrast of about 50% of the maximal; Retter and Rossion, 2016 ). After correction, the onset latency of face-selective responses in the high-frequency bands was thus 
estimated to 132 ms. 
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aces when stimulating the very same effective contacts, DN was also
ble to name visual non-face objects. Thus, the recognition impairment
ue to stimulation appeared to be specific to faces (i.e., transient
rosopagnosia). Admittedly, due to the constraints of the clinical
etting (i.e., limitations in the number of stimulation trials and overall
esting time), we did not test DN with more challenging tasks for
on-face items, requiring recognition of unique entities (beyond famous
uildings) or within-category recognition/discrimination for instance.
hile this would have undoubtedly constituted additional control tasks

o ensure specificity of the recognition impairment to faces, it would
14 
ave reduced the number of trials and diversity of the tasks performed
ith the latter stimuli, which we prioritized in this investigation.
oreover, it is important to stress that brain-damaged patients who

ave increased difficulties at matching/discriminating pictures of
isually similar non-face objects are cases of visual agnosia rather
han prosopagnosia, and therefore, unlike DN, also always present
ifficulties even at simple basic-level visual object recognition (e.g.,
evine and Calvanio, 1989 ; Gauthier et al., 1999 ; see Rossion, 2018 for
 rebuttal of the within-category discrimination account of
rosopagnosia). 
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As a final original contribution as compared to the previous case
eport with effective stimulation in the right AntFG, a FPVS approach
roviding objective and highly sensitive neural responses to identify and
uantify the face-selectivity and the sensitivity to unfamiliar face dis-
rimination and famous face identity at the effective stimulation sites
as introduced in the present case. With this approach, we found that
ll effective contacts associated with face recognition impairments when
timulated were face-selective in both low- and high-frequency bands
TM1, TM2, TM4, TM5, TM6), with the highest amplitudes among all
ecorded contacts in DN’s brain found on the consistently effective con-
act (TM5). Similarly, and strikingly, all effective contacts recorded un-
amiliar face discrimination and famous face identity responses, with
he largest amplitude in the upright condition and the largest ampli-
ude difference between upright and inverted conditions found on TM5
gain. 

Altogether, these observations provide unique evidence that the right
ntFG is a key node of the face-selective network, crucially involved in
IR. This observation is consistent with a study on low performers at
ecognizing faces without neurological history (i.e., prosopdysgnosia)
ho showed a volume reduction of their bilateral AntFG correlated with

heir behavioral decrement in famous face recognition ( Behrmann et al.,
007 ). A similar observation has been reported in patients with fronto-
emporal lobar degeneration (temporal and frontal variants), with a spe-
ific correlation with the right AntFG ( Omar et al., 2011 ). 

.2. Where is the right AntFG region critical for face recognition located? 

While the right AntFG highlighted here may be a critical node of the
ace-selective network, very little is known about its localization (and its
unctional role, see below), mostly because reliable BOLD activation is
ifficult to measure in this region due to a large signal drop-out arising
rom magnetic susceptibility artefacts ( Wandell, 2011 ; Rossion et al.,
018 ; Fig. 1 B ). This SNR drop-out explains why only a fraction of
MRI studies report face-selective activity in this region (e.g., Nasr and
ootell, 2012 ; Rossion et al., 2012 ; Pyles et al., 2013 ) and why fMRI
tudies have usually reported a gap between the FFA and very anterior
TL activations close to the temporal pole ( Fig. 1 C ). Using conventional

MRI sequences, we also failed to record face-selective fMRI activity in
he right AntFG and around the critical sites of stimulation (TM1, TM2,
M4, TM5, TM6) of subject DN, despite the recording of strong face-
elective FPVS/SEEG responses in low- and high-frequency bands on
hese contacts. Electrode TM was located at the heart of the signal drop-
ut created by magnetic susceptibility, with effective sites located at the
dge of this no-signal zone. On these critical contacts, only a small frac-
ion of the maximal fMRI signal was captured (tSNR range between 9
nd 38). The recording of face-selective responses in this region in DN is,
owever, fully consistent with FPVS/SEEG group studies using the same
aradigm and reporting large face-selective responses in the AntFG and
ntOTS across many subjects ( Jonas et al., 2016 ; Hagen et al., 2020 ). 

