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ARTICLE INFO
Patient PS sustained her dramatic brain injury thirty years ago, in 1992, the same year as the first report of a

Keywords: neuroimaging study of human face recognition.The present paper complements the review on the functional
Face identity recognition nature of PS’s prosopagnosia (part I), illustrating how her case study directly, i.e., through neuroimaging in-
Prosopagnosia vestigations of her brain structure and activity, but also indirectly, through neural studies performed on other

Single case clinical cases and neurotypical individuals, inspired and constrained neural models of human face recognition.In

pS the dominant right hemisphere for face recognition in humans, PS’s main lesion concerns (inputs to) the inferior

Fusiform gyrus occipital gyrus (I0G), in a region where face-selective activity is typically found in normal individuals (‘Occipital

1(3)1;1: Face Area’, OFA).Her case study initially supported the criticality of this region for face identity recognition (FIR)

Right hemisphere and provided the impetus for transcranial magnetic stimulation (TMS), intracerebral electrical stimulation, and

Non-hierarchy cortical surgery studies that have generally supported this view.Despite PS’s right IOG lesion, typical face-
selectivity is found anteriorly in the middle portion of the fusiform gyrus, a hominoid structure.This face-
selective right ‘Fusiform Face Area’ (FFA) has been widely considered as the most important region for
human face recognition.This finding led to the original proposal of direct anatomico-functional connections from
early visual cortices to the FFA, bypassing the IOG/OFA , a hypothesis supported by further neuroimaging studies
of PS, other neurological cases and neuro-typical individuals with original visual stimulation paradigms, data
recordings and analyses.The proposal of a lack of sensitivity to face identity in PS’s right FFA due to defective
reentrant inputs from the IOG/FFA has also been supported by other cases, functional connectivity and cortical
surgery studies.Overall, neural studies of, and based on, the case of prosopagnosia PS strongly question the
hierarchical organization of the human neural face recognition system, supporting a more flexible and dynamic
view of this key social brain function in our species.

1. Introduction

The present review is devoted to neural, i.e., essentially neuro-
imaging, studies of the case of prosopagnosia PS, the first of which
having been reported 20 years ago (Rossion et al., 2003).The review is
theoretically driven, and also includes neural recording studies per-
formed with other patients related to PS’s case as well as with neuro-
typical individuals.It is the second part of an extensive review of this
case of prosopagnosia studied for more than 20 years with numerous

behavioral and neural measures.While the present review paper can be
read on its own and there is little overlap between the two reviews, it is
useful to reintroduce the case of PS by briefly summarizing the points
made in the first paper devoted to functional aspects of PS’s proso-
pagnosia and human face recognition (Rossion, 2022a).

Due to severe closed-head injury at the age of 42 and multiple brain
lesions (Fig.1), Pierrette Sapey (PS), who is female and right handed, lost
the ability to recognize people’s identity by their faces, i.e., face identity
recognition (FIR).PS is a real case of prosopagnosia according to

Abbreviations: FIR, Face Identity Recognition; FFA, Fusiform Face Area; OFA, Occipital Face Area; I0G, Inferior Occipital Gyrus; STS, Superior Temporal Sulcus;
LatMidFG, Lateral MidFusiform gyrus; EVC, Early visual cortex; fMRI, Functional Magnetic Resonance Imaging; EEG, Electroencephalography; DCM, Dynamic Causal
modeling; TMS, Transcranial Magnetic Stimulation; VOTC, Ventral Occipito-Temproal Cortex; VATL, Ventral Anterior Temporal Lobe.
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Bodamer (1947)’s classical definition of a category-selective disorder for
faces: her object recognition from vision is intact, including the recog-
nition of individual exemplars of nonface object categories.PS also ful-
fills other criteria of prosopagnosia as recently redefined (Rossion,
2018), i.e., a patient without neurological history or any evidence at FIR
difficulties prior to the injury, who abruptly sustains a massive/com-
plete loss of FIR at adulthood, both for face identities learned before the
accident and encountered after the accident (i.e., retrograde and
anterograde memory deficit).

To recognize someone’s identity, PS uses other cues than his/her face
such as the person’s body shape, gait, voice, gender etc.and, most
importantly, relies heavily on the context in which she is likely to meet
this person.However, PS also tries to use the face: she tends to focus on
individual parts of a face, including internal parts, and she can describe
these parts very well (e.g., the color of the eyes, the thickness of the lips,
etc.).However, contrary to typical observers, she is unable to perceive
these face parts as a single unit, a so-called holistic/configural repre-
sentation, at a level of resolution that is sufficient to recognize the
identity.On account of her loss of holistic/configural perception of facial
identity, PS shows no inversion effect, i.e., no advantage at recognizing
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diagnosticity of the eye region of the face, a crowded region made of
multiple elements, to identify people.Similarly, it causes relatively more
difficulties at detecting differences in terms of relative distances be-
tween parts than a local part, especially in conditions of uncertainty, i.e.,
when the nature of the diagnostic cue to identify faces varies randomly
across trials in an experiment.

PS’s case of prosopagnosia is interpreted in a reversed way compared
to classical models of human visual recognition: it is the degradation of
(access to) (cortical) memories of faces that causes — rather than follows
— her perceptual impairment.That is, her recognition deficit causes a
perceptual deficit, perception being defined in this revised theoretical
framework merely as the subjective experience occurring when low-
level non-categorical sensory inputs match these cortical memories.”
This in-depth investigation of PS’s case not only leads to a deeper un-
derstanding of the very nature of FIR and its human specificity, but also
contributes to improvement in developing diagnostic tests of the func-
tion with behavioral, eye movements, and electrophysiological re-
cordings (Rossion, 2022a).

The present review (part II) on the neural basis of PS’s prosopagnosia
and human face recognition is based on a number of publications of her

Fig.1. A. Pierrette Sapey, known as the prosopagnosic patient PS in the scientific literature, here photographed at home around 2005.B. As illustrated here (from
Sorger et al., 2007), PS underwent severe brain damage 1) in the right inferior occipital gyrus and 2) the left middle fusiform gyrus, as well as 3) in the left cer-
ebellum.4) An additional small lesion, in the right hemisphere (close to the “R” label in the central figure) is present in the lateral section of the middle tempo-

ral gyrus.

the identity of a face at upright as compared to inverted orientation.
At a coarse level, PS is able to recognize a visual stimulus as a face
holistically (e.g., a Mooney face or an Arcimboldo portrait).She can also
recognize each individual part at a fine-grained level of resolution.Yet,
she can no longer combine the two, i.e., derive a relatively fine-grained
holistic representation (FGH).This expert process is required to indi-
viduate faces only, not other visual object categories, and is therefore
proposed to be at the heart of the specificity of FIR in human adults.The
inability to derive FGH representations particularly reduces the relative

2 In Psychology, the term “recognition” often implies a judgment of previous
occurrence (specifically “the ability to identify information as having been
encountered before”, APA Dictionary of Psychology; see also Mandler, 1980).
However, the term is used here in keeping with the first review in a general
biological sense to refer to the production of a selective (i.e., discriminant) response
to a given sensory input, a response that can be reproduced (i.e., generalized) across
variable viewing conditions (i.e., generalized).As defined, face recognition is
essentially the same function as face categorization (Rossion and Retter, 2020).
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case (Table 1), and divided in 9 sections.

Following this brief introduction (section 1), the context is set by
presenting the network of face-selective regions in the human brain as
defined in neuroimaging studies (section 2).Next (section 3), PS’s brain
damage is described in detail, discussing which lesions most likely
contributed to her prosopagnosia.lt is made clear that these critical le-
sions concern brain regions that do not exist in a common animal model
of human face recognition, the macaque monkey (section 4), a species
that is poor at face identity recognition (Rossion and Taubert, 2019) and
does not present with prosopagnosia (Heywood and Cowey, 1992).The
next two sections set the context of a hierarchical model of face recog-
nition (section 5), and describe in detail the direct and indirect contri-
butions of PS’s case to a non-hierarchical model and its functional
implications (section 6).Section 7 attempts to explain why despite the
evidence provided directly and indirectly from PS’s case, the strict hi-
erarchical organization of human face recognition persists and still
dominates the field.Counterarguments and contradictions to this view
are directly addressed.Section 8 summarizes the findings of a lack of
sensitivity to differences between facial identities at the neural level in
PS’s face-selective regions, supporting the relevance of the repetition
suppression/fMR-adaptation technique to characterize the neural basis
of FIR and the (in)direct role of the right inferior occipital gyrus in this
function.At the end of this section, transcranial magnetic stimulation
(TMS) studies and case studies of transient prosopagnosia following
electrical intracerebral stimulation inspired by the case of PS are
described and discussed, providing further evidence for the role of the
right IOG/OFA in FIR.An extended summary, conclusions and perspec-
tives are provided in the last section (section 9).

Table 1

List of publications with data on the prosopagnosic patient PS to date (2022),
including 32 full papers and three short reports (see bibliography for full ref-
erences).In bold, papers containing neural data, as summarized and discussed in
the present review (part II).

1. Rossion, B.et al.(2003).Brain, 126, 2381-2395.

2.Caldara, R.et al.(2005).Journal of Cognitive Neuroscience, 17, 1652-1666.
3. Schiltz, C.et al.(2006).Cerebral Cortex, 16, 574-86.

4. Sorger, B.et al.(2007).NeuroImage, 35, 836-852.

5.0rban de Xivry, J.-J.et al.(2008).Journal of Neuropsychology, 2, 245-268.
6. Dricot, L.et al.(2008).NeuroImage, 40, 318-332.

7. Dricot, L.et al.(2008).Behavioral Neurology, 19, 75-79.
8.Rossion, B.(2008).Neurolmage, 40, 423-426.

9. Steeves, J.et al.(2009).Neuropsychologia, 47, 2584-2592.
10.Rossion, B.et al.(2009).Journal of Neuropsychology, 3, 69-78.

11. Peelen et al.(2009a).Soc.Cogn.Affect.Neurosci., 4, 268, 277.
12.Farivar et al.(2009).Journal of Neuroscience, 29, 5336-5342.

13. Righart, R.et al., (2010).Cerebral Cortex, 20, 1878-1890.
14.Ramon, M., & Rossion, B.(2010).Cortex, 46, 374-389.

15.Ramon, M.et al.(2010).Neuropsychologia. 48, 933-944.
16.Busigny, T.& Rossion (2010a, b).Cortex, 46, 965-981.

17.Busigny et al.(2010a, b).Neuropsychologia, 48, 2051-2067.
18.Busigny, T.& Rossion (2010a, b).Behav Neurol., 23, 229-231.
19.Van Belle, G.et al., (2010a).Neuropsychologia, 48, 2609-2620.
20.Van Belle et al.(2010b).Behav Neurol. 23, 255-7

21.Busigny, T., Rossion, B.(2011).Journal of Neuropsychology, 5, 1-14.
22.Jiang, F.et al.(2011b).Visual Cognition, 20, 865-882.

23.Rossion, B.et al.(2011)Frontiers in Human Neuroscience, 4:225.
24, Prieto, E.A.et al.(2011).Front Hum Neurosci. 2011; 5:138.

25. Simon et al.(2011).Cortex, 47, 825-838

26.Quadflieg, S.et al.(2012).Visual Cognition, 20, 865-882.

27.Van Belle et al.(2015).Cognition, 136, 403-408.

28.Richoz, A-R.et al.(2015).Cortex, 65, 50-64.

29. Liu-Shuang, J.et al.(2016).Neuropsychologia, 83, 100-113.
30.Ramon, M.et al.(2016).Visual Cognition, 24, 1334-1341.

31.Fiset, D.et al.(2017).Soc Cogn Affect Neurosci.12, 1334-1341.
32.Burra, N.et al.(2017).Brain and Cognition, 113, 115-132.
33.Ramon et al., 2018.Cognitive Neuropsychology, 35, 304-313.

34. Gao, X.et al.(2019).Cortex, 119, 528-542.

35.Fysh, M.C., & Ramon, M.(2022).Neuropsychologia, 165, 108119.
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2. The context: an extensive cortical face network

What have we learned about the neural basis of human face recog-
nition from studies of PS’s prosopagnosia? How did her case study
directly inspire and constrain neurofunctional models of human face
recognition? And how did her case study also indirectly, i.e., through
neural studies performed on normal participants and other clinical
cases, contribute to improving our knowledge at this level? These
questions have been already partly addressed in a previous review
concerning the combined contribution of prosopagnosia and neuro-
imaging to the neural basis of human face recognition (Rossion, 2014).
Since then, there have been only a handful of reports on additional
neuroimaging studies of PS, even though she has also been tested in
recent years for about 30 h of fMRI experiments spanning over 2 weeks
at Stanford University by Kalanit Grill-Spector, Kevin Weiner and their
colleagues, generating plenty of original data that will enrich the picture
presented in the present review in the future.However, many neural
studies performed on normal participants and other clinical cases
inspired by, and related to, the case of PS have been reported in the last
few years, enriching the contribution of her case study to our under-
standing of the neural basis of human face recognition.Moreover, I think
that it is important to integrate investigations and observations of PS’s
brain in the context of our current knowledge regarding the neural basis
of human face recognition, which I will try to do in the present review
paper.

PS’s dramatic accident occurred in 1992, the same year in which,
coincidentally, the first report of a neuroimaging study of face recog-
nition — at the time with positron emission tomography (PET) - appeared
in the literature (Sergent et al., 1992).Over the following 30 years, until
now, hundreds of neuroimaging studies in neurotypical individuals,
mainly with fMRI, have been reported, highlighting the neural basis of
human face recognition.Collectively, these studies have disclosed clus-
ters of voxels of a few cubic millimeters with larger neural activation to
pictures of faces than nonface visual stimuli in the human brain (e.g.,
Puce et al., 1995; Kanwisher et al., 1997; McCarthy et al., 1997; Halgren
et al., 1999; Gauthier et al., 2000; Weiner and Grill-Spector, 2010;
Rossion et al., 2012; Zhen et al., 2015; Gao et al., 2018; Schwarz et al.,
2019; Gao et al., 2022).Despite a substantial amount of variability in the
paradigms and stimuli used across fMRI studies (Duncan et al., 2009;
Berman et al., 2010), these “face-selective” clusters have been reported
in consistent gross anatomical structures across studies, mainly in both
the Ventral Occipito-Temporal Cortex (VOTC) and the Superior Tem-
poral Sulcus (STS) (Fig.2).

The different fMRI-defined face-selective clusters of the human
occipito-temporal cortex have been labelled according to the anatomical
region where they are usually disclosed.For instance, the most well-
known is the “Fusiform Face Area” (“FFA”, labelled by Kanwisher
et al., 1997), a face-selective cluster (or series of clusters, Fig.2; see also
Weiner and Grill-Spector, 2010; Rossion et al., 2012; Gao et al., 2022)
identified in the middle section of the anterior-posterior axis of the
lateral fusiform gyrus (LatMidFG).In the same vein, the “Occipital Face
Area” (“OFA”, labelled by Gauthier et al., 2000), is typically identified in
the lateral section of the inferior occipital gyrus (I0G).Following this
logic, up to 6 face-selective clusters, namely 4 in the VOTC [OFA, pFFA
(posterior FFA, also called pFus-faces), mFFA (middle FFA, also called
mFus-faces), ATL-FA (Anterior Temporal Lobe Face Area)] and 2 in the
STS [pSTS-FA, aSTS-FA; posterior and anterior STS Face Area, respec-
tively], have been defined in the most recent neurofunctional model of
human face recognition (Duchaine and Yovel, 2015; for earlier models
see Haxby et al., 2000; Calder and Young, 2005; Ishai, 2008; Rossion,
2008; Haxby and Gobbini, 2011).These face-selective clusters of voxels
are thought to contain populations of (millions of) neurons (Logothetis,
2008) which, by definition, must play a key role in the recognition of a
visual stimulus as a face.

Beyond this generic face recognition function, many fMRI studies
have tested the sensitivity of these face-selective clusters — in particular
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Fig.2. A.Following the seminal study of Kanwisher et al.(1997), face-selective regions are typically defined using a ‘face localizer approach” in which neuroimaging
activity that is significantly larger to pictures of faces (F) than nonface objects (usually presented in blocks) is isolated.Kanwisher et al.(1997) defined the largest
significant cluster in the lateral portion of the middle fusiform gyrus (LatMidFG), with a right hemispheric advantage, as the fusiform face area (FFA).Face-selective
activity is also found more posteriorly in the inferior occipital gyrus (‘Occipital face area’, OFA) as shown in A and also in B on an inflated surface of an individual
brain (adapted from Kanwisher and Yovel, 2006) as well as in the posterior section of the superior temporal sulcus (STS).As illustrated in panel B, these regions are
often constituted of several face-selective clusters and could well be referred to as e.g., “FFA-complex” or “MidFus-faces-complex” (see Gao et al., 2022).C.Haxby
et al.(2000)’s neurofunctional model of human face recognition includes these three regions in a core system for visual analysis of faces, with the OFA as the hy-
pothetical gateway of the face recognition system.The core system is thought to be connected with anterior regions of the parietal and temporal lobes to perform

general functions triggered by face stimuli.

the FFA - to physical stimulus manipulations (e.g., position, size, head
orientation and various image statistics; see e.g., Tong et al., 2000; Levy
et al., 2001; Yue et al., 2011; Rice et al., 2014; Finzi et al., 2021), to
attention (e.g., O’Craven et al., 1999; Peelen et al., 2009b) and
conscious perception (e.g., Tong et al., 1998; Andrews et al., 2002; Fang
and He, 2005), and investigated their putative role in finer-grained
facial recognition functions (e.g., face familiarity and identity, facial
expression, eye gaze direction, etc.; for reviews see Haxby and Gobbini,
2011; Rossion, 2014; Duchaine and Yovel, 2015; Grill-Spector et al.,
2017).Another important line of research focuses on the origin and
developmental trajectory of these fMRI face-selective clusters (Golarai
et al., 2007, Golarai et al., 2017; Scherf et al., 2011; Nordt et al., 2021).