The FG is divided into posterior and anterior parts by a coronal plane
t the level of the posterior tip of the hippocampus ( Onitsuka et al.,
003 ; Jonas et al., 2016 ) or at the level of the cingulate isthmus and
plenium of the corpus callosum ( Chau et al., 2014 ). The AntFG extends
nteriorly up to the temporal pole. However, it is important to note that
he right AntFG region critical for FIR highlighted in the present study
nd previously (subject CD; Jonas et al., 2015 ) extends only over a re-
tricted part of the right AntFG, i.e., its most posterior part ( Fig. 1 A ).
his critical region is located just anteriorly to the posterior/anterior
ivision of the FG and anterior to the FFA. The y Talairach coordinates
f the critical contacts in subjects DN and CD were -21 and -30, respec-
ively. Along the medio-lateral axis, the critical contacts are located both
n the AntFG and its adjacent lateral sulcus, the AntOTS. The x Talairach
oordinates of the critical contacts were 31 to 37 and 29 to 45 for sub-
ects DN and CD, respectively. Therefore, although this region is often
amed “AntFG ”, critical face contacts are spread across two anatomi-
al regions: the AntFG and the AntOTS. The involvement of the AntOTS
15 
s particularly important to highlight since the effective contacts during
lectrical stimulation with the highest face-selective, unfamiliar face dis-
rimination and famous face identity responses in DN, were located in
act in the AntOTS (stimulations on TM4-TM5 and TM5-TM6). As such,
hese two anatomical structures may belong to a single functional and
ytoarchitectonic area, as it is the case most posteriorly in the middle FG
here the lateral part of the FG and the adjacent OTS belong to the same

ace-selective region (i.e., the FFA, Kanwisher et al., 1997 ; Weiner and
rill-Spector, 2012 ) and to the same cytoarchitectonic areas (FG2 and
G4 along the posterior-anterior axis, Caspers et al., 2013 ; Lorenz et al.,
017 ). For sake of simplicity, we will henceforth refer to this region
face-selective posterior parts of the AntFG and AntOTS, critical for face
ecognition) as the AntFG face region. 

.3. What is the role of the right AntFG face region? 

Keeping in mind that the effects of focal intracerebral electrical stim-
lation are not limited to the stimulation site of interest but may disrupt
he function of directly connected regions or even putatively an entire
etwork ( Penfield, 1958 ; Borchers et al., 2012 ; Desmurget et al., 2013 ),
t least three putative functional roles in face recognition could be at-
ributed to the right AntFG face region. Given its relative anterior lo-
ation in the VOTC and given that its focal stimulation reproducibly
ffected the recognition of famous faces, this region may play a role
n multimodal person-recognition ( Joubert et al., 2006 ; Gainotti, 2007 ;
lank et al., 2014 ) or in retrieving memories of familiar facial identi-
ies (Facial Recognition Units, FRU, Bruce and Young, 1986 ). However,
ecognizing familiar people based on their faces also requires extracting
diosyncratic features of these faces so that the right AntFG face region
ould also play a role in visual face individuation (independently of
ong-term familiarity). 

Considering the visual memory impairment for the presented faces
nd the reported absence of perceptual face distortion, it may be tempt-
ng to interpret this face recognition impairment as a form of “associa-
ive prosopagnosia ” through a disruption of the FRU ( De Renzi et al.,
991 ; Davies-Thompson et al., 2014 ). Following this hypothesis, the
timulation would have transiently disconnected intact facial percepts
nd facial identity memory stores (FRU) or led to a transient loss of
hese facial memory stores. However, this hypothesis is unlikely to be
orrect, for several reasons. First, as for the previously reported case CD
 Jonas et al., 2015 ), the difficulty to remember the specific items pre-
ented during stimulation was observed for all presented stimuli. This
bservation suggests that this form of post-stimulation amnesia, which
ay or may not be limited to visual items, is independent of the face-

pecific recognition impairment elicited in DN during stimulation. In-
tead, we hypothesize that this general visual memory impairment is
ue to a transient inactivation of the medial temporal lobe (MTL), in
articular the hippocampus and rhinal cortex, so that the episode, i.e.,
ere the (visual) stimuli presented during stimulation, cannot be en-
oded ( Jonas and Rossion, 2021 ). That is, electrical stimulation of a
ighly modality- and category-specific region of the right AntFG does
ot only interfere with this region’s function, but would also transiently
isrupt the function of directly (i.e., monosynaptically) connected brain
egions ( Penfield, 1975 ; Borchers et al., 2012 ), in this case a MTL re-
ion that is critical in learning and category-general memory encod-
ng ( Dickerson and Eichenbaum, 2010 ; Jeneson and Squire, 2012 ). This
ypothesis is supported by clear stimulation artifacts recorded in both
eft and right hippocampi during right AntFG stimulation. It is also
upported by studies showing that the AntFG is highly, directly, con-
ected with the MTL memory system (hippocampus and rhinal cortex,
ahn et al., 2008 ; Catenoix et al., 2011 ; Libby et al., 2012 ; Zhang et al.,
016 ). In particular, a SEEG study exploring the connectivity of the hip-
ocampus using cortico-cortical evoked potentials identified the AntFG
 “ant T4 ”) as one of the brain regions most highly connected to the hip-
ocampus ( Catenoix et al., 2011 ). Since the MTL function in memory en-
oding is generic rather than organized according to specific categories,
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n interference at this level would extend to all types of presented stim-
li, at least in the visual modality. Second, while the absence of visual
istortion when stimulating the right AntFG (both in the present case DN
nd in the previously reported case CD) contrasts with stimulations per-
ormed in more posterior face-selective regions, i.e., right OFA and FFA,
sually associated with conscious changes of the facial percept (facial
lements in disarray, Jonas et al., 2012 , facial palinopsia, Jonas et al.,
018 ; prosopometamorphopsia, Parvizi et al., 2012 ; Rangarajan et al.,
014 ), brain-damaged prosopagnosic patients who have clear unfamil-
ar face discrimination impairments do not experience perceptual dis-
ortions. Therefore, this contrast between the effects observed when
timulating the (right) AntFG and posterior face-selective regions could
ather be explained by differences in their pattern of connectivity, with
nly the latter regions being directly connected with visual low-level
i.e., topographical) areas in the occipital lobe ( Gschwind et al., 2012 ;
einer and Zilles, 2016 ; Maher et al., 2019 ; Finzi et al., 2021 ; see

onas and Rossion, 2021 ). Third, stimulating the right AntFG face re-
ion elicited a transient impairment at matching simultaneously pre-
ented pictures of faces for their identity, including (and even more so
or) unfamiliar faces. This last observation provides direct evidence that
N’s perception of facial identity was impaired, independently of short-
nd long-term memories of specific identities. Finally, the conceptual
istinction between (visual) perception and memory impairments in pa-
ients with prosopagnosia is not clear-cut ( Farah, 1990 ; Rossion, 2014 ).
hat is, so-called cases of “pure ” associative prosopagnosia usually per-
orm below normal range at matching different pictures of unfamil-
ar faces or rely on extremely slow and painstaking strategies (e.g.,
evine and Calvanio, 1989 ; Davidoff and Landis, 1990 ; Farah, 1990 ;
elvenne et al., 2004 ). Moreover, most patients with right ATL lesions

nitially considered as “associative prosopagnosia ” in fact show multi-
odal person recognition deficit affecting both face and voice identity

ecognition (e.g., Sergent and Poncet, 1990 ; Gainotti and Marra, 2011 ;
ee Gainotti, 2013a for review). 

Based on these considerations, we would like to argue here instead
hat the right AntFG face region plays a critical role in individuation ,
oth for familiar and unfamiliar faces, based primarily on indirect vi-
ual inputs (i.e., visual inputs that do not come from direct connections
ith the early visual cortex, unlike for the FFA and OFA; see Finzi et al.,
021 ). This interpretation is supported by several observations. First,
s mentioned above, DN was impaired at matching simultaneously pre-
ented unfamiliar faces for their identity when stimulating this region, a
ask that was trivial for him during the neuropsychological assessment
 Supplementary Table 1 ). Second, contacts evoking transient FIR im-
airments recorded large FPVS unfamiliar face discrimination responses
nd a recent SEEG group study with the same FPVS paradigm showed
hat the right AntFG is among the main regions supporting this function
 Jacques et al., 2020 ). More specifically, in that study, unfamiliar face
iscrimination was found to be supported by a strip of cortex in the right
OTC including the right inferior occipital gyrus and the right middle
G, with an extension about 3 cm in the ATL along the right AntFG ( y
alairach coordinates from -40 to -7), in the same region where sub-

ects DN and CD were stimulated ( y Talairach coordinates: -21 and -30,
espectively). Strikingly, despite extensive sampling of the whole ATL
p to the temporal pole, face identity discrimination responses were
eak and rare in the remaining parts of the ATL, i.e., anteriorly to the
ntFG region highlighted here, suggesting that the posterior section of

he AntFG in the ATL supports unfamiliar face discrimination while the
ore anterior section of the ATL may rather be involved in the associa-

ion of semantic information with specific face identities. 
Finally, an outstanding issue is whether the right AntFG constitutes