In these studies, the face-selective cortical clusters are usually
considered as discrete components, conceptualized as information pro-
cessing stages, of a well-defined neuro-functional network in the human
brain, with a definite pattern of anatomo-functional connectivity
(Fairhall and Ishai, 2007; Gschwind et al., 2012; Pyles et al., 2013;
Weiner et al., 2017; Elbich et al., 2019; Wang et al., 2020; Kesssler et al.,
2021).Comparative studies have also attempted to relate these
face-selective neural clusters one-by-one across different species of the
primate order (macaques and humans: Tsao et al., 2008; Rajimehr et al.,
2009; Yovel and Freiwald, 2013; marmosets to macaques and humans:
Hung et al., 2015; see Weiner and Grill-Spector, 2015).

Overall, the ultimate objectives of this research program on face-
selective regions are to (1) define each component of the human
cortical face network, (2) determine its anatomical features and
intrinsic/extrinsic anatomico-functional connections and (3) understand
the nature of its local representations and processes (Grill-Spector et al.,
2017; see also Freiwald, 2020 and Hesse and Tsao, 2020 in non-human
primates).For instance, in humans, fMRI studies have associated
face-selective regions of the human STS with dynamic aspects of face
recognition (e.g., facial expression, eye gaze and head orientation) while
those in the VOTC are linked to more stable aspects of face recognition
(e.g., identity, gender, etc.) (Allison et al., 2000; Haxby et al., 2000;

O’Toole et al., 2002; Duchaine and Yovel, 2015; Bernstein and Yovel,
2015; Pitcher and Ungerleider, 2021).In both the STS and VOTC path-
ways, the prevalent view is that of a progressive evolution in the degree
of view-invariance and complexity of facial representation from poste-
rior to anterior face-selective regions.Most importantly, the human face
recognition system is thought to be largely hierarchical, i.e., with a
relatively anterior area being a higher-order stage of processing/-
representation built upon (combinatorial activity, e.g., pooling in) a
lower-order stage in a more posterior area (e.g., Duchaine and Yovel,
2015; Meyers et al., 2015; Weiner et al., 2017; Tsantani et al., 2021; see
also DiCarlo et al., 2007).

Does the case of prosopagnosia PS directly and indirectly inform this
research program, and if so, how?

3. A unique pattern of brain damage

In the James Bond movie Spectre, Bond’s nemesis is torturing our
hero using a head clamp fused with a robotic drill.Intending to erase
Bond’s memory of faces by making him prosopagnosic, the villain says
he is directing his drill to the fusiform gyrus.However, the drill should
have been aimed just in front of 007’s ear, and not below the mastoid
process under and behind the ear (Cusimano, 2015).Moreover, the drill
targeted the left hemisphere, which is known to play a secondary role in
FIR compared to the right hemisphere (Sergent, 1988; Rossion, 2014;
Rossion and Lochy, 2022).While this failure in neuroanatomy may have
saved Bond’s FIR ability, PS was not so lucky following her dramatic
brain injury, causing lesions that unfortunately overlap substantially
with the neural circuits that are critical for FIR (Fig.3).

Yet, PS’s pattern of brain lesions, as shown on Fig.1 and described in
detail in the neurofunctional mapping of her brain (Sorger et al., 2007),
is atypical, in fact truly unique, even considering the variability in the
localization of brain damage causing severe long-lasting FIR impairment
(e.g., Sergent and Signoret, 1992; Bouvier and Engel, 2006; Barton,
2008; Cohen et al., 2019, Fig.3).
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Jansari et al., 2015

Busigny et al., 2010

Bouvier & Engel, 2006

Fig.3. Lesion localization in a number of reported cases of prosopagnosia (with the right hemisphere on the left, i.e., radiological display convention), with
permission.While most reported cases of prosopagnosia suffer from bilateral brain damage, patients with right unilateral lesions have also been reported (e.g., Sergent
and Signoret, 1992; Busigny et al., 2010; Riddoch et al., 2008; Jansari et al., 2015) (with only few reports of left unilateral lesions in the LH, in left handed in-
dividuals; see Rossion and Lochy, 2022).When unilateral, the lesion usually encompasses the right inferior occipital gyrus and middle fusiform gyrus, as illustrated
here in a number of reported cases from various sources.The schematic representation at the bottom right shows the percentage of overlap of lesions in a series of
reported cases of prosopagnosia, with the mark ‘O’ for the location of the right OFA (as in Rossion et al., 2003), and ‘x’ for the location of the FFA (in Kanwisher et al.,
1997).While PS’s right IOG lesion overlaps with typical common lesions causing long-lasting FIR impairment, her global pattern of brain damage with 4 focal lesions
as shown in Fig.1 (3 in red + the cerebellum) is clearly atypical.(For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

In general, a unique pattern of brain damage is more likely to happen
in neuropsychological patients who sustain a closed-head injury rather
than a neurodegenerative disorder, or even a stroke of the (right) pos-
terior artery, the most common aetiology for reported cases of proso-
pagnosia in the literature.(Busigny et al., 2013) In most of these patients,
the FIR impairment follows right unilateral or bilateral brain damage,
which usually concerns either a continuous, extensive region of the
brain, or partly similar lesions across the two hemispheres, respectively
(e.g., Meadows, 1974; Damasio et al., 1982; Sergent and Signoret, 1992;
Bouvier and Engel, 2006; Barton, 2008; Barton et al., 2009; Riddoch
et al., 2008; Cohen et al., 2019, Fig.3).In contrast, PS has four clear,
spatially distinct, focal lesions that concern the left cerebellum, the right
inferior occipital gyrus, the left posterior fusiform gyrus, and a smaller
lesion in the right middle temporal gyrus (Fig.1).Thus, PS’s brain lesions
are bilateral, but largely asymmetric.

Even though the contribution of the cerebellum in cognitive

functions beyond motor coordination is now widely accepted (Buckner,
2013; Schmahmann et al., 2019), there is no reason to think from any
other sources of evidence that the FIR impairment of PS is related to
damage at this level.®

For a long time, I was convinced that the right IOG lesion in PS’s
brain was key, perhaps even sufficient to account for her prosopagnosia
(Rossion, 2014).My reasoning was based on many reasons.First, it is the
largest lesion in PS’s brain (Sorger et al., 2007).Second, there is
long-standing and overwhelming evidence that the right hemisphere
(RH) is dominant in human face recognition, especially human FIR
(Hecaen and Angelergues, 1962; Sergent, 1988a; Griisser and Landis,
1991; Rossion and Lochy, 2022).Moreover, in line with early proposals
(Hecaen and Angelergues, 1962; Meadows, 1974), in right-handed
people at least, a RH lesion can be sufficient to fully or partially
impair FIR (Landis et al., 1986; De Renzi et al., 1991; Sergent and
Signoret, 1992; Barton, 2008; Busigny et al., 2010b; see also Benton and

3 PS does not experience motor coordination problems but she went through
a motor rehabilitation program for several weeks after her accident in 1992, in
which she had for instance to walk along a straight line.Interestingly, she claims
that since her accident she tends to “deviate” from walking straight when she is
tired for instance (and PS never drinks alcohol!).
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Van Allen, 1972; Tranel et al., 2009).Third, PS’s right IOG lesion en-
compasses a brain region that is often damaged in reported cases of
prosopagnosia (Fig.3), and falls right at the location of the largest
overlap of lesions in a series of reported cases of prosopagnosia (Bouvier
and Engel, 2006, Fig.3).Fourth, PS’s right IOG lesion corresponds well
with face-selective activity in the IOG in typical individual brains (i.e.,
compare Figs.1 and 2 and section 5 below), and there is no evidence of
face-selective activity in the remaining cortical tissue of the right IOG in
PS’s brain.Fifth, application of transcranial magnetic stimulation (TMS)
over the right I0G in typical individuals (in studies that were directly
inspired by PS’s case, as described below) decreases FIR performance
(Pitcher, 2021, for review).Sixth, the right IOG lesion is also responsible
for a left paracentral scotoma, characteristic of a substantial proportion
of reported cases of prosopagnosia (Hécaen & Angelergues, 1962;
Bouvier and Engel, 2006).Finally, focal intracerebral electrical stimu-
lation of the right IOG only can be sufficient to cause transient proso-
pagnosia (Jonas et al., 2012).

However, despite these apparently compelling reasons, I must admit
that I am no longer convinced that the right IOG lesion is sufficient to
account for PS’s prosopagnosia.Instead, I now consider that the exten-
sive damage of the left middle FG lesion must also have contributed
significantly.My change of view is not based on the apparent prevalence
of bilateral lesions in reported cases of prosopagnosia (Meadows, 1974;
Damasio et al., 1982) or the claim that the FIR impairment is more se-
vere in cases with bilateral as compared to unilateral lesions (Barton,
2008).Indeed, as mentioned above, there are many reported cases of
prosopagnosia with right unilateral brain damage (Griisser and Landis,
1991; Bouvier and Engel, 2006; Cohen et al., 2019).Moreover, Barton
(2008)’s claim, despite being in line with the general pattern of more
severe deficits for bilateral than unilateral hemispheric damage across
many different sensory, motor, and memory domains (Schapiro et al.,
2013), was not based on significant evidence; and an obvious confound
in this reasoning is the volume of brain damage, which is usually larger
in patients with bilateral than unilateral lesions.” Instead, I have been
recently impressed with the fact that the left VOTC lesion of PS concerns
almost only the lateral rather than the medial portion of the fusiform
gyrus, where face-selectivity is typically found (i.e., cytoarchitectonic
areas FG2 and FG4; Weiner and Grill-Spector, 2010; Weiner et al.,
2017).Moreover, when using a recently developed valid and highly
sensitive face localizer this left VOTC lesion overlaps more with the
highest face-selective activity found in this hemisphere in neurotypical
individuals than the right hemisphere 10G lesion (Gao et al., 2019) .

In addition, in recent years, my colleagues and I have identified two
cases in which extensive cortical resection (in a clinical context) of the
right IOG alone did not lead to prosopagnosia.The first patient, SP, had
FIR difficulties pre-surgery, albeit not as severe as in prosopagnosia.
Thus, it could be argued that her cortical face network was not working
efficiently prior to right IOG resection (Weiner et al., 2016).However,
most recently, KV, the same patient who showed transient proso-
pagnosia during focal intracerebral electrical stimulation of the right
I0G but otherwise excelled at FIR (Jonas et al., 2012, 2014), showed
only mild impairment at FIR following cortical resection of the right
I0G, with no long-term complain of difficulties in real life circumstances
(Yan et al.,, in preparation).These latter observations — which will be
discussed in depth below — do not only question the claim that direct

4 Even though the RH is clearly dominant for human face recognition in most
individuals, there is no consistent evidence that the LH performs qualitatively
different, i.e., complementary processing operations (Rossion and Lochy, 2022),
which would provide a basis for the claim that bilateral lesions provide more
severe deficits even if damaged cortical volume is matched.The two hemi-
spheres may contribute additively to human face recognition, so that a bilateral
lesion of the cortical face network could have, on average, the same conse-
quences as a right unilateral damage if the amount of cortical volume is
comparable.
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electrical stimulation constitutes the gold standard to detect the func-
tionality of local brain regions (see Borchers et al., 2012; Jonas and
Rossion, 2021), but suggest that PS might not have become proso-
pagnosic if her cortical lesion had been restricted to the right I0G.

Finally, a putative contribution of the third, much smaller, cortical
lesion in the right temporal lobe of PS’s brain cannot be fully excluded,
even though it is unlikely.While Pitcher et al.(2011) were correct to
mention that it is important to interpret PS’s FIR impairment in with
respect to all her lesions and not solely with regard to the damage to her
right IOG, these authors’ reference to cortical damage restricted to the
right anterior temporal lobe as causing “severe face perception impair-
ments (Evans et al., 1995;Barton, 2008)” in the context of PS’s third
cortical lesion was misleading.Indeed, impairments at FIR have been
found following damage to the ventral anterior temporal lobe (VATL), a
region where face-selectivity has also been identified in some fMRI
studies (Rajimehr et al., 2009; Nasr and Tootell, 2012; Avidan et al.,
2014; J.A Collins et al., 2016) but which is entirely structurally intact in
PS’s brain.Instead, PS’s third cortical lesion concerns the (right) middle
temporal gyrus (Fig.1; see Sorger et al., 2007).While the anterior section
of the right middle temporal gyrus has been recently correlated with
difficulties in face familiarity judgements across a variety of neurode-
generative disorders (Borghesani et al., 2019), this region does not
usually light up in neuroimaging studies of face recognition.For this
reason, it is not included in neuro-functional models of this function.
Moreover, face-selective potentials recorded in this region (e.g., N200;
Allison et al., 1994, 1999) could well be generated in deeper structures
such as the occipito-temporal sulcus (OTS), diffusing laterally towards
the lateral temporal cortex (see the schematic Fig.8 in Bentin et al.,
1996).

Finally, I have described PS’s lesions in terms of cortical (or cere-
bellum) structures, but they must also involve the white matter deep in
these gyri, comprising incoming and outgoing fibers to this cortex
(including fibers descending from the posterior part of corpus callosum)
and the inferior longitudinal fasciculus (ILF; Catani et al., 2003).Since
the lower part of the optic radiation fuses and is intermingled with the
ILF, which is the main pathway from the extrastriate cortex into the
temporal lobe (Zemmoura et al., 2021), a lesion of the lower part of the
right optic radiation in the occipitotemporal region (accounting for PS’s
left upper quadrantanopia as described in Sorger et al., 2007; see review
part I) will thus almost certainly involve the ILF and is also likely in
addition to interrupt callosal connections between the ventral occipi-
totemporal cortex of the two hemispheres (Meadows, 1974; Fox et al.,
2008; Grossi et al., 2014).Damage to these white matter tracts certainly
plays a key role in PS’s prosopagnosia (i.e., preventing sensory inputs to
match cortical memories of faces in the IOG and fusiform gyrus, as
described in the review part I) (see Herbet et al., 2018 for the critical role
of the ILF in visual cognition).

4. Human specificity of the ventral cortical face network

It is important to stress that PS’s critical brain damage for FIR
impairment concerns hominoid-specific VOTC structures.In particular,
these structures do not exist in the macaque monkey (Fig.4), an animal
species often considered as offering the best available animal model of
the human brain in the neuroscientific community (Passingham, 2009).
Despite serving as a model of the neural basis of human face recognition
for decades (Gross et al., 1972; Perrett et al., 1982; Freiwald, 2020;
Hesse and Tsao, 2020), it is worth reminding that a macaque monkey
brain is not only much smaller than a human brain (by a factor of 13-15
in size and in number of neurons; Herculano-Houzel, 2016), but that
there are considerable differences between the two species in gyr-
ification (Zilles et al., 2013), including in the temporal lobe (Bryant and
Preuss, 2018, Fig.4).

In humans, the VOTC is divided by two major sulci: the collateral
sulcus (CS) more medially, and the occipito-temporal sulcus (OTS) more
laterally, these two sulci defining the borders of the fusiform gyrus,
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Fig.4. The ‘core’ ventral cortical face network is uniquely human.A.Comparison of a lateral and ventral views of a human and a macaque brain (adapted from
Bryant and Preuss, 2018, with permission).Brains are not to scale.Colors indicates the density level of myelin from red for high to blue for low.Compared to humans,
the ventral-occipito-temporal cortex of macaque monkeys is relatively much smaller and does not have a fusiform gyrus (FG; ATL: anterior temporal lobe, FFA:
fusiform face area, ITG: inferior temporal gyrus, LG: lingual gyrus, MT+: visual motion area MT complex, MTG: middle temporal gyrus, PHG: parahippocampal gyrus,
STG: superior temporal gyrus, TP: temporal pole).B.Ventral views at relative sizes showing the absence in macaque monkeys of key VOTC cortical structures for face
recognition in humans, in particular the fusiform gyrus (FG) defined by the occipito-temporal sulcus (OTS) and the collateral sulcus (CoS) (RhS: rhinal sulcus; MFS,
midfusiform sulcus) (see Weiner and Zilles, 2016; also Miller et al., 2020).The average number of neurons in the two species (in billion, bn; from Herculano-Houzel,
2016) is indicated on top.C.Inflated lateral and ventral surfaces of a macaque and a human brain showing face-selective regions.While these regions are found
essentially in the STS of the macaque brain, they are found both the STS and VOTC in humans.Potential homology of these face-selective regions across species is
largely unknown, but Heywood and Cowey (1992) showed that recognition of gaze direction rather than of face identity was disrupted following bilateral ablation of
the monkey STS.This supports the view that these STS face-selective regions in the monkey brain are involved, as in humans, in recognizing dynamic aspects of faces,
such as eye gaze direction, head orientation and facial expression (Perrett et al., 1985; Allison et al., 2000; O’ Toole et al., 2002; Bernstein and Yovel, 2015; Taubert
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et al., 2020) rather than in FIR.(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

arguably the most important cortical structure for human face (identity)
recognition.In contrast, macaque monkeys possess only one main
ventral sulcus, labelled as the OTS, therefore lacking a fusiform gyrus
(among other substantial neuroanatomical differences with the human
VOTC) (Bryant and Preuss, 2018; Weiner and Gomez, 2021) (Fig.4A and
B).Given their lack of the hominoid fusiform structure, it is not sur-
prising that macaque monkeys do not possess a ventral cortical face
network.Rather, their face-selective regions are found more dorsally,
mainly in the STS, where face-selective-neurons have been recorded in
this species since the earliest studies of Charlie Gross and colleagues
(1972; see also e.g., Perrett et al., 1982; Rolls, 1992; Leopold et al., 2006;
Tsao et al., 2006; Taubert et al., 2015).

The lack of a ventral cortical face network in macaques (and other
monkeys®) is compatible with their poor ability to recognize conspe-
cifics’ identities based on faces only, and with the absence of markers of
human FIR expertise in monkeys (e.g., lack of the face inversion effect,
familiarity effect in matching tasks; see Rossion and Taubert, 2019; see
also the review of PS, part I).In line with these observations, bilateral
ablation of the entire STS in macaque monkeys has no or little effect on
their learned ability to recognize the identity of conspecifics’ faces
(Heywood and Cowey, 1992).That is, there is no prosopagnosia model in
monkeys and non-human primates (or other non-human animal species
so far; see part I of this review).

5 Since the rhesus monkey is by far the most widely used species in neuro-
physiological studies, rhesus monkeys and other macaques are often referred to
as simply ‘monkeys’ in the common parlance of neuroscientists (Preuss, 2000).

Note that despite these clear anatomico-functional differences, it has
been claimed that the monkey brain holds the same number of face-
selective regions as the human brain (Tsao et al., 2008; Yovel and
Freiwald, 2013; Weiner and Grill-Spector, 2015) and that the monkey
cortical face network in the STS could be divided into two parts: (1) a
dorsal part, homologous to the face-selective STS network in humans,
and (2) a ventral part, which would correspond to the human
face-selective VOTC network (Tsao et al., 2008; Yovel and Freiwald,
2013; Weiner and Grill-Spector, 2015; Freiwald et al., 2016; Conway,
2018, Fig.4C).According to this view, the putative ventral part of the
monkey STS system would have been “pushed” onto the ventral cortical
surface over the course of human evolution by the expansion of regions
engaged in language and social cognition, in particular the temporal
parietal junction (see also Lafer-Sousa et al., 2016).In my view, this
hypothesis of a one-to-one homology of regions across the two species
and of a ventral displacement of lower STS clusters through human
evolution is not only far-fetched, but is also contradicted both by
considerable anatomico-functional and behavioral evidence (Rossion
and Taubert, 2019; Rossion, 2022b), falling flat in comparison to the
wealth of converging evidence supporting the view that the
face-selective VOTC network is indeed specific to the human (or homi-
noid) lineage.

The human specificity of the critical ventral cortical face network,
and of prosopagnosia, considerably strengthens the interest of investi-
gating the neural basis of face (identity) recognition in human patients
such as PS who cannot - selectively- recognize facial identities.
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5. A spared right MidFus/FFA

Back in 2000, when I met PS for the first time, I was shown only a
crude MRI scan of her brain but I remember being puzzled that the
cortical lesions apparently spared the middle section of the right fusi-
form gyrus.Today, this does not appear so surprising, as there are many
reported cases of prosopagnosia whose lesion do not intersect with this
region (Cohen et al., 2019).However, back in 2000, there was consid-
erable emphasis on the right FFA, defined by Kanwisher et al.(1997) as
the brain’s center, a “module” in a Fodorian sense, for human face
recognition (see also Kanwisher, 2017).Although the view of a cortical
face network rather than a single localized module has been emphasized
at the outset in neuroimaging studies (Sergent et al., 1992) and always
remained influential (Tovee, 1998; Haxby et al., 2000; Ishai, 2008; see
Weiner and Grill-Spector, 2013 for a historical perspective), the general
consensus in the field at the beginning of the new millennium was that
the right FFA was the most important region for human face recognition,
in particular because it showed the largest and most consistent
face-selective fMRI activity.This view is still very much dominant today
in the field of human face recognition and beyond.

This is why when we finally managed to test PS in a fMRI face
localizer experiment in Geneva, early 2001, my colleague Roberto Cal-
dara and I were initially stunned to find face-selective activity in her
anatomically intact right middle fusiform gyrus, i.e., a right FFA
(Fig.5A).Yet, there was no doubt about it: we had used a classical face
localizer experiment, repeated twice, and PS’s level of face-selective

C @ psppa
PS FFA
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activity was not at all below normal range in this region (Fig.5B).
Importantly, the localization of the face-selective cluster in the middle
fusiform gyrus was spatially undistinguishable from other — neurotypical
age and sex-matched - participants (Fig.5C).

6. The non-hierarchical neurofunctional organization of human
face recognition

Iremember Roberto Caldara being greatly puzzled by the finding of a
right FFA activation in PS’s brain: he had seen it first hand and brought
me the news in April 2002 at the Annual Meeting of the Cognitive
Neuroscience Society in San Francisco.He did not like it very much: what
if people question that PS is a real case of prosopagnosia then? How is it
possible that PS cannot recognize facial identities and yet had an
apparently perfectly normal right FFA? How were we going to explain
this apparent paradox? I was not too bothered with respect to PS’s
prosopagnosia because we already had solid behavioral data to support
it.Moreover, I had been involved in neuroimaging studies on human face
recognition for many years with PET (Dubois et al., 1999; Rossion et al.,
2000, 2001) so that the implications of this finding struck me almost
immediately: a critical component of Haxby et al.,’s 2000 neurofunc-
tional model of face recognition, namely the proposed hierarchy between
the IOG/OFA and the Middle Fusiform/FFA (Fig.1) was probably
incorrect and should be revised.Indeed, since the IOG/OFA had been
defined as the gateway of the face recognition system, a simple predic-
tion of this hierarchical model is that a complete destruction of the
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Fig.5. A.The case of PS provided the first evidence that face-selective activity can be elicited in fMRI in the right lateral middle fusiform gyrus (i.e., right FFA) despite
brain damage to the right IOG and absent OFA in this hemisphere (Rossion et al., 2003).The transverse and coronal slices illustrate how this finding questions the
hierarchical organization proposed in Haxby et al.(2000)’s neurofunctional model as illustrated in Fig.2: in her case, the absent right IOG/OFA cannot be the
obligatory gateway of the face recognition system.This finding has been replicated in 10 published fMRI studies B.Blood oxygen level-dependent (BOLD) % signal
change relative to a fixation cross baseline in the right FFA of PS for pictures of objects and faces (18 s block; from Schiltz et al., 2006).C.Schematic drawing on a
transverse view of the Talairach atlas of PS’s lesions, the localization of her right FFA among normal controls’ face-selective responses in the IOG (OFA) and middle
fusiform gyrus (FFA) (PPA, parahippocampal place area).Note that PS’s lesions encompass most of the face-selective clusters found in neurotypical individual brains

in the right IOG (i.e., right OFA) and left middle fusiform gyrus (i.e., left FFA).
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I0G/OFA should prevent any face-selective activity in the downstream
FFA (as well as the pSTS and any downstream area in the model).
However, PS’s neuroimaging findings clearly showed a right FFA despite
ipsilateral IOG damage (Fig.5).Moreover, there was no evidence of
face-selectivity posterior to the FFA, even at a lower statistical threshold
(Rossion et al., 2003).Therefore, these findings really appeared to
question a key aspect of Haxby et al.(2000)’s neurofunctional model of
human face recognition (Fig.2).This is wherein lies the power of a single
case study: you cannot really build a theory based on a single-case data
without collecting a substantial amount of additional various supporting
evidence in a coherent framework; yet, providing that a single obser-
vation is reliable, it can question a theory immediately.This line of
reasoning has been applied at the cognitive level (Shallice, 1979; Car-
amazza and McCloskey, 1988), and it could also be applied here at the
neural level.

The finding of a FFA in PS’s brain thus suggested for the first time
that the human cortical face network was not strictly hierarchical, i.e.,
that processes/representations in the IOG/OFA did not have to take
place at all to elicit face-selective processes in the anteriorly located FFA.
In truth, I had never been convinced by the view of a hierarchical human
face recognition system.In particular, the limitations of a strict hierar-
chical system were obvious: block the (inputs to the) hypothetical
gateway (e.g., low-level visual cortex to the IOG-faces/OFA, or the re-
gion itself) and the whole system would be deficient.Hence, a strict hi-
erarchical system is not very resilient.Instead, multiple entry ways to the
cortical face system from low-level sensory inputs, together with reen-
trant connections between face-selective regions could be highly ad-
vantageous.Inspired by several proposals of non-hierarchical cortical
visual processing available at the time (Finkel and Edelman, 1989;
Mumford, 1992; Hupé et al., 1998; Bullier, 2001; see also Hochstein and
Ahissar, 2002), this is how the neuroimaging findings of PS were
interpreted (Rossion et al., 2003).

This first journal publication on PS appeared in Brain in 2003, at a
time when the journal was still interested in publishing single cases,
before explicitly changing its policy a few years later.Around that time
and for the next years, I presented PS’s neuroimaging data and the
interpretation in terms of a non-hierarchical model at many conferences
and international seminars, including at a symposium on face processing
at an Experimental Psychology Meeting (EPS) in London in January
2004° organized by Rik Henson, with Jim Haxby as guest speaker.To be
honest, I am not sure that Haxby himself really cared that much about
this issue of hierarchy in his proposed model, and his interest at the time
seemed to have had already shifted to the issue of decoding visual
category signals with multivariate pattern analysis in fMRI (Haxby et al.,
2001).However, as I often found out in peer-reviews and comments at
conference presentations, it can be extremely challenging to convince a
neuroscientific community with single case data, however solid the data
can be, and many questions were often asked: what if PS had an unusual
brain organization? After all this is only a single case.Since the results were
obtained about 10 years after her accident, what if the finding of the right
FFA without OFA was due to plasticity/reorganization? Maybe the system is
truly hierarchical and PS is getting face-selective activity in the right middle
fusiform gyrus from the IOG/OFA in left hemisphere? Could this
face-selective activity come from face imagery rather than perception? Etc.

Despite these (legitimate and sometimes not so legitimate) questions,
it did not escape my attention that the next version of Haxby’s neuro-
functional model of human face recognition put together all the putative
face-selective regions (OFA, FFA, STS) in a single “box”, without any
hierarchical relationship (Gobbini and Haxby, 2007).Yet, shortly after
that, Ishai (2008) published a review paper on the human cortical face
network, which was defined as being functionally organized in a strictly
hierarchical, feed-forward architecture.The author’s rationale was
backed up by her then recent work on dynamic causal modeling (DCM)

8 https://eps.ac.uk/wp-content/uploads/201 7/12/ProgJan2004.pdf.
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of fMRI activity in the normal brain, apparently supporting a strict
unidirectional influence of the IOG/OFA on face-selective activity in
both the fusiform gyrus and STS (Fairhall and Ishai, 2007; but see
Kesssler et al., 2021 and discussion below).Notably, our data on PS
(already replicated and strengthened at the time by other sources of
evidence as described below) was not cited, even though I knew that the
author was well aware of it.Since I was invited to write a brief com-
mentary on Ishai’s paper, I took this opportunity to remind the author
and the scientific community that PS’s findings were incompatible with
this view, also proposing my own revised schematic model of the ‘core’
(ventral) neural system for human face recognition (Fig.6; Rossion,
2008).

My idea there was not to propose a fully elaborated model of the
neural basis of human face recognition, but to draw attention to an
alternative view of the standard hierarchical model, according to which
there would be both bypassing and reentrant direct connections between
face-selective brain regions, playing key roles in this function.Specif-
ically, according to this schematic model, visual sensory stimuli could
trigger face-selective activity in the middle fusiform gyrus (i.e., FFA)
independently and even perhaps before face-selective activity arises in the
posteriorly located IOG (i.e., OFA).In line with a coarse-to-fine view of
human face recognition (Sergent, 1986) (see Part I of the PS review), [
went further and suggested that such direct pathways could serve to
initially recognize a stimulus as a face, at a very coarse level ("1.Holistic
face detection’ in Fig.6).

Then, following reentrant (i.e., dynamic recursive signaling rather
than feedback; Edelman, 1978; Edelman and Gally, 2013) interactions
with the IOG to extract finer-grained details, a full face-selective holistic
representation of an individual might emerge (2.‘Individual face
percept’ in Fig.6), allowing individuation of (familiar or unfamiliar)
faces.I conjectured that the whole process could be achieved within 200
ms post-stimulus onset, a sufficient duration to individuate (upright)
faces (Jacques et al., 2007; Rossion and Jacques, 2011).Importantly, I
never proposed, as in Haxby et al.(2000)’s model or other neurofunc-
tional models (e.g., Pitcher et al., 2011; Duchaine and Yovel, 2015; see
also Pitcher, 2021) that the IOG/OFA would hold category-selective
representations of facial parts (i.e., a neuron coding only for a mouth,
or a nose, or an eye, etc.) independently of a full face.Rather, I hy-
pothesized that neurons located in the IOG might have smaller receptive
fields than in the middle fusiform gyrus (a hypothesis recently validated
as detailed below; Finzi et al., 2021), allowing a more fine-grained
analysis of parts to fill in the holistic representation.

In the following years, I noted that the view of a non-hierarchical
human face recognition system started to grow in influence (Atkinson
and Adolphs, 2011), and hypothetical direct pathways from the early
visual cortex to the middle fusiform gyrus/FFA were incorporated in
subsequent neurofunctional models of human face recognition (Pitcher
et al., 2011, 2014; Duchaine and Yovel, 2015) (Fig.7).

How did we reach that stage? First, the finding of PS’s right FFA in
the absence of an ipsilateral IOG/OFA were replicated numerous times
with different stimuli, paradigms, scanners, and by different research
groups (e.g., Schiltz et al., 2006; Dricot et al., 2008; Peelen et al., 2009a;
Righart et al., 2010 ; Simon et al., 2011; Rossion et al., 2011).While the
initial findings were made with a 1.5 T scanner (Rossion et al., 2003)
subsequent studies were performed at 3 T, but the localization of the
right FFA is remarkably stable across studies, and there has been no
evidence of changes during about 20 years of scanning (see Gao et al.,
2019).Also, these fMRI studies have not found consistent face-selective
activity in the right I0G around PS’s lesion, a finding which could
have been taken in favor of a preserved hierarchical organization after
all. Moreover, despite very high sensitivity and many face localizers
performed in patient PS, no consistent left IOG (i.e., OFA) response has
been found (a small spot of activity in Sorger et al., 2007 and in Steeves
et al., 2009 but with inconsistent localization across the two studies and
also in comparison with typical localizations; no response in Gao et al.,
2019, with a highly sensitive face localizer paradigm removing low-level
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Fig.6. A revised schematic representa-
tion of putative connections and func-
tions of face-selective VOTC regions
inspired by PS’s case of prosopagnosia
(Rossion, 2008a).Compared to earlier
proposals, the key novel feature is a
direct connection from early visual
cortex to the middle fusiform gyrus
(MFG), bypassing the IOG.This direct
connection could account for the initial
holistic recognition of a stimulus as a
face, i.e., at a coarse level of resolution.
Additionally, putative reentrant con-
nections between the MFG and the
posteriorly located IOG are suggested in
order to refine visual face-selective
representations necessary for face iden-
tity recognition.Note that, as initially
proposed, the IOG/OFA would not hold
face-selective representations of parts
but potentially neuronal populations
with smaller receptive fields to enhance
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Fig.7. Neurofunctional models of Pitcher et al.(2011; left) and Duchaine and Yovel (2015) adapted from Haxby et al.(2000) and Gobbini and Haxby (2007)’s models,
with permission.In these most recent models, direct connections from the early visual cortex to the middle fusiform gyrus (FFA), highlighted in red here, are
incorporated, following PS’s neuroimaging studies and converging evidence as reviewed here.Note also the hypothetical direct pathway from early visual cortex to
the STS in the model on the left, as also initially suggested by PS’s neuroimaging studies (i.e., STS face-selective activation without OFA; Sorger et al., 2007; see also
Steeves et al., 2006).In Duchaine and Yovel (2015)’s model, connections from the early visual cortex to the pSTS are no longer mediated by the IOG/OFA.(For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

visual confounds).Most importantly, a wide range of converging evi-
dence has now been collected in other brain-damaged patients and
neurotypical individuals to support a non-hierarchical, or even a
reversed hierarchical organization (i.e., OFA after and potentially
dependent on FFA inputs), of neural human face recognition.These
sources of evidence are summarized below.

6.1. DF

The first support for PS’s findings of a FFA without OFA came un-
expectedly for me in a neuroimaging study led by Jennifer Steeves at
York University with the brain-damaged patient DF, one of the most
well-known neuropsychological case in the scientific literature.Since the
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early 1990s, DF has been investigated in detail for her astonishing ability
to perform appropriate action towards visual objects that she can no
longer explicitly recognize due to severe visual cortex damage sustained
at the age of 34 from carbon monoxide poisoning (Milner et al., 1991;
see Goodale and Milner, 2013; Whitwell et al., 2014 for reviews).This
striking dissociation between vision for recognition and vision for action
in DF provided a key piece of evidence for the formulation of Goodale
and Milner’s influential Two Visual Systems hypothesis, according to
which the ventral (occipito-temporal) visual stream plays a critical role
in constructing our visual percepts, whereas the dorsal (occipito-par-
ietal) visual stream mediates the visual control of action, such as visually
guided grasping (Goodale & Milner, 1992, 2013).

The first functional neuroimaging study of DF was reported at about
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the same time as that of PS, showing extensive bilateral lesions in the
lateral occipital cortex including the IOG region where the OFA is
typically found (James et al., 2003).Despite this, DF was still able to tell
apart pictures of faces from other visual objects and, when she was
presented with these stimuli in separate stimulation blocks in fMRI,
localized face-selective activity was recorded in the middle fusiform
gyrus, i.e., a FFA without OFA, in both hemispheres (Steeves et al., 2006,
Fig.8A).Most importantly, DF’s bilateral lesions in the IOG ruled out a
putative contralateral contribution of the left hemisphere to the right
middle fusiform gyrus to elicit a right FFA (Fig.8A), providing further
support for a non-hierarchical neurofunctional model of human face
recognition.

Needless to say, I was very pleased to see this paper supporting our
findings on PS published by an independent research group.Shortly after
the paper appeared, Steeves and I met for the first time at a Society for
Neuroscience meeting, and we decided to work together to compare DF
and PS as tested in the same neuroimaging experiments.We met at
Maastricht University, where PS was scanned most of the time, together
with DF and her husband, who traveled there from Italy.We replicated
the findings of DF’s bilateral FFAs in the same localizer experiment as
used with PS (Fig.8B) and performed additional experiments as
described below (Steeves et al., 2009).

This experience also gave me the opportunity to see DF’s behavior in
experiments and in real life, realizing how, despite common findings in
the face localizer neuroimaging experiment with PS, the two neuro-
psychological cases were markedly different, both from a functional and
neural point of view.While DF has also been described as a case of
prosopagnosia following a symptom-based definition (see PS review part
I, and Rossion, 2018), her visual recognition impairment is not at all
specific to faces: she cannot explicitly recognize visual shapes in general
(Goodale and Milner, 2013; Whitwell et al., 2014).Hence, according to
the classical definition of prosopagnosia (Bodamer, 1947) adopted in
this review, DF should not be defined as a case of prosopagnosia (Ros-
sion, 2018).To be fair, since DF does have severe low-level visual
problems that contribute significantly to her visual object recognition
impairment, I am not even convinced that her classification of a case of
visual object agnosia, even of the ‘apperceptive’ type (Lissauer, 1890;
Farah, 1990/2004), is accurate.However, this is a different issue, which
does not change anything — on the contrary - for the interest of DF’s case
in neuropsychology and the validity of Goodale, Milner and their col-
leagues’ influential Two Visual System view.

6.2. FFA without OFA in the normal brain

Extensive single case studies of brain-damaged patients such as DF
and PS are there to both constrain and inspire the organization of human
brain function.They constrain standard models or conceptions of certain
functions, e.g., for DF with respect to the function of the ventral and
dorsal stream as initially proposed by Ungerleider and Mishkin (1982)
and the classical views of visual object recognition (Goodale & Milner,
1992, 2013).However, over the years, the two visual stream theory
derived from observations in patient DF has also inspired, and been
supported, by a broad range of additional evidence extending from
monkey neurophysiology to neuroimaging studies of both patients and
neurologically intact individuals (Goodale and Milner, 2013; Whitwell
et al., 2014).

In the same vein, in the case of PS, our idea was now to show that in
certain stimulation conditions, significant face-selectivity can be elicited
in neurotypical observers’ lateral middle fusiform gyrus (i.e., FFA)
without any concomitant face-selective activity in the IOG (i.e., OFA).
Therefore, in line with the proposal of an initial recognition of the
stimulus as a face based on a holistic/configural representation in the
FFA (Rossion, 2008, Fig.6 above), we sought to test how face-selective
activity compares in the two pre-defined regions for stimuli that are
recognized as faces based solely on their global configuration (i.e.,
stimuli with parts that are not recognized as facelike when presented in
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isolation; see Rossion, 2014 and part I of the present review).To do so,
we presented pictures of the famous Arcimboldo paintings (Hulten,
1987) and so-called ‘Mooney’ face stimuli (Mooney, 1956), which are
typically recognized as faces at upright but not at inverted orientation,
both to PS and to a group of neurotypical individuals (Rossion et al.,
2011).

In an explicit generic face recognition task, as described in part 1 of
PS’s review, the patient behaved exactly like normal observers, i.e.,
recognizing the upright stimuli but not the inverted stimuli as faces,
therefore directly contradicting the widely held assumption that ‘pro-
sopagnosics can see the vegetables, but not the face in Giuseppe Arcimboldo’s
The Vegetable Gardener (Natura)’ (Harris and Aguirre, 2007) (see part I of
the present review).In line with these behavioral observations, con-
trasting upright to inverted pictures of Arcimboldo paintings and
Mooney faces elicited robust right FFA activity in PS’s brain (Rossion
et al., 2011).However, the focus of the neuroimaging study was not on
PS here.Instead, we sought to test the hypothesis that such stimuli,
which cannot be recognized as faces based on local parts, elicited FFA
activity without OFA in neurotypical observers.This was demonstrated
in two experiments, using an event-related stimulus presentation mode
(Rossion et al., 2011, Fig.9).

Note that the finding of significant FFA activity related to conscious
perception of a Mooney face stimulus was not new (Kanwisher et al.,
1998).However, the contrast between the two regions in our study
(Fig.9) was original, providing additional evidence against the standard
view that the OFA is the mandatory gateway of the human cortical face
network (Haxby et al., 2000; Calder and Young, 2005).That is, in certain
stimulation conditions, a sensory stimulus can be recognized as a face in
a relatively anterior, higher-order, region of the human brain’ without
any recognition occurring in the posteriorly located face-selective region
of the cortical face network.

6.3. FFA despite cortical ipsilateral IOG resection

One outstanding question that was raised above regarding PS’s FFA
activation in the absence of posterior face-selective activity in the IOG
concerns the potential long-term plasticity/reorganization that may
have occurred in her brain between her accident in 1992 and the first
fMRI experiments performed about 10 years later: what if PS (and DF)
had re-learned to recognize visual stimuli as faces, leading to a new,
atypical, selection of sensory inputs from early visual cortex to the
LatMidFG triggering face-selective activity in the latter region? As far as
we know, PS never complained of not being able to recognize a stimulus
as a face and, in normal observers, FFA activity completely correlates
with conscious recognition (Tong et al., 1998; Andrews et al., 2002;
Fang and He, 2005).However, we cannot rule out that if we had scanned
PS shortly after her brain damage occurred, face-selectivity in her Lat-
MidFG, i.e., a FFA, might not have been found.

A unique opportunity to address this issue occurred to us around
2015 when a female patient with epilepsy refractory to medication, SP,
required removal of the right inferior occipital cortex, including the
right IOG, with the hope of eliminating her epileptic seizures (this pa-
tient’s case was briefly mentioned in section 3 above).Since epileptic
seizures usually concern medial and anterior temporal structures, this
type of cortical surgery is extremely rare.Here, with the helpful collab-
oration of the patient, we were lucky enough to be able to acquire two
fMRI face localizers in her brain both before and after a preplanned
surgery and multiple measurements in typical controls.This enabled
both within-subject/across-session comparisons (SP before resection vs.
SP after resection) and between-subject/across-session comparisons (SP

7 Note that this fMRI experiment performed in patient DF would not have
given the same results since DF has severe visual segmentation deficits and,
contrary to PS, she cannot see faces in Arcimboldo or Mooney stimuli (Steeves
et al., 2006).
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Fig.8. Despite extensive bilateral posterior brain damage in the IOG and no evidence of OFA, patient DF (Milner et al., 1991; Goodale and Milner, 2013) showed
face-selective activity in the bilateral middle fusiform gyrus (FFA), replicating and extending findings made on patient PS.A. Original study from Steeves et al.(2006),
with a lesion reconstruction over the inferior occipital gyrus (with permission; see also James et al., 2003 and Whitwell et al., 2014 for a description of DF’s posterior
lesions and cortical thinning); B.Replication in a direct comparative study with PS, showing the bilateral FFA activation, as well as face-selective activity in the right

STS (Steeves et al., 2009).

vs. controls).The fMRI recording was performed at the University hos-
pital in Nancy, where the surgery took place, but the research was led by
Kevin Weiner, then at Stanford University with Kalanit Grill-Spector.

SP was scanned one month and 4 days prior surgery, as well as one
month and 8 months after her (successful) surgery.Strikingly, while the
cortical surgery removed face-selective activity in or around the IOG, we
found that the spatial topology and selectivity of “downstream” ipsi-
lateral face-selective regions were stable even at 1 month and also at 8
month(s) after surgery (Fig.10; Weiner et al., 2016).Additionally, the
distributed pattern of face-selectivity across voxels in SP before versus
after resection was as stable in SP as across recording sessions in normal
controls.These results clearly indicate that face-selectivity in the Lat-
MidFG does not critically depend, and may not even be modulated at all
at least in these conditions, on face-selectivity in the posteriorly located
ipsilateral I0G.Again, they support the view of a non-hierarchical
cortical organization of human face recognition.®

8 A limitation of SP’s case was her below normal range performance at FIR
already prior to surgery, although she was well above the level of a case of
prosopagnosia.Moreover, her performance did not decrease following surgery
and, on the contrary, she was in fact able to perform at the same level but faster
at several FIR tasks (Weiner et al., 2016).In truth, these neuropsychological
observations are difficult to interpret since the patient, being free of medication
and cortical seizures, was much more alert and confident during behavioral
testing after as compared to before surgery, a major confound in the interpre-
tation of neuropsychological outcomes of cortical surgery for epilepsy re-
fractory to medication.However, critically, this issue does not undermine the
fMRI findings, which are not based on identification of faces.Moreover,
compared to normal controls, SP showed no evidence of difficulties at recog-
nizing stimuli as faces either before or after surgery (Weiner et al., 2016).
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6.4. Direct connections from early visual cortex to the FFA

A key hypothesis derived from the neuroimaging investigation of PS
is the presence of direct intra-hemispheric anatomico-functional con-
nections from the early visual cortex (EVC) to the FFA, i.e., bypassing the
IOG/OFA (Rossion et al., 2003; Rossion, 2008, Figs.6 and 7).This pre-
diction can be tested at the anatomical/structural level using Diffusion
Weighted Imaging (DTI), and at the functional level with various mea-
sures of correlated activity between brain regions either at rest (rest-
ing-state connectivity) or during active stimulus/task processing.
Admittedly, none of these approaches is without serious limitations, and
they all depend heavily on the definition (localization, extent) of the
regions of interest, which is challenging and not free of subjective de-
cisions (e.g., Fig.10).Hence, these approaches can only provide indirect
evidence for or against anatomico-functional connections between brain
areas.However, considered together across, or even within (Wang et al.,
2020) studies, they can help evaluating the validity of the key hypoth-
esis mentioned above.

6.4.1. Anatomical connectivity

Up to now, due to the right hemispheric posterior damage extending
to low-level visual regions and posterior white matter fibers (Sorger
et al., 2007), DTI sequences in our case of prosopagnosia PS have un-
fortunately not been successful at identifying white matter tracts con-
necting retinotopic areas to her FFA in the right hemisphere.In contrast,
in the cortical surgery case of SP, discussed in the previous section, DTI
identified white matter tracts connecting retinotopic areas to more
anterior face-selective regions (pFus-faces and mFus-faces, also referred
here as the FFA complex) anterior to the lesion (Weiner et al., 2016),
which were preserved after surgery and presumably contribute to the
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Fig.9. Percent signal change in an event-related experiment showing significantly larger response in the FFA of normal participants to the stimuli recognized as faces
(Mooney faces on the left, A, or Arcimboldo paintings on the right, B) as compared to their physically identical versions presented upside-down, which are not
recognized as faces.In both cases, there is no significant difference between the two stimulation conditions in the OFA.The two functional regions were pre-defined
with a typical face localizer fMRI experiment (see Rossion et al., 2011).
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Fig.10. A case of stability of the cortical face network after resection.The cortical face network before and after resection on the inflated cortical reconstruction of the
right hemisphere of patient SP (Weiner et al., 2016).Despite resection of I0OG-faces/OFA and the posterior portion of pFus-faces/FFA-1, anterior face-selective
activation is preserved 1 month and 8 months after surgery.Blue shading represents resected cortex.(For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

stable features of SP’s cortical face network across sessions (Fig.10). face network with DTI in neurotypical individuals: one study evaluated
Importantly, in that study, such direct connections were also found in connections only within the face network (Pyles et al., 2013), and the
control participants (Weiner et al., 2016). three other studies that tested direct connections between EVC and the

Besides this positive evidence, to my knowledge, only a handful of FFA all found supporting evidence for such direct connections

studies explored putative white matter tract connectivity of the cortical (Gschwind et al.,, 2012; Wang et al.,, 2020; Finzi et al.,, 2021,
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Fig.11. Adapted from the recent study of Finzi et al.(2021) with permission.A.White matter tracts directly connecting EVC and face-selective VOTC regions
(IOG/OFA; pFus and mFus as part of the FFA complex) in an example participant (right hemisphere).B.Mean percentage of white matter tracts of each functional ROI
connected to the EVC (i.e., close to 40% of fibers from the IOG connect to the EVC).Percentages are calculated for each participant (dots) and then averaged across
participants.While a higher percentage of fibers from the IOG connect directly to the EVC, more anterior brain regions that are more diversely connected also have a
substantial proportion of their fibers connecting directly to the EVC.C.Left: Median population receptive field (pRF) size in ventral face-selective regions.Box: median,
25%, and 75% percentiles; lines: +1.5 times interquartile range.Right: Average visual field coverage of each ROI of the right hemisphere across participants (number
above each plot).Asterisk: average location of the center of mass of all pRF centers in each ROLNote the slight contralateral bias, with the smaller average receptive
field of the IOG/OFA compared to regions of the FFA complex.D.Average proportion of tract endpoints from each ROI that terminate in each of four EVC eccentricity
bands (right hemisphere; 0°-5°; 5°~10°; 10°-20°; 20°-40°).Note the relatively larger proportion of fibers from the IOG ending in the 0°-5° eccentricity as compared

to regions of the FFA complex (pFus and mFus).

Fig.11A&B).

In all these studies, connections are less dense — or reduced in
connection strength/connectivity probability - between EVC and the
FFA than between EVC and the spatially closer OFA (Gschwind et al.,
2012; Wang et al., 2020).This appears to be the case also in the most
recent study of Finzi et al.(2021), in which the FFA complex is divided in
two clusters (pFus and mFus, after Weiner and Grill-Spector, 2010; or
pFus-faces and mFus-faces; after Weiner and Grill-Spector, 2012, Fig.10)
and the EVC holds direct connections with each of these clusters (in all
participants in which these regions are successfully localized (Fig.6 in
Finzi et al., 2021; see Fig.11&B here).Thus, despite the longer spatial
distance between EVC and FFA than EVC and OFA, and the dominance
of short-range fibers in the cortical face network overall (Wang et al.,
2020), DTI studies considered together overwhelmingly support the
early hypothesis of direct connections from EVC to the FFA complex
(Rossion et al., 2003; Rossion, 2008, Figs.6 and 7), against a strict hi-
erarchical view of the cortical face network.

Note, however, that such anatomical connections provide no evi-
dence that they drive nervous inputs leading to face-selectivity.For
instance, one cannot exclude that direct connection from the EVC to
the fusiform gyrus do not lead to face-selective activity (i.e., FFA) before
receiving inputs from the OFA.Conversely, it could be that direct inputs
of the EVC to IOG does not lead to face-selective activity (i.e., OFA), and
that it is only after reentrant interactions with the FFA that face-
selectivity arises in the IOG.This issue will be further discussed below.
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6.4.2. Functional connectivity

Functional connectivity between brain regions of the human cortical
face network has been assessed in multiple fMRI studies, with various
methods (Furl et al., 2015; Kesssler et al., 2021 for reviews).While these
investigations are undoubtedly valuable, the results of these studies
should be taken with even greater caution than DTI studies because of
the sluggishness of the BOLD response compared to the speed at which
faces are recognized in the human brain (Rossion, 2014).Also, the
methods are constantly refined (see Kesssler et al., 2021) and many
subjective parameters can influence the results, in particular the ROI
definition and different paradigms used during fMRI data recording.

While some studies have showed significant correlations of activity
across time between the core brain regions of the cortical face network
during resting state (Zhu et al., 2011) or stimulus/task processing
(Davies-Thompson and Andrews, 2012), these findings do not imply
direct connectivity (let alone inferences about directionality of signal
exchanges) because these correlations could be entirely driven by other
regions.This is why most studies have used DCM, which allows testing of
specific hypotheses regarding effective connectivity and uses Bayesian
model selection to determine which model of connectivity best explains
the data (Friston et al., 2003).

To recall, the two hypotheses of the non-hierarchical cortical face
recognition model originally derived from PS’s studies are the presence
of (1) direct functional connections from EVC to the FFA, bypassing the
OFA and (2) reentrant inputs from the FFA to the OFA.

Let me start with the second hypothesis.In the first study exploring
functional connectivity of the cortical face network, as mentioned
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above, Fairhall and Ishai (2007), who did not test the first hypothesis,
provided evidence that the best model within the core network was
strictly feedforward and hierarchical (i.e., OFA—FFA, without a role of
reverse FFA— OFA projections).This view remains highly influential.
However, a recent study that aimed at strictly replicating (and extend-
ing) this original study found instead that the best model had reentrant
connections between FFA and OFA, contradicting the conclusions of the
original study (Kesssler et al., 2021).Contrary to Fairhall and Ishai
(2007), Kesssler et al.(2021)” study had four different data sets and
isolated face-selective activity (rather than absolute responses to faces,
or faces vs. scrambled faces), supporting a more complex model than the
originally proposed model, with a high degree of interaction between
regions.Other DCM studies have also generally supported reentrant
FFA—OFA projections, e.g., during face identity adaptation (Ewbank
et al., 2013) or face-selectivity (Wang et al., 2020; for an exception see
Lohse et al., 2016).Thus, overall, it is fair to say that the original report
of a strict hierarchical organization of the ‘core’ regions of the cortical
face network by Fairhall and Ishai (2007) has not been supported.

The first hypothesis of direct inputs from EVC to FFA, which is most
important for our purpose, has unfortunately not been not tested in most
DCM studies, either because the EVC is not included in the models (e.g.,
Fairhall and Ishai, 2007; Kesssler et al., 2021) or the models include
connections from the EVC to the OFA only (e.g., Frassle et al., 2016a, b).
However, whenever direct EVC-FFA connections have been included in
the models, their significant contribution has been unambiguously
supported (Lohse et al., 2016; Wang et al., 2020, e.g., Fig.4 in the latter
study).

6.4.3. Anatomico-functional connectivity

In the revised model with direct connections from the EVC to the FFA
based on PS’s findings I tentatively proposed a role for this pathway as
providing an initial coarse holistic representation of a face (Rossion
et al., 2003; Rossion, 2008, Fig.6).Then, reentrant interactions with the
I0G would lead to face-selectivity in this latter region (although there
would also be direct EVC inputs to I0G/OFA).Based on the closer
localization of the IOG to low-level retinotopic areas, I hypothesized that
populations of neurons in the OFA would have smaller receptive field
than in the FFA, allowing a finer-grained analysis to fulfill an individual
face percept.The aforementioned recent study of Finzi et al.(2021)
supports this hypothesis.

In that study, the authors used fMRI retinotopic mapping to show
that face-selective regions of the STS have a wide coverage of the visual
field with a strong contralateral bias.In contrast, face-selective regions of
the human VOTC, i.e., the regions that do not exist in the monkey brain
(Fig.4; Rossion and Taubert, 2019), are centered on the fovea (as shown
previously for the FFA; Levy et al., 2002) with little lateralization bias
(Fig.11C).Most importantly for our purpose, there are differences be-
tween the OFA and the FFA.In general, the OFA (IOG-faces after Weiner
and Grill-Spector, 2012) is associated with a smaller median receptive
field (Fig.3 of Finzi et al., 2021) with a significantly larger bias towards
the central point of vision than the FFA complex (Fig.4 of Finzi et al.,
2021).To explain these differences, Finzi et al.(2021) tracked white
matter fibers from these regions to the EVC with DTI.While the majority
of tracts connecting EVC to ventral face-selective ROIs originated within
the central 10°, there was a relatively larger proportion of tracts falling
within 5° of visual angle for the OFA than for the FFA (in both hemi-
spheres) (Fig.7 of Finzi et al., 2021, Fig.11C&D here).That is, direct fi-
bers between the fusiform face-selective regions and the EVC are more
widely distributed across the visual field for the FFA complex (pFus and
mFus) than for the OFA (Fig.11 C&D).

Besides supporting the view that OFA neurons have smaller receptive
field than FFA neurons, perhaps for a finer-grained analysis of face
stimuli, what would be the functional implications of these findings for
our question of interest? One possibility is that a stimulus appearing in
the periphery of the visual field, or at a large size, is recognized as a face
better/faster in pFus/mFus-faces (FFA) than in the IOG-faces (OFA).
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Thus, it would make sense that holistic recognition of a Mooney face, i.
e., based on the simultaneous integration of (weak) sensory cues across
the whole stimulus, is preferentially supported by the FFA complex as
compared to the OFA (Rossion et al., 2011).

6.5. Intermediate summary

Our scientific journey started with an incidental observation on PS, a
single case of prosopagnosia who showed normal range face-selective
activity in the lateral section of the right middle fusiform gyrus, corre-
sponding to a typical right FFA (Rossion et al., 2003, Fig.5).This finding
occurred at a time when the (right) FFA was often considered as the
main, sometimes even unique (Kanwisher et al., 1997; McCarthy et al.,
1997; Kleinschmidt and Cohen, 2006), center for face (identity) recog-
nition in the human brain (even if its specificity for face signals was
fiercely debated; e.g., Kanwisher, 2000; Tarr and Gauthier, 2000).The
preserved right FFA in a rare case of prosopagnosia thus served to
highlight the critical role of other specialized cortical regions in face
recognition, in particular the right IOG/OFA - hence, the title of this first
paper on PS: “A network of occipito-temporal face-sensitive areas besides the
right middle fusiform gyrus is necessary for normal face processing” (Rossion
et al., 2003).It directly inspired subsequent research evaluating the
criticalness of the right OFA in face (identity) recognition mainly with
transcranial magnetic stimulation (TMS; Pitcher et al., 2007; for review
Pitcher, 2021) and also intracerebral electrical stimulation (Jonas et al.,
2012; for review: Jonas and Rossion, 2021), as will be described below.

Most importantly, as reviewed above, the finding of a right FFA in
PS’s brain, replicated numerous times in different conditions, led to a
revised neurofunctional model of human face recognition according to
which the IOG/OFA is not a mandatory stage of selective face processing
before reaching the LatMidFG/FFA.Instead, contradicting a strict hier-
archical model (even including hypothetical feedback connections be-
tween regions; e.g., Haxby et al., 2000), these findings suggested direct
inputs from low-level non-face-selective EVC to the LatMidFG/FFA,
bypassing the IOG/OFA (Rossion et al., 2003; Rossion, 2008, Fig.6).

Complementing this initial observation in PS’s brain, there is now
substantial evidence from studies in neurotypical individuals and brain-
damaged patients that face-selectivity in the human brain is indeed not
organized in a strict hierarchical manner.Specifically, face-selective
neural signals can be absent in the bilateral IOG due to brain damage
or the lack of local diagnostic face cues, while face-selective activity is
present in the LatMidFG.In addition, the proposal of direct inputs from
EVC to the LatMidFG/FFA, bypassing the IOG/OFA, is now supported by
solid DTI evidence (Weiner et al., 2016; Finzi et al., 2021, Fig.11).

Moreover, as also shown early on in both DF and PS, face-selective
activity in the pSTS can also emerge in the absence of I0G/OFA
(Steeves et al., 2006; Sorger et al., 2007), a finding replicated in other
brain-damaged patients (Dalrymple et al., 2011; Sliwinska et al., 2020).
Since the IOG/OFA is located in the VOTC, this finding offered initial
support to the currently acknowledged neurofunctional dissociation
between a ventral (i.e., VOTC) and a ‘dorsal’ (i.e., STS) pathway for
human face recognition (Duchaine and Yovel, 2015, Fig.7; see also
Pitcher and Ungerleider, 2021).

Finally, as noted above, these findings do not allow to draw definite
conclusions regarding the origin of face-selectivity in the I0G (i.e.,
OFA), and the nature of the direct interaction between the OFA and FFA.
At first glance, the view that direct inputs of the EVC to IOG would not
lead to face-selective activity (i.e., OFA) before reentrant interactions
with the FFA seems a bit far-fetched. However, a neuroimaging investi-
gation of a single case of visual agnosia (NS, Delvenne et al., 2004) who
had damage in the bilateral parahippocampal gyri and the right fusiform
gyrus, with largely preserved brain tissue in the IOG (Rossion, 2009)
provided some evidence for it.Despite excellent fMRI signal-to-noise
ratio, there was no evidence whatsoever of face-selective activation
around the lesion in the fusiform gyrus (i.e., no FFA), nor in the inferior
occipital gyrus (i.e., no OFA).In fact, there was only a hint of



B. Rossion

face-selective activation in the patient’s pSTS (Fig.7 in Rossion, 2009).
Hence, without the right fusiform gyrus, face-selectivity may not be
initiated at all in the IOG.Since this was a no-result based only on a
single fMRI session (due to limited availability of the patient), such
observations should be taken with great care.Yet, while a number of
brain-damaged patients with FIR impairment have been tested with face
localizers in fMRI (e.g., Marotta et al., 2001; Dalrymple et al., 2011,
Sliwinska et al., 2020), I am not aware of a case showing a clear right
OFA with a damaged ipsilateral fusiform gyrus and no FFA.Thus,
face-selectivity in the IOG (i.e., OFA) may well depend on the integrity
of the ipsilateral Midfusiform gyrus.Importantly, following emergence of
face-selectivity in the OFA, there would still be reentrant outputs to the
FFA to synchronize neural activity between these face-selective regions.
Indeed, TMS applied over the right OFA decreases neural activity in the
fusiform gyrus, although these effects generally lack category-selectivity
(Pitcher et al., 2014; Solomon-Harris et al., 2016; Groen et al., 2021).

7. A resilient hierarchical view

Despite the evidence reviewed above, the notion of a strict hierar-
chical face recognition system in the human brain remains largely
dominant in the scientific community, which struggles to incorporate
both the notions of (1) direct connections from EVC to an anterior face-
selective region (FFA) bypassing the most posterior face-selective region
(OFA) and of (2) reentrant rather than simple OFA—FFA feedforward
connections.For instance, a recent review on the functional neuro-
anatomy of face perception still conceptualizes the ventral human face
recognition system as a strict feedforward hierarchy, even if the authors
acknowledge that this organization could be “refined in future research
when understanding the full connectivity pattern including feedback con-
nections and bypass routes” (Grill-Spector et al., 2018, Fig.12A).In the
same vein, despite questioning the hierarchy of the dorsal pathway for
face recognition in their fMRI study of a brain-damaged patient, Sli-
winska et al.(2020)’s model does not incorporate direct connections
from EVC to the FFA, the OFA being still considered as the sole gateway
of the ventral face recognition system (Fig.1 in that study; see also
Pitcher, 2021).Another instance is provided by the most recent extensive
modeling (DCM) study of functional (effective) connectivity of the
cortical face network, in which direct connections from EVC to the FFA
are not even included (Kesssler et al., 2021).

At first glance, this lack of consideration for non-hierarchical fea-
tures in the human face recognition system is difficult to understand.
After all, as noted above, a strictly hierarchical system is not resilient:
break down the putative first stage (i.e., OFA), and the entire face
recognition system collapses.So why did Haxby et al.(2000) proposed a
hierarchical organization of the neural basis of human face recognition
in the first place, and why does this view remain so influential? The short
answer is that the view of hierarchical cortical processing is dominant
not just in face recognition research but in visual (object) recognition in
general (e.g., Marr, 1982; Riesenhuber and Poggio, 1999; Serre et al.,
2007; Ullman, 2007; Freiwald and Tsao, 2010; Connor, 2010; DiCarlo
et al., 2012; Serre, 2016; Conway, 2018; Grill-Spector et al., 2018; see
also Vezoli et al., 2021) (Fig.12).That is, despite the long-standing evi-
dence of largely bidirectional connections between cortical areas of the
monkey visual system (Felleman and Van Essen, 1991) and even bypass
routes (Kravitz et al., 2013; Conway, 2018), the functional role of such
connections is largely unknown, neglected, or considered as being
negligible.’

While the relatively recent growing popularity of predictive coding
theories of perception (Rao and Ballard, 1999; Friston, 2005) could
change that perspective by attributing key roles to reentrant/feedback

2 A notable exception are studies on figure-ground segregation, in which the
role of reentry/feedback has often been considered as critical (e.g., Sporns
et al., 1991; Roelfsema et al., 2002; Klink et al., 2017).
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connections (e.g., to correct for ‘error’ signals), the hierarchical view has
instead even been strengthened by advances in computational models
such as deep neural networks (DNNs).Indeed, these artificial networks
which, in the field of visual object and face recognition in particular, are
often thought to have brought artificial systems’ performance to a level
comparable to human performance (e.g., Phillips et al., 2018), have a
clear hierarchical organization, with convergent, feedforward connec-
tions passing information from lower to higher layers, and divergent
feedback connections shaping plasticity in the connections from lower
layers (LeCun et al., 2015).

In the present section VII, I would like to discuss the key features of
this hierarchical view as applied to human face recognition in order to
confront them with the evidence reviewed above on PS, as well as other
brain-damaged patients and neurotypical individuals questioning this
hierarchical view.Let me start by quoting the first paragraph of the paper
of Serre et al.(2007, p.6424), in which the authors advocate a strict
hierarchical feedforward view of visual object recognition:” (Visual)
object recognition in the cortex is mediated by the ventral visual pathway
running from the primary visual cortex (V1) through extrastriate visual areas
IT (V2) and IV (V4), to the inferotemporal cortex (IT), and then to the
prefrontal cortex (PFC), which is involved in linking perception to memory
and action.Over the last decade, a number of physiological studies in
nonhuman primates have established several basic facts about the cortical
mechanisms of recognition. The accumulated evidence points to several key
features of the ventral pathway.From V1 to IT, there is an increase in
invariance to position and scale and in parallel, an increase in the size of the
receptive fields as well as in the complexity of the optimal stimuli for the
neurons”.

All of the key features of this strict hierarchical view, which is pre-
sented almost as an established fact by the authors (see also e.g., the first
paragraph of Connor, 2010), are present in this quote: an organized
order of brain areas involvement, a progressive increase of receptive
field and invariance, an increase in complexity of optimal stimuli, and
even a strict division between perception and memory, with the output
of perception being associated to memory representations at the latest
stage.How are these features usually applied to human face recognition,
and what is the evidence that, despite what we have reviewed so far in
PS and other studies, the face recognition system would be organized in
such a strict hierarchical manner?

7.1. Receptive fields in posterior and anterior face-selective regions

The notion of a hierarchical organization of the visual system can be
traced back to Hubel and Wiesel (1962).Beyond showing increases in
complexity of responses and receptive fields of neurons to simple visual
stimuli from the retina through the lateral geniculate nucleus of the
thalamus and then the primary visual cortex (V1), these outstanding
scientists described simple and complex cells in V1 and proposed a hi-
erarchical organization according to which the output of two (or more)
spatially offset simple cells might provide the input to a complex cell
(Hubel and Wiesel, 1962).Yet, they did not perform much recordings in
higher-order areas of the visual cortex, even acknowledging later in
their career their lack of success in understanding neurons’ response
properties in these regions (Hubel and Wiesel, 2005).

When Charles Gross and his colleagues started recording neurons in
the monkey infero-temporal cortex, much more anteriorly than V1, they
found cells responding also only to visual stimuli but with much larger
receptive fields (Gross et al., 1969; see Gross, 1999 for a historical
perspective).These neurons also showed more complex response prop-
erties than in EVC, and some of these neurons fired selectively to faces (i.
e., face-selective cells; Gross et al., 1972; also Weiner and Grill-Spector,
2013 for a historical perspective).

These findings form the basis of the view that there is a hierarchical
organization of function in the visual system.However, to my knowl-
edge, an increase in receptive field within the cortical face network of
macaque monkeys — which has now been intensely explored (Freiwald,
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2020; Hesse and Tsao, 2020) - has not been demonstrated.In any case,
let me state again that macaques do not have a fusiform gyrus and a
human-like VOTC network (Fig.4; Rossion and Taubert, 2019), pre-
venting to make direct inferences from this species to the human face
recognition system.

Admittedly, Finzi et al.(2021) showed that the (population) recep-
tive field of the OFA is smaller than in the FFA complex (Fig.11C), which
could be taken in favor of a hierarchical organization between these
functional regions.However, within the two face-selective clusters of the
FFA complex (pFus-faces and mFus-faces), there is no evidence of in-
crease in receptive field in the postero-anterior direction (and if there is
any trend, it is in the opposite direction of a hierarchy; Fig.11C).In any
case, an increase in receptive field does not imply a hierarchical pooling
mechanism by which the output of several neurons in the OFA would
combine to provide the input to a neuron in the FFA.Quite the contrary,
Finzi et al.(2021)’ results point to direct connections from EVC to the
FFA, in line with the fact that relatively large stimuli, or stimuli in the
periphery, can be recognized as faces at a single glance (Crouzet et al.,
2010; Hershler et al., 2010).
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7.2. Is the OFA active earlier than FFA?

The view of a hierarchical organization of function in the visual
system also rests on relative response latencies of neurons, which
generally increases from early visual areas (e.g., V1) to higher-order
areas (but see Bullier, 2001).Thus, according to a strict hierarchical
view, face-selective activity should be completed, or at least well under
way (as in a cascade system), before face-selective activity starts in the
next stage.That is, according to this view, clear differences in onset la-
tency of face-selectivity between these regions are expected: OFA first,
then FFA.Is there any evidence supporting this hierarchical view?

7.2.1. Timing of TMS effect

Pitcher et al.(2011) claim, indeed, that selectivity to faces occurs
much earlier in the IOG than in the fusiform gyrus (i.e., OFA before
FFA), in line with the strict hierarchical view (Fig.7).One obvious lim-
itation of this view is the unwarranted assumption that direct outputs
from EVC to the FFA, which are included in their model, would be
transmitted more slowly than those from EVC to OFA.Most importantly,
Pitcher et al.(2011)’s claim is based on a fundamental misinterpretation
of TMS effects on brain areas (see also Pitcher, 2021).Indeed, in their
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seminal study, Pitcher et al.(2007) found an interference of FIR during
TMS over the right IOG when two consecutive magnetic pulses were sent
at 60-100 ms after stimulus onset but not at later latencies (from 100 to
140 ms) (Pitcher et al., 2007).However, these authors’ interpretation of
these findings that face-selective processes take place extremely early, i.
e., between 60 and 100 ms in the OFA, is incorrect, for several reasons.

First, as demonstrated in other TMS studies combined with fMRI, this
early effect could well be due to indirect interference of neural activity
in more anteriorly located ventral areas including the FFA (Pitcher et al.,
2014; Solomon-Harris et al., 2016; Groen et al., 2021).Second, the
interference effect concerns FIR, but not face-selectivity (as would be
shown by impairment at a task requiring recognition of a stimulus as a
face for instance, i.e., generic face recognition).As far as I know, no
impairment in the ability to recognize a stimulus as a face has been
demonstrated following TMS over the right OFA (Solomon-Harris et al.,
2013).Finally, more fundamentally, with a dual pulse TMS paradigm as
used by Pitcher et al.(2007), the maximal effect of stimulation should not
fall in between the two pulses (i.e., not between 60 ms and 100 ms).
Instead, the effect of these two pulses should add up, so that the inter-
ference on face-selective activity in the stimulated brain region should
be maximal right after the second pulse, i.e., from 100 ms (see the dis-
cussion section in Jacques et al., 2019).

Note that this latter interpretation of the original study (Pitcher
et al., 2007) is in line with the finding of a subsequent study of Pitcher
et al.(2012) in which the TMS pulses over the OFA were separated only
by 10 ms, revealing the earliest category-specific effects at 100-110 ms.
Yet in another study, significant impairments of FIR with TMS over the
OFA were found with dual pulse stimulation at 130-170 ms (the earliest
window tested) (Cohen Kadosch et al., 2011).Considering both the re-
sults of these latter studies as well as the fact that the optimal time at
which TMS should be applied relative to a brain area’s activity (i.e., just
before or during this process) is unknown, Pitcher and colleagues’
continuous claim from their original TMS study that the (right) OFA
generates the earliest face-selective neural activity before 100 ms, well
ahead of the fusiform gyrus, is unfounded.

7.2.2. EEG/MEG evidence

Another argument used in support of a putative earlier involvement
of the OFA in face recognition comes from combined fMRI and scalp EEG
face-selective responses, supposedly showing correlations across indi-
vidual brains between the OFA and a P1 ERP component recorded on the
scalp at around 80-120 ms, while the FFA would rather be correlated
with the later N170 component (Sadeh et al., 2010; see also Yovel,
2016).That is, there would be about 70 ms difference between onset and
peak activity in these two neighboring face-selective regions in the
cortex.This time difference is simply not realistic and, indeed, the
findings of Sadeh et al.(2010) are based on low correlation values, a
small sample (with an outlier point) and a dubious computation of EEG
face-selectivity (see discussion in Jacques et al., 2019).Moreover, while
face-selectivity of the P1 component is based on low-level visual cues
(amplitude spectrum, Rossion and Caharel, 2011), this factor does not
play a role in OFA activity (Rossion et al., 2012; Gao et al., 2018).

With respect to scalp EEG or MEG, source localization procedures
applied to face-selective neural signals as recorded with either tech-
nique, or the two techniques combined (e.g., Deffke et al., 2007; Hauk
et al., 2021), cannot provide reliable data to disentangle OFA from FFA
activity.At this level, let me just mention the recent study of Fan et al.
(2020), who combined MEG with fMRI during face stimulation to
address this issue.Interestingly, while these authors interpreted the
relative timing of activity putatively in the OFA and FFA in terms of a
hierarchy, their conclusion was based on the latency of the peak of ac-
tivity, while the onset of face-selectivity was not significantly different,
and in fact with a trend for an earlier response in FFA than OFA.In any
case, in that study, 95% of the face-selective activity in the two regions
overlaps in time (in fact the whole time-window with face-selective
activity in the FFA happens when the OFA is simultaneously showing
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face-selective activity).Moreover, Fan et al.(2020) also found a delayed
and prolonged response to Mooney faces as compared to full face pic-
tures in the OFA but not in the FFA of the right hemisphere (with no
apparent difference in onset time, but a delayed peak latency in the OFA
for Mooney faces; see Fig.3 in that study) again rather against a hier-
archical neural organization of human face recognition.

7.2.3. Intracranial recordings

In principle, human intracranial recordings should provide the most
compelling source of evidence regarding the respective timing (onset
and duration) of face-selectivity in the I0G and LatMidFG.However,
even if local field face-selective potentials such as the N170 (or the
N200, Allison et al., 1994, 1999) can be recorded in both the FFA and
OFA (Jonas et al., 2012; and Jacques et al., 2019, respectively), there is
no certainty that they truly originate from these regions (rather than
being spread from distant cortical regions).At this level, it is worth
mentioning the study of Kadipasaoglu et al.(2017), who recorded
face-selective high frequency intracranial (gamma) activity in both re-
gions (as pre-defined by a fMRI localizer) in response to clear pictures of
faces and control stimuli in a few patients implanted with EcOG.In
principle, such high-frequency neural activity, being considerably lower
in amplitude, is thought to reflect more local responses than low fre-
quency activity (Crone et al., 1998; Miller et al., 2007).With cautious
consideration given the substantial variability across the few individuals
and electrodes tested and a limited control of stimuli, the results of that
original study provide no evidence of an earlier onset (or offset) of
face-selectivity in the OFA as compared to the FFA (Fig.13), suggesting
instead independent signal propagations between EVC and both regions,
as well as bidirectional, not feed-forward, interactions between these
regions.In a study yet again directly inspired by PS’s case, as mentioned
by the authors, the findings were interpreted as being incompatible with
hierarchical models, instead supporting a parallel, distributed network
underpinning human face recognition.

7.2.4. Time-resolved fMRI: FFA before OFA?

With PS, we attempted to provide some information about this issue
of time onset using both EEG and MEG, but only with moderate success:
while we were able to disclose face-selective N170/M170 activity over
the right hemisphere despite PS’s right I0G lesion, her EEG/MEG ac-
tivity during this standard visual stimulation mode was associated with
a low signal-to-noise ratio and atypical scalp topographies (due to the
presence of trepanation), preventing to draw strong conclusions on this
issue (Prieto et al., 2011); see also Simon et al., 2011 on PS; see also
Dalrymple et al., 2011 on other brain-damaged patients).

To inform about the relative (rather than absolute) timing of activity
in the OFA and FFA, we thus turned to time-resolved fMRI in a series of
studies, also directly inspired from the neuroimaging findings on PS.Our
investigation was motivated by our fMRI studies with Mooney or
Arcimboldo faces, in response to an alternative interpretation that had
sometimes been raised about these findings: that they merely reflect a
statistical threshold issue, since face-selective activity is usually more
consistent and significant in the FFA than in the OFA.Thus, stimuli that
are difficult to recognize as faces and elicit lower activity in general
could lead to an artificial dissociation between FFA (activity) and OFA
(no activity).

To counteract this alternative view, we had to show face-selective
activity in both functionally pre-defined regions of interest, but with a
head start in the FFA.With my former postdoctoral researcher, Fang
Jiang, now at the University of Nevada - Reno, we therefore designed an
fMRI experiment in which we progressively and dynamically revealed
the appearance of face and nonface stimuli, so as to slow down visual
recognition.This work was inspired by studies that slowed down visual
stimulation in fMRI to reveal the relative time course of activation and
sensitivity to stimulus manipulations between visual areas (e.g., James
et al., 2000; Carlson et al., 2006; Eger et al., 2007).Critically, in our
study, we used a stimulus manipulation that held low-level image
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Fig.13. Adapted from Kadipasaoglu et al.(2017) with permission.A.Location of intracranial electrodes in the right hemisphere of three subjects, with electrodes in
the fMRI-defined OFA (f-1OG, in blue), the FFA (f-FG, in red) and the early visual cortex (EVC, in green).B.Time-course from stimulus onset of high frequency neural
activity to 4 types of stimuli, showing virtually no difference in stimulus onset of face-selective activity between the two regions (with an earlier response in the FFA
than the OFA in the third subject on the right).(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

properties constant by progressively de-noising only the visual stimulus’
phase spectrum (Sadr and Sinha, 2004) (Fig.13).10 Since low-level visual
stimulation was constant for a sustained period of time, we could
temporally dissociate the onset of activity in low-level visual regions (e.
g., V1) from higher-level regions, i.e., those involved in visual recogni-
tion (see also Ramon et al., 2015).

Strikingly, during this stimulation mode, larger response to scenes
containing faces vs. cars was observed earlier in the FFA than in the OFA.
In fact, among all face-selective regions identified by an independent
localizer, the right FFA showed the earliest significant difference be-
tween activation for faces and cars (Jiang et al., 2011, Fig.14).Again,
these observations contradict the standard view of the OFA as a gateway

10 Movie available here: http://face-categorization-lab.webnode.com/produ
cts/face/.

to the human cortical face network, even more so because of two com-
plementary findings.First, under this stimulation manipulation, the ab-
solute BOLD % signal change was larger in the OFA than the FFA
(Fig.14), showing that the result could not be due to a lack of sensitivity
of the OFA to the visual stimulation.Second, activation in the OFA rose
before activation in the FFA, and yet, face-selective activity emerged
earlier in the latter region (Fig.14).

These spectacular — at least in my view — findings were quite difficult
to publish, in particular because reviewers, well aware of the limitations
of fMRI in terms of temporal resolution, did not seem to appreciate the
use of this technique to make inferences about the relative timing of
activation in different brain areas (even though the method of temporal
chronometry with fMRI had been well demonstrated in other domains;
see Formisano and Goebel, 2003).Another criticism came from the use of
natural visual scenes in which nonface body parts were sometimes
apparent, potentially contributing to our findings because of apparent
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FFA sensitivity to body parts (Peelen and Downing, 2005; although see
Schwarzlose et al., 2005).Because of that, there was a long delay be-
tween our presentation of the paradigm and results at several interna-
tional conferences and our final publication, so that we were even
scooped by other researchers who used our design with an active
detection task instead of an orthogonal task to show anticipatory in-
creases in the face-selective regions when expecting faces instead of
houses (Esterman and Yantis, 2010).Interestingly, that study essentially
showed the same key finding as ours, i.e., an earlier face-selective ac-
tivity from isolated pictures of faces in the pre-defined FFA than the OFA
(Fig.3 in Esterman and Yantis, 2010), even though the authors did not
discuss it.In a subsequent study, we then replicated and extended these
and our findings by showing that irrespective of such category expec-
tations, face-selective fMRI activity systematically emerged earlier in the
FFA than the OFA (Jiang et al., 2015).

Finally, my former postdoc Francesco Gentile (now at Maastricht
University) and I expanded these findings further by using face stimuli
only, without other body parts, a short sampling rate (500 ms) of fMRI
acquisition by focusing on a few slices centered on the pre-defined OFA
and FFA to maximize the chance to disclose time differences, and a
single subject statistical analysis.To further support the validity of the
technique, we also compared the relative timing of fMRI activation for
upright and inverted faces, knowing that inverted faces elicit delayed
neural activity as recorded with EEG (Rossion et al., 1999; Itier and
Taylor, 2004) or intracranial EEG in the VOTC (McCarthy et al., 1999).
In our fMRI study, in both the OFA and FFA, a generic face recognition
response emerged at a lower level of structural information for upright
than inverted faces, in line with behavioral responses (see Fig.6 in
Gentile et al., 2017).Most importantly, in that study, we showed again,
in each of the 6 individual participants, a face-selective response
emerging earlier, that is, at a lower level of structural (i.e., phase) in-
formation, in the FFA compared with the OFA (Gentile et al., 2017).

All in all, no less than four fMRI studies using this approach of slowly
revealing faces and nonfaces in a stable low-level sensory stimulation
context show FFA preceding OFA activation in neurotypical observers
(Esterman and Yantis, 2010; Jiang et al., 2011, 2015; Gentile et al.,
2017).These findings therefore offer overwhelming support for a
non-hierarchical organization of the human cortical face network (or
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Fig.14. Slowing down the appearance of a
face, while keeping constant low-level visual
stimulation points to a temporal reverse hi-
erarchy in the emergence of face-selectivity
in the human brain (Jiang et al., 2011).
Note that the absolute activation starts in the
pre-localized OFA (below, volume 6, corre-
sponding to 7500 ms for repetition times
(TRs) of 1250 ms), ahead of the FFA (data
point 9).However, this initial activation does
not differ between faces and cars.The onset
of the difference between faces and cars
emerges earlier in the FFA (significant at
1350 ms) than in the OFA (significant at 22,
500 ms).Similar findings were made in four
independent fMRI studies, including this one
(see also Esterman and Yantis, 2010; Jiang
et al., 2011; Jiang et al., 2015; Gentile et al.,
2017).

even for a reverse hierarchy, i.e., OFA after and dependent on FFA
inputs).

Note that we do not conclude from these studies that when suddenly
presenting a face at full view to the visual system, the onset of face-
selective activity occurs earlier, in terms of absolute timing, in the
FFA than the OFA.This could indeed well be the case, as supported by a
BOLD latency mapping analysis to compare the time-course of activa-
tions across brain regions in a large sample of individuals (N = 36;
Rossion et al., 2012).However, given the sluggishness of the BOLD
response and the variability of this response’s characteristics across re-
gions depending on general factors (vein size etc.), such results should
be taken with caution.

Instead, a careful interpretation of the results of the four fMRI studies
using slowly revealed visual stimuli is that populations of neurons in the
FFA require fewer sensory cues to elicit face-selective activity than
populations of neurons in the OFA.Therefore, since the stimuli are pre-
sented according to an increasing order of sensory cues (Fig.13), the
FFA, being more resistant to stimulus degradation, onsets before the
OFA.There are in fact many real-life situations where such degraded
conditions of visibility occur, e.g., during occlusion or when faces
appear from a long distance.Our results suggest that in these conditions,
sensory inputs sent directly from low-level (i.e., retinotopic) cortices to
populations of neurons in the FFA lead to face-selectivity and the stimuli
being recognized as faces, without any prior involvement of face-
selective inputs from the OFA.

In summary, there is no valid evidence in the literature that face-
selectivity emerges significantly earlier in the OFA than the FFA, with,
if anything, the available data often pointing to the opposite.As initiated
by Kadipasaoglou et al.(2017), resolving this issue for good will require
extensive recordings of neurophysiological face-selective activity in
these two regions (testing a wide variability of stimuli and excluding
low-level visual confounds), ensuring that the recorded activity is
generated locally.

7.3. Parts before wholes?

Another key aspect of the hierarchical view is that a face stimulus is
thought to be represented in terms of a collection of its basic parts, or
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features, in the first face-selective processing stage, the OFA, and then as
a whole, a complete face, at the next stage, i.e., the FFA.In the Haxby
et al.(2000) model, the putative function of the OFA is indeed the rep-
resentation of “early facial features” (Fig.2).In subsequently adapted
neurofunctional models, the OFA would be a stage at which the
“perception of face parts” is instantiated (Pitcher et al., 2011; Pitcher
et al., 2014, Fig.7A; see also Sliwinska et al., 2020), or at which faces
would be represented in a view-dependent “part-based” manner
(Duchaine and Yovel, 2015, Fig.7B).Then, at the next stage, i.e., the FFA,
the representation of faces would be (view) invariant and “holistic”
(Duchaine and Yovel, 2015, Fig.7B).

The basic idea here is that a face stimulus would be first represented
in a category-selective stage/area, the OFA, as a collection of indepen-
dent parts/features, which would then be combined (i.e., pooled) to
form a whole face at a subsequent processing stage, the FFA.As already
discussed extensively in part I of this review on PS, this view of an initial
part-based decomposition followed by a combination of the parts into a
global representation is pervasive in cognitive (neuro)science of human
face recognition, and in visual object recognition in general (Fig.12).
Where does this view come from? What are its roots? And what sort of
evidence is there that the human neural face recognition system would
work that way?

Once again, a primary source of inspiration for this idea comes from
the original proposal of a hierarchical organization of the early visual
system and pooling of activity between neurons at a certain level of the
hierarchy to progressively increase the receptive field and the
complexity of the neurons’ responses along a hierarchy of processing
stages (Hubel and Wiesel, 1962).As indicated above, this hierarchical
view has been extended to the whole visual object recognition system.
Another root is the influential conceptualization, from a computational
perspective, of visual object recognition as being based on an initial
decomposition of the stimulus in parts (i.e., the ‘primitives’ for Marr and
Nishihara, 1978; the ‘geons’ for Biederman, 1987; the hierarchical
‘fragments’ for Ullman, 2007).Finally, these conceptual views have been
implemented into actual computational models of visual object recog-
nition that are defined as being biologically inspired (Riesenhuber and
Poggio, 1999; Serre et al., 2007).The HMax model of Riesenhuber and
Poggio (1999), extended to face recognition (Jiang et al., 2006), is a
typical example of a strictly hierarchical feedforward model in which
there is a progressive increase of receptive field, invariance and
complexity of responses across a series of stages linked by simple pooling
operations (Fig.12C).

The present review on patient PS is not the place here to discuss
whether this view is correct or not with respect to visual object recog-
nition in general.However, what I am interested in is the derived idea
that the most posterior face-selective region of the human brain, the
OFA, would hold category-selective representations of facial parts,
which would then be combined to form a whole face only in an ante-
riorly located region, the FFA.Is this view supported by any sort of ev-
idence that contradicts our findings on PS and related studies as
reviewed above?

To make it clear, there is no direct evidence that a face-selective
neuron in the OFA would fire only to one face part (e.g., one eye) and
not to another part (e.g., the mouth).There are not many opportunities
to record the activity of single neurons in the human brain (Fried et al.,
2014), and it is in fact only recently that face-selective units have been
recorded in human face-selective cortical areas (Axelrod et al., 2019;
Decramer et al., 2021; Khuvis et al., 2021).Single neuron recordings in
macaque monkeys have shown that a subset of face-selective units in the
STS may fire for the eyes of a face only (Perrett et al., 1985; Issa and
DiCarlo, 2012), but this is not because they would represent features/-
parts to be combined at a later stage: instead, these units appear to be
involved in recognizing eye gaze direction in faces, in combination with
head orientation, an essential function for monkey’s social interaction
(Barraclough and Perrett, 2011).

Given this, what kind of indirect evidence has been advanced to
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support the view that the OFA would represent faces in a part-based
manner? Of course, if one presents a relatively large face stimulus at
fixation or an isolated facial part, given that neurons in this region
respond preferentially to foveal input (Finzi et al., 2021), the response in
the OFA might be tuned mainly by the feature/part that is close to the
fixation point and not the other features/parts of the face (Henriksson
et al., 2015).At the level of the FFA, the response would thus be driven
by a larger space across the face.In fact, this is predicted in the schematic
model illustrated in Fig.6 (Rossion, 2008) and, as mentioned above, it
has nothing to do with part-based vs. holistic representation (i.e., if the
fixation point moves to another location, the population response is
driven by another part/feature).

A finding that is usually taken as providing key evidence for a part-
based face-selective representation in the OFA is the impairment for
(early) TMS to this region during the discrimination of faces differing by
a single part but not when they differed by relative distances between
these parts (e.g., interocular distance) (Pitcher et al., 2007).I have
already discussed above the serious limitations of interpretations of the
TMS effects made in that study.In any case, behavioral impairment at
matching faces that differ according to a single part (providing that we
know what the basic parts/primitives of faces are) does not mean at all
that the disrupted brain region would selectively represent this face part.
Indeed, in normal observers, a face part (e.g., the eyes, one eye, the left
or right half, the top half of a face, etc.), is not recognized/perceived
independently of other parts and of the whole face (except for PS of
course).As discussed extensively in part I of the review on PS, this is the
basics of holistic/configural representation of facial parts (see also
Tanaka and Farah, 1993; Young et al., 1987; Rossion, 2013).An alter-
native, and much simpler, interpretation of Pitcher et al.(2007)’s TMS
findings is again that the receptive field is smaller in the OFA (as hy-
pothesized in Rossion et al., 2003; Rossion, 2008 and demonstrated in
Finzi et al., 2021).Thus, distinguishing faces based on local parts might
be more difficult than based on spatial relations which, by definition,
require integration across a larger space of the face.

Other frequently cited sources of evidence for initial part-based
category-selective representations of faces come from EEG/MEG
studies.For instance, Liu et al.(2002) claimed that an early MEG
component termed the M1, peaking at around 100 ms over
occipito-temporal channels, was face-selective and driven by face parts
irrespective of their arrangement in a face configuration.However,
‘face-selective’ effects at the level of this early component are rarely
found and in fact associated with a particularly low SNR in that study.
Most importantly, such early effects of face-selectivity to be driven
entirely by low-level sensory cues (Halgren et al., 2000; Rossion and
Caharel, 2011; see Rossion and Jacques, 2008), and there is no solid
evidence for its generation in the IOG/OFA (as discussed above).Finally,
the above-discussed fMRI/MEG study of Fan et al.(2020) also shows that
for rearranged face parts (i.e., breaking the face configuration), activity
is delayed in all of the face-selective regions.This is in line with findings
from many EEG studies showing that a perceived face stimulus with its
configuration disrupted by face inversion, misalignment, or rearrange-
ment of face parts, is associated with a delayed face-selective response
latency (e.g., Bentin et al., 1996; Rossion et al., 1999; Jacques and
Rossion, 2009), again providing little support for an early perception of
isolated facial parts in the human brain.

Finally, to evaluate this issue, we can also come back to PS, whose
key impairment is a loss of a holistic representation of facial identity
(Rossion, review part I).While PS is impaired at matching whole faces
differing by a single part, especially when the nature of the part that
differs between faces changes from trial to trial (as in Pitcher et al.,
2007’s experiment; see Ramon and Rossion, 2010), her recognition
based on an isolated single part, especially the mouth, may be as good as
normal observers (Van Belle et al., 2010a; Ramon et al., 2016).More-
over, she is better at matching isolated parts of faces for their identity
than parts inserted in whole faces (Ramon et al., 2010).In short, her right
OFA lesion with her preserved FFA does not seem to have left her with
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an inability to recognize isolated parts of faces, as predicted in a hier-
archical model of human face recognition.

All in all, I think that there is really no evidence supporting the
common view that the human face recognition system works through an
initial category-selective part-based decomposition, integrating these
parts together at later stages.This would involve presumably some form
of pooling mechanisms, e.g., the output of one neuron representing one
eye of the face stimulus would be combined with the output of another
neuron representing the other eye and an output representing the
mouth, etc.to make a whole face.When it is considered seriously, this
view makes little sense in fact, is contradicted by a number of empirical
observations, and should be abandoned for good in order to make sig-
nificant progress in the field of human face recognition.

7.4. Face detection before identity recognition?

Another pervasive idea in the field of human face recognition that is
intrinsically linked to the hierarchical view is that there would be first a
face “detection” stage, i.e., a stage at which the visual stimulus would be
recognized as a face, and then a stage at which its identity would be
recognized.This is a quite old idea, incorporated explicitly in the first
cognitive model of human face recognition (Hay and Young, 1982)
although not followed through in its more widely adopted successor
(Bruce and Young, 1986).This view of an initial face detection stage was
also implicitly incorporated in Haxby et al.(2000)’s neurofunctional
model, where sensitivity to face identity was supposed to emerge after
the OFA, at the level of the FFA (Fig.2), this hierarchical distinction
having been preserved in subsequent neurofunctional architectures
(Pitcher et al., 2011; Pitcher et al., 2014; Duchaine and Yovel, 2015,
with sensitivity to identity emerging at the level of the most anterior FFA
cluster; Fig.7).This is in fact also a widespread view in the scientific
community (e.g., Degelder and Rouw, 2001; Tsao and Livingstone,
2008; Freiwald and Tsao, 2010; see also Connor, 2010), with a number
of studies having even linked these putative well-distinct functional
stages to clearly demarcated temporally successive EEG/MEG compo-
nents (albeit different ones; e.g., Liu et al., 2002; Sadeh et al., 2010;
Amihai et al., 2011; Schweinberger and Neumann, 2016).

There is also, unfortunately, a substantial amount of empirical
inconsistency and conceptual confusion at this level: it is not because
recognizing a visual stimulus as a face is easier and faster than in terms
of its identity (for obvious reasons, as discussed in review part I; see also
Quek et al., 2021) that there should be a processing stage devoted to
generic face recognition followed by a processing stage for FIR.In fact,
currently, there is no evidence of a human brain region being involved
only in recognizing a visual stimulus as a face and not in other face
recognition functions.As for the OFA, its absence in PS’s brain does not
prevent her to recognize a visual stimulus as a face very well indeed
(Rossion et al., 2003, 2011; Schiltz et al., 2006), directly contradicting
the view that it would represent a face detection stage.Most importantly,
the next section will address directly the question of face identity
recognition, and the key role of the OFA in this function.

8. (Lack of) sensitivity to face identity

Although we were initially surprised to disclose right FFA activation
in PS’s brain, there is no paradox at the functional level indeed because
PS is able to recognize a visual stimulus as a face accurately, rapidly and
automatically (Rossion et al., 2003, 2011; Schiltz et al., 2006).As
extensively reviewed in the accompanying paper (part I), her problem is
to recognize people’s identity from their faces, i.e., FIR.This impaired
function for PS has been demonstrated across a wide variety of stimuli,
both for familiar or unfamiliar faces, and tasks (part I).

8.1. Release from fMRI-adaptation as a face identity biomarker

The contribution of face-selective populations of neurons in the
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LatMidFus gyrus, i.e., the FFA (complex), in human FIR remains some-
what controversial in the scientific literature.Unfortunately, this con-
troversy is also mainly due to conceptual confusions, unwarranted
claims based on null effects (e.g., Kriegeskorte et al., 2007), as well as
methodological weaknesses in some studies, rather than to fundamental
limitations in our methods of investigations and current knowledge.

Evidence for sensitivity to neural differences between facial identi-
ties comes essentially from fMRI-adaptation, or repetition suppression, in
which the neural response to a stimulus is reduced with its repetition
(Grill-Spector and Malach, 2001; Grill-Spector et al., 2006; Henson,
2016).If repetition suppression is released in a given brain region when
two (or more) different stimuli are presented as compared to the repe-
tition of the same stimulus, then one can reasonably assume that pop-
ulations of neurons in this region can tell apart the (two) stimuli.Such
release from adaptation to face identity (i.e., face A preceded by face B
vs. face A preceded by face A) has been found in the FFA in numerous
fMRI studies (e.g., Gauthier et al., 2000; Eger et al., 2007; Schiltz and
Rossion, 2006; Gilaie-Dotan and Malach, 2007; Davies-Thompson et al.,
2009; Ewbank et al., 2013; Avidan and Behrmann, 2009; Hermann et al.,
2017; see Rossion, 2014; Henson, 2016; Jacques et al., 2020 for re-
views).The FFA effect has been found both for familiar and unfamiliar
faces, and is generally stronger in the right than the left hemisphere
(Rossion, 2014; Jacques et al., 2020).The significant release from
adaptation to face identity in the FFA has generally been interpreted as
evidence that this region is involved in FIR.

Importantly, the cellular mechanisms of such neural adaptation ef-
fects (i.e., how neurons code for different faces) in fMRI are unknown,
and interpretations at this level (e.g., in terms of different populations of
neurons coding for different faces) could be seriously misleading
(Sawamura et al., 2006; see Grill-Spector et al., 2006; Rossion, 2014).
Yet, the basic finding from fMRI-adaptation and its conservative inter-
pretation remains: in a given human brain region, here the FFA for our
concern, there is sensitivity to differences between facial identities.The
fact that presenting different facial identities in isolation does not lead to
significant variability of signal across voxels to decode each identity in a
multivariate voxel analysis in the FFA (Kriegeskorte et al., 2007;
Anzellotti and Caramazza, 2014), or only weak and inconsistent effects
across studies (Nestor et al., 2011a,b; Goesaert and Op de Beeck, 2013),
does not question the validity of the fMRI-adaptation effects.Instead, it
only shows the inadequacy of the multivariate approach (without
adaptation) to reveal sensitivity to face identity (beyond low-level image
differences) (Rossion, 2014; Dubois et al., 2015; Kanwisher, 2017).After
all, a single voxel in the FFA at conventional fMRI resolution contains
millions of neurons (Logothetis, 2008)11.Thus, without a trick such as
repetition suppression, there is no reason to expect an intrinsic absolute
difference in signal at the level of a single voxel in response to two
different facial identities.Using variability across many of such insensi-
tive voxels (in a region of interest, a large portion of the brain, or a
moving volume) should not change anything: when successful “decod-
ing” of face identity occurs in a brain region with voxelwise multivariate
analysis, this effect is likely to be due to obvious low-level sensory cues
differing between the faces, and unlikely to show much generalization
across meaningful changes of viewing conditions (see Rossion, 2014).

Of course, in fMRI-adaptation designs, repetition effects could also
be entirely, or partly, due to low-level sensory cues, and one must be
careful at this level: repetition suppression is a general property of brain

11 The number of neurons in a voxel at standard spatial resolution (e.g., 3 x
3x3 mm) of the fusiform gyrus is difficult to estimate.While Logothetis (2008)
estimates this number at about 7 million neurons, this estimation must be based
on analysis of V1 density of neurons, which is much higher than in higher-order
areas (see e.g., C.E.Collins et al., 2016 for relative estimation in a chimpanzee
hemisphere).According to the number of cortical minicolumns in the human
fusiform gyrus (Chance et al., 2013), this number should be closer to 2.5 million
neurons (Rossion, 2022b).
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(which is a change detector) so that in principle, even cells of the retina
will be sensitive to the immediate repetition of the exact same face
image compared to different images just because of local, pixelwise,
differences in contrast.Fortunately, there are methodological ways to go
around that such as varying size, position, luminance, or even head
orientation of the repeated face identities (Schiltz and Rossion, 2006;
Ewbank et al., 2013).0ne can also show that fMRI-adaptation goes well
beyond mere sensory cues by showing that it is abolished or reduced by
inversion (Yovel and Kanwisher, 2005; Mazard et al., 2006; Gilaie-Dotan
et al., 2010), a simple manipulation that preserves all physical differ-
ences between the faces.

8.2. No release from fMRI-adaptation to face identity in a prosopagnosic
FFA

With some of this knowledge in hand already in 2003, an outstanding
issue for us, following the observation of PS’s right FFA activation, was
thus to assess whether this region was sensitive to differences between
facial identities.To do that, we designed a fMRI-adaptation study with
pictures of unfamiliar faces, comparing PS to normal controls.The
leading researcher on this project was my colleague Christine Schiltz,
now at the University of Luxembourg, and then working as a postdoc in
my laboratory.In a first experiment, PS and control participants were
presented with blocks of identical face stimuli, as compared to the
successive presentation of different face stimuli.Whereas, in line with
many studies as cited above, neural activation decreased for repeated
facial identities compared to different identities in the right FFA of all
neurotypical participants, PS showed only a small non-significant dif-
ference between blocks of different or identical face identities (Fig.15A).

That is, despite showing a larger response to faces than objects in the
normal range, PS’ right FFA showed virtually no face identity adaptation
effect in fMRI.To be more accurate, the level of signal in PS’ right FFA
was as large as in normal participants when identical faces were
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presented repeatedly, but failed to show a release from adaptation when
different faces were presented: her pre-localized right FFA seemed to
treat different face identities as being identical. Hence, on second glance,
PS’s right FFA does not function normally: while recognizing a stimulus
as a face (as opposed to other visual objects), the signal in this brain
region does not provide sufficient information to discriminate different
face identities, in line with her prosopagnosia (Schiltz et al., 2006).

In the original study, these observations were made with full front
stimuli devoid of external features (color change detection task) both in
a block design and in an event-related (ER) paradigm (experiments 1 & 2
respectively; Schiltz et al., 2006, Fig.15A and B).During the fMRI ex-
periments, an orthogonal task (detecting the occurrence of rare face or
car stimuli that appeared slightly reddish) that the patient was able to
perform as well as control participants was used.That is, in line with the
face localizer studies, we used a task that the patient was able to do
(Price and Friston, 1999) as well as normal controls, in order to avoid
that any altered response in PS’s brain areas reflected a decrease of
general attentional level and/or performance during scanning.More-
over, to avoid the type of low-level confound mentioned above, suc-
cessive face stimuli varied either in spatial position (experiment 1, block
design) or size (experiment 1, ER) (Schiltz et al., 2006).Overall, the lack
of sensitivity to (unfamiliar) face identity repetition in PS’s right FFA
reported in two experiments in this study (with 3 sessions for experiment
1) has been replicated in three fMRI-adaptation studies using different
stimuli, stimulation paradigms, and tasks (Dricot et al., 2008; Steeves
et al., 2009; Gao et al., 2019) (and is also in line with EEG evidence as
reported in Liu-Shuang et al., 2016; see the review of PS part I).

The original dissociation in the same brain region of PS between
intact generic face recognition and impaired face identity recognition
(FIR) held several original implications.First, it showed that the level of
activation, or face-selectivity, in this region does not indicate normal
face recognition: finer-grained recognition (e.g., face identity recogni-
tion), as revealed by fMR-adaptation, might be impaired.Second, these
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Fig.15. Compared to neurotypical individuals, PS shows weak (A) or no (B) difference in fMRI signal in her right FFA to the repeated presentation of different face identities as
compared to the presentation of the same identity (Schiltz et al., 2006): her right FFA does not differentiate face identities. The first experiment with a block design (A) was
performed three times for PS (9 runs in total), who had the three lowest indexes of release from adaptation among all participants. B.In the event-related experiment, there was
no difference at all for PS between the two conditions, contrary to clear effects in normal controls C.The % signal change (vs.fixation baseline) for blocks of different faces vs.
different objects in the right FFA shows an initially above average category-selective response for PS which, unlike in normal controls, is not sustained, presumably due to the lack
of release from adaptation.Overall, there is no significant difference between PS and controls in magnitude of face-selectivity (see Schiltz et al., 2006).
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findings were in line with PS’s prosopagnosia, pointing towards a critical 2021 for discussion of this issue; see also below).

function of the right FFA region in FIR.This had not been demonstrated Third, the lack of release from adaptation in PS’s right FFA suggested
before the study on PS, and, to date, while such results have been that successful FIR in this region requires interactions with other re-
replicated also in patient DF (Steeves et al., 2009), there is still no other gions.In particular, the right I0G-faces/OFA, which also shows such
sources of evidence beyond lesion analyses (Cohen et al., 2019) showing release from adaptation effects in the normal brain (see below) but is
the critical role of the (right) FFA in FIR.For instance, studies of electrical damaged in PS’s brain, may be necessary.Thus, contrary to an early
intracranial stimulation are often cited as offering such evidence of a incorrect interpretation of our findings on PS (Kleinschmidt and Cohen,

critical role of the (right) FFA in FIR (Parvizi et al., 2012; Rangarajan 2006), they do not support the view of the right FFA as a module for FIR
et al.,, 2014; Schalk et al., 2017).However, while focal intracranial but rather that this function is supported by a distributed network of brain

stimulation of the FFA in these studies leads to subjective perceptual regions, also highlighting the critical role of white matter connections
changes (e.g., distortion of the face percept in the above cited studies; or between regions (Rossion, 2014).Finally, these findings of lack of
face palinopsia in Jonas et al., 2018), no evidence of behavioral FIR fMRI-adaptation in the right FFA of a clear case of prosopagnosia show
impairment has been provided.Interestingly, the case of Parvizi et al. that such effects, at least when measured carefully (e.g., by varying the
(2012) was tested at a FIR task during intracranial electrical stimulation repeated images in low-level properties) are not unspecific (as claimed
of his right FFA and showed no impairment (see Jonas and Rossion, in Mur et al., 2010) and can provide conclusive evidence for a neuronal
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Fig.16. A.A highly sensitive and valid face localizer in fMRI inspired from EEG frequency-tagging studies (Gao et al., 2018).Images are presented at a fast periodic
stimulation (FPS) rate (6 Hz).Every 9 s, a burst of 7 images from the target category (red bars) alternates with images from the non-target categories (blue bars) for
2.167 s.Below, a 1-sec interval in the face localizer task (FPS-face), where faces are the category of interest, among non-face objects.The scrambled versions of the
images are shown below their corresponding original images (FPS-scrambled), above a 1-sec interval in the individual face discrimination task, where one individual
identity (in blue frames) is presented throughout the stimulation at different sizes, and 24 other identities serve as the category of interest (in red frames) to form a
direct contrast between individual faces (Gao et al., 2019).The sizes of the faces changed randomly up to 20% from trial to trial to minimize low-level repetition
effects.The contrast of the images was modulated by a sinusoidal function.B.Face-selective regions identified in this localizer in PS’s brain (Gao et al., 2019).Note the
large response in the right middle fusiform gyrus (FFA) anterior to the IOG lesion as well as the right pSTS activation.Other typical face-selective regions are located
anteriorly (e.g., anterior occipito-temporal sulcus, aOTS in the VATL) but despite the extremely high signal-to-noise ratio, there is no posterior activation to the
FFA/pSTS in the right or left hemisphere.C.Above: Signal-to-noise ratio in PS’s right FFA at the face stimulation frequency (0.111 Hz).Below, the SNR spectrum across
the lateral portion of the right middle fusiform gyrus is shown for the FPS-face and FPS-individuation experiments.Despite showing above average face-selective
activity in this region, PS showed no significant sensitivity to differences between faces.(For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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representation of the changed stimulus property.

8.3. Face identity adaptation to different faces in localizer tasks

A small but interesting point for the attentive reader is the following:
isn’t there a contradiction between the normal right FFA activation in
PS’s brain in a face localizer paradigm and the lack of release from
adaptation in this region? Indeed, a typical fMRI face localizer paradigm
contains blocks of pictures of different face identities (compared to
blocks of different nonface objects; e.g., Fig.1).Thus, if PS’s right FFA
fails to release from adaptation to different face identities, i.e., if all faces
are processed as being the same, shouldn’t this region show a lower
signal than in normal controls also in a face localizer task? A limitation is
that any effect at this level is likely to be masked by the high variability
between individual brains in terms of the magnitude of face-selective
activity in the FFA complex and other face-selective regions (e.g., Ros-
sion et al., 2012; Zhen et al., 2015).Nevertheless, a careful look at the
temporal evolution of fMRI activity in suggests indeed an adaptation
effect for PS when she is shown different faces in a face localizer, this
effect being masked by an above average early face-selective response
(Schiltz et al., 2006, Fig.15C).

Note also that even with different facial identities, neural adaptation
effects to the general category of faces may be present in such block
designs, both for PS and neurotypical observers, leading to an under-
estimation of face-selectivity in standard face localizer paradigms.It is
partly to counteract this kind of effect that Xiaoqing Gao, a former
postdoctoral researcher in my lab, Francesco Gentile and I recently
developed an original frequency-tagging fMRI face localizer in which
highly variable face stimuli are used, and each face stimulus in a mini-
block is sandwiched in between a nonface object image (Gao et al.,
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2018, Fig.16A).Compared to a standard block design localizer with the
same stimuli, this frequency-tagging face localizer activates the same
high-level regions without contributions of low-level visual cues, and is
associated with a substantial increase in signal-to-noise ratio (Gao et al.,
2018; see also Gao et al., 2022).As used recently with PS, this face
localizer confirmed previous observations, with a particularly high
signal-to-noise ratio in her FFA, and no contribution of low-level cues
contained in the amplitude spectrum.Most importantly, contrary to
normal controls, there was still no effect whatsoever of unfamiliar face
identity discrimination for PS in this region (Gao et al., 2019, Fig.15C).

8.4. Generic sensitivity to exemplars in vLOC

There is yet another paradox, or apparent contradiction, between our
fMRI findings and PS’s behavior: as shown in detail in part I of PS’s
review, she always scores below normal controls but also usually well
above chance level to individuate (i.e., match or discriminate for their
identity) pictures of (unfamiliar) faces.How is it possible that her right
FFA signal does not discriminate identities, even below normal range
then? One possibility, already mentioned in the review part I, is that PS
requires a long time to perform above chance level individuation of faces
in behavioral tasks, but face stimuli are presented too briefly during the
fMR-adaptation paradigms (e.g., 800-1000 ms in Schiltz et al., 2006;
Dricot et al., 2008; 166 ms in Gao et al., 2019).Yet, even during an easy
face identity discrimination task in the scanner with full (i.e., un-
cropped) pictures of faces, for which PS performs much better than at
chance level, there was still no release from fMRI-adaptation in her right
FFA (Dricot et al., 2008).While discrepant results between neural and
behavioral measures are not uncommon in cognitive neuroscience, this
raises the question of which brain region(s) subtend(s) her residual

B

right upper visual field

left upper visual field
R
left lower visual field

right lower visual field

vLOC
FFA
PPA
V4/V8

=-20

Fig.17. From Sorger et al.(2007).A.PS’s cortical lesions displayed on flattened views of her posterior brain regions in MRI (compare to Fig.1).B.Visual field maps in
PS’s brain.While brain damage in the left hemisphere spared early visual areas, these maps could not be well-defined in the RH due to brain damage.C.A flattened
map of PS’s brain in MRI, with a number of functional regions around the cortical lesions (FFA, PPA, hMT+/V5, STS, LOC dorsal and ventral).Note the ventral
portion of the vLOC abutting the extensive right IOG lesion.This is represented in D.in a transverse slice of PS’s brain, showing the sparing of the right middle
fusiform region, where the FFA is located, and the right vLOC.These functional regions were not found in the left hemisphere (Sorger et al., 2007).
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performance at such FIR tasks.

This issue arose in 2007, right after we had just reported an extensive
()MRI investigation of PS’s brain, in which we defined in her cortical
lesions relative to known gyri and sulci, retinotopic visual maps as well
as a series of known visual regions (hMT+/V5 for motion, V4/V8 for
color, etc.) with multiple functional localizers (Sorger et al., 2007)
(Fig.17A).In that study, led by Bettina Sorger at Maastricht University,
we also identified the so-called lateral occipital complex (LOC), a region
divided into a dorsal (dLOC) and ventral (vLOC) portions showing a
significantly larger response to object shapes than their destructured
versions (Malach et al., 1995).

Somewhat unexpectedly, this observation turned out to be highly
valuable, in particular because of the definition of the vLOC in the right
hemisphere, just at the border of the IOG lesion (Fig.16).Indeed, the
preservation of this region, known to be involved in visual object
recognition in general (James et al., 2003), offered a reasonable expla-
nation as to why PS’s impairment was restricted to faces, i.e., why she
was a case of prosopagnosia (see review part I).Most importantly, when
we performed a whole brain analysis of our fMRI-adaptation study with
full pictures of faces (Fig.17A; Dricot et al., 2008) and we found sig-
nificant release from adaptation to different faces in PS’s brain in a
relatively small spot of activation near the lesion, we knew exactly
which region was concerned: unlike her FFA, it is PS’s vLOC, a
non-face-selective region, which showed neural discrimination signals
between different facial identities (Fig.17B).

While this finding was also unexpected, I remember the level of
excitement in the laboratory when the spot of activation appeared in the
whole brain analysis: there was almost a perfect overlap with the vLOC
region (Fig.18B).In this region, PS’s level of release from adaptation for
face identities was not even significantly below normal range (Fig.18C).
Moreover, both PS and neurotypical individuals showed release from
adaptation to exemplars of a non-face object categories (butterflies) in
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both the vLOC and the FFA.In short, and this may seem difficult to
believe at first glance, the only non-significant effect was for PS’s right
FFA with its preferred category of signals, faces (Fig.18C).In fact, con-
trary to normal observers, there is no face-selective region in PS’s brain
that seems to be sensitive to differences between face identities (Gao
et al., 2019).1t is as if her residual face-selective cortical system had
become blind to differences between face identities.How could this be?

8.5. How does the right IOG/OFA contribute to FIR?

Both in the initial report of PS’s case (Rossion et al., 2003) and in the
first study showing a lack of release from adaptation to face identity in
(PS’s) prosopagnosia (Schiltz et al., 2006), we proposed a critical role of
face-selective neural activity of the right IOG: even though
face-selectivity in the IOG does not, evidently now, serve as an obliga-
tory gateway to the cortical face system, it may be indeed critical for FIR
in ‘downstream’ regions of the network.More specifically, the FFA
(complex) — through its putative direct inputs from the EVC - could
initially generate a coarse holistic representation of a face, subsequently
refined through reentrant interactions with the OFA to individuate faces
(as hypothesized in Rossion, 2008, Fig.6; see also Rossion et al., 2003).

In line with this view, it has long been known that the (right) OFA
also shows strong and consistent release from fMRI-adaptation to face
identity (e.g., Gauthier et al., 2000; Mazard et al., 2006; Gilaie-Dotan
et al., 2010; Hermann et al., 2017).Most recently, we applied our EEG
frequency-tagging design to measure individuation of unfamiliar faces
based on the principle of release from adaptation (Liu-Shuang et al.,
2016; Rossion and Retter, 2020) to direct intracerebral recordings in the
VOTC of a large (N = 69) sample of individual brains (Fig.19A and B;
Jacques et al., 2020).By subtracting activity in response to inverted from
upright faces, we isolated neural individuation responses that cannot be
accounted for by low-level sensory cues and showed a significant,
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Fig.18. In Dricot et al.(2008; also Steeves et al., 2009), PS was tested in an event-related design in fMRI, with either different face identities or the same face identity
repeated and an explicit face matching task.Stimuli were presented with external features to make the task easier for PS.The same task was performed with pictures of
a nonface living object category, butterflies.The difference between the 2 face conditions or the 2 butterfly conditions provided an index of release form adaptation.B.
Release from face identity adaptation was found in exactly the same spot as in an independent vLOC localizer (Sorger et al., 2007, Fig.17).C.While in this region, both
PS and normal controls showed significant release from fMRI-adaptation, a different pattern was observed in the right FFA, where PS failed again to show a sig-
nificant release from adaptation to faces.Note that release from adaptation is larger for nonface objects than faces in the FFA even in normal observers, but the
physical difference between two butterflies was much larger than the difference between two faces.
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Fig.19. A.A frequency oddball paradigm with the same unfamiliar face identity repeated at different sizes at a rapid rate of 6 Hz, interrupted every 5 stimuli (1.2 Hz)
by a different face identity (Liu-Shuang et al., 2016; Rossion and Retter, 2020).The same stimulation sequences can be presented at upright or inverted orientation,
with a large decrease of 1.2 Hz (and harmonics: 2.4 Hz etc.) response for inverted faces in EEG.B.Patients with epilepsy refractory to medication implanted with
several intracerebral electrodes in the VOTC.C.A typical electrode contact in the right LatMidFG recording a significant face individuation response for upright faces
(i.e., at 1.2 Hz and harmonics in the intracerebral EEG spectrum in blue) with a weak or absent response to inverted faces (iEEG spectrum in green on the right).D.
Group maps (N = 69) showing the proportion of significant electrode contacts when subtracting neural activity to inverted faces from upright faces.Note the peak in
the right IOG as shown also on the lateral view in the middle of the panel.On the right, the relative SEEG amplitudes on these contacts, highlighting again the right
hemispheric dominance and the particularly large amplitude in the right LatMidFG (see Jacques et al., 2020).(For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

relatively narrow, strip of cortex in the right hemisphere, running from
the lateral IOG all along the fusiform gyrus (Fig.19D).

Overall, these findings complement those obtained with indirect
measures of brain activity (i.e., fMRI) with adaptation paradigms and
supports the view that the IOG, mainly in the right hemisphere, con-
tributes directly to FIR.In the left hemisphere, the contribution comes
mainly from the middle and anterior portions of the fusiform gyrus,
located in or around PS’s left hemisphere lesion (Fig.1).Thus, if we put
together the findings on patient PS and evidence that these regions are
involved in human FIR from direct neural recordings (Jacques et al.,
2020), we conclude that direct inputs from early visual cortex to PS’s
right middle fusiform gyrus are not sufficient to generate sensitive
representations of identity: other regions such as the right IOG and/or
the left middle lateral fusiform gyrus, which are partially destroyed or
deprived or relevant sensory inputs due to brain damage in PS, appear to
be necessary.

8.5.1. TMS over the right OFA disrupts face identity recognition

On way to assess the function of a brain region is to transiently
disrupt its activity with TMS in neurologically normal experimental
participants, as discussed above (section 7.3).TMS studies was not
applied in human face recognition research for many years in part
because of the widely held belief that the FFA was the sole key region for
this function.Unfortunately, the middle fusiform gyrus is relatively far
from the cortical surface and the stimulation coil would be too close to
the ear so that direct disruption of FFA activity with this technique
cannot be achieved.However, this is not the case for the OFA, whose
critical role in FIR as illustrated by the case of PS provided the impetus
for the first TMS studies of human face recognition (Pitcher, 2009, p.11).

In their first study, Pitcher et al.(2007) showed that TMS over the
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right IOG of neurotypical individuals disrupts the delayed matching of
pictures of unfamiliar faces for their identities.More specifically, per-
formance at a difficult task dropped by about 10% (roughly from 80% to
70%), with no effect for stimulation over the left I0G.This finding was
interpreted as providing evidence in neurotypical individuals of a crit-
ical contribution of the right OFA in FIR, complementing evidence from
PS’s case (Rossion et al., 2003) and lesion overlap of reported cases of
prosopagnosia (Bouvier and Engel, 2006).

Although the drop of performance at the FIR task was replicated in
three experiments in this original TMS study (Pitcher et al., 2007), the
findings and their interpretation were not convincing, not only because,
as discussed above, the interpretation of the timing of the effect and of
its selectivity to the matching of faces differing by facial parts was
incorrect, but also because the OFA was not localized with fMRI in in-
dividual participants.Instead, the experimenters used the mean Talair-
ach coordinate of the right OFA of individual participants as found in
PS’s first neuroimaging study (Rossion et al., 2003).Yet, due to sub-
stantial interindividual variability in OFA location, this average coor-
dinate did not correspond to more than a couple of individual OFAs.

This limitation may explain why online disruption of FIR with TMS
applied to the right OFA in subsequent studies has not always been
successful (e.g., Pitcher et al., 2008 with the same standard OFA coor-
dinate; Gilaie-Dotan et al., 2010b during matching of famous faces and a
fMRI face localizer; see also Ambrus et al., 2017a,b and the discussion in
this latter study).Yet, several studies have replicated and extended the
findings of the original study of impaired FIR during TMS to the right
OFA (Pitcher, 2009; Pitcher et al., 2012; Solomon-Harris et al., 2013;
Bona et al.,, 2018; see Pitcher, 2021 for review).The study of Solo-
mon-Harris et al.(2013) is noteworthy for our purpose since it is based
on the functional dissociation observed on patients PS and DF, showing
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that TMS to the right OFA affects FIR performance but leaves generic
face recognition intact.

An obvious limitation of TMS applied over the OFA is that the effect
cannot be unambiguously attributed to disruption of function at this
local level.Indeed, given the above reviewed evidence showing that
brain regions of the cortical face network are anatomically and func-
tionally connected, disruption of neural activity in the OFA should affect
the function of other regions of the network.This is indeed what is
observed when combining TMS and fMRI (Ruff et al., 2009; Bergmann
et al., 2021): TMS over the right OFA affects face-selectivity in the FFA
(Pitcher et al., 2014).Most importantly, with the same paradigms
designed for PS and DF studies (Steeves et al., 2009), it has been shown
that TMS over the right OFA decreases release from adaptation to face
(but not object) identity in the bilateral FFA (Solomon-Harris et al.,
2016).Effect on other regions of the cortical face network could also
explain a recent series of impressive findings from Gyula Kovacs and his
colleagues, showing that TMS over the right OFA during familiarization
with variable views of facial identities prevents matching these facial
identities better across (novel) views as compared to unfamiliar faces
(Ambrus et al., 2017b), reduces face-name priming effects (Ambrus
et al., 2019) and (without hemispheric difference) the correct recall of
face-related semantic information (Fick et al., 2020).

Overall, TMS over the right IOG/OFA, directly inspired by the ob-
servations on patient PS, have confirmed the critical role of this region in
human FIR, even though such effects are not large (i.e., they do not
cause transient prosopagnosia) and somewhat inconsistent across
studies.It is also fair to say that these studies have not clarified the
specific role of the (right) OFA in FIR.While the findings of the original
study of Pitcher et al.(2007) were interpreted in favor of a relatively
low-level and (very) early contribution (features, early effects) of this
region, I have explained above why the timing of the effect is ambiguous
and certainly not specific to faces before 100 ms post-stimulus onset
(Cohen Kadosh et al., 2011; Pitcher et al., 2012), as originally claimed.
Instead, the most recent studies suggest a contribution of the right OFA
to (very) high-level processes linked to FIR (Ambrus et al., 2017a,b,
2019; Eick et al., 2020), processes that take place well after 100 ms
following stimulus onset and can last until 250-400 ms (e.g., Pickering
and Schweinberger, 2003; Wiese et al., 2019; Yan and Rossion, 2020).

In sum, either TMS to the (right) OFA disrupts local processes taking
place in this region after 100 ms, or the main effect disruption takes
place in anterior regions of the cortical face network after 100 ms.
Moreover, as discussed above, the view of a part-based face-selective
representation in the right OFA as advocated by Pitcher et al.(2007;
Pitcher, 2021) is not supported.Again, the alternative view that pop-
ulations of neurons in this region, associated with the most centered
receptive visual field of all face-selective regions (Finzi et al., 2021,
Fig.11), help refining an initially coarse holistic representation through
reentrant interactions with face-selective regions of the fusiform gyrus
(FFA or FFA complex; Rossion, 2008a; see also (Goffaux et al., 2011) for
evidence of coarse-to-fine representation of faces in the cortical face
network) is strengthened.

8.5.2. Intracerebral right OFA stimulation causes transient prosopagnosia
Early 2011, I was contacted by colleagues at the university hospital
in Nancy, in France, who knew of my research on the neural basis of
prosopagnosia with PS, and had just observed an epileptic patient with a
spectacular transient interruption of FIR upon electrical stimulation
through an electrode contact inside the right IOG.The patient, KV, was a
young woman who had been implanted with intracerebral electrodes
(StereoElectroEncephalography, SEEG) in December 2010 to define the
source and extent of her epileptic seizures refractory to medication.The
discovery of the phenomenon occurred incidentally, the patient sud-
denly reporting that the features of the face of one of the neurologists in
the room were rearranged during intracerebral stimulation of this re-
gion.Following this observation, several trials with pictures of faces
presented one-by-one to the patient objectively showed that, upon direct
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intracerebral stimulation, KV would suddenly