 modality- and category-selective region or rather a multimodal re-
ion involved in person-recognition (person semantic knowledge). On
he one hand, a face-specific region is supported by several sources of
vidence. First, as discussed above, the right AntFG is involved in visual
ace discrimination, a function rather dedicated to a modality-selective
egion. Second, during stimulation of the right AntFG face region, sub-
16 
ect DN was not impaired at recognizing famous persons by their writ-
en names. Admittedly, this last control condition (famous name point-
ng) may not be optimal to assess the semantic functions of the right
TL. Indeed, verbal (name) and nonverbal (face and voice) person-
pecific information may be processed (relatively more) respectively in
he left and right ATL ( Gainotti, 2007 , 2013b , 2015 ; Snowden et al.,
012 , 2018 ; but see Rice et al., 2015 , 2018 ; Hoffman and Lambon
alph, 2018 ) so that right ATL lesions may lead to multimodal deficits

or famous person recognition through face and voice inputs rather than
visual or auditory) names ( Gainotti et al., 2003 ; Busigny et al., 2009 ;
ailstone et al., 2011 ; Gainotti 2013a ; Cosseddu et al., 2018 ; but see
oubert et al., 2006 for a case of right ATL atrophy presenting with
 multimodal person-based impairment affecting names in addition to
aces and voices). Therefore, to fully assess the face-specificity of this re-
ion, one could test person recognition with another nonverbal modal-
ty, i.e., voice recognition, while applying electrical stimulation. Note
hat from a technical standpoint, this would be particularly challenging
ecause voice identity recognition is far from being as accurate, auto-
atic and fast as face identity recognition ( Barsics, 2014 ; Lavan et al.,
016 , 2019 ; Krix et al., 2017 ; see Young et al., 2020 for a recent review
omparing human face and voice recognition). Third, a recent fMRI con-
ectivity study focusing on the ATL showed that the AntFG is preferen-
ially connected to the posterior face-selective regions (OFA and FFA)
s a domain-specific region would be, and does not show a widespread
onnectivity with different modality-specific regions as it would have
een expected if the AntFG was part of a cross-modal semantic hub
 Persichetti et al., 2021 ). 

On the other hand, the right AntFG face region might well be a
ultimodal region involved in person-recognition. Studies of patients
ith semantic dementia with a specific interest on the respective role
f ATL subregions have shown that both the left and right AntFG play
 role in semantics ( Binney et al., 2010 ; Mion et al., 2010 ; Chen et al.,
019 ). Despite their methodological limitations to explore the ATL ac-
ivity, some fMRI studies using distortion-corrected spin-echo protocol
hat enhances signal in the ATL reported activations for semantic tasks
n the left and right AntFG ( Binney et al., 2010 ; Visser et al., 2010 ,
012 ; Visser and Lambon Ralph, 2011 ). Several sources of evidence (le-
ion and fMRI studies) also support the view that both left and right ATL
ay form a multimodal hub for person-identity recognition ( Blank et al.,
014 ; Rice et al., 2018 ). One study of specific interest investigated the
ole of different ATL subregions in multimodal person recognition and
ound a correlation between grey matter volume in the right AntFG and
oice to face-name cross-modal matching in both semantic dementia and
lzheimer’s disease ( Hailstone et al., 2011 ). However, the AntFG regions
ighlighted in these aforementioned lesion and fMRI studies were usu-
lly located more anteriorly than the right AntFG face region identified
n the present study (e.g., y MNI coordinate: y = -9 in Binney et al., 2010 ;
 = -10 in Mion et al., 2010 ; y between -8 and -20 in Visser et al., 2010 ;
 between -15 and -17 in Hailstone et al., 2011 ; y = -6 in Chen et al.,
019 ; compared to y MNI coordinate of patients CD and DN, at -32 and
22, respectively). A recent study reviewed the MNI coordinates of ATL
ctivations for general semantic from 8 previous fMRI studies and found
n average y MNI of -13.3 ± 4.9 ( Rice et al., 2018 ), that is far more an-
erior than the presently highlighted AntFG face region. This last fMRI
tudy also found bilateral ATL cluster responding to cross-modal per-
on knowledge far anterior to our AntFG face region ( y MNI coordinates
etween 3 and 7). 

Given the above mentioned characteristics of the right AntFG face re-
ion (anatomical proximity with classical ATL semantic regions, strong
unctional connectivity with the MTL) and the in-depth investigation
eported here, we therefore propose that this region, along with its
ole in unfamiliar face discrimination, is a critical hub located at the
nterface between posterior face-selective (modality-specific) VOTC re-
ions, MTL regions involved in episodic memory encoding and ATL re-
ions involved in cross-modal person-recognition and semantic memory
ssociations. 
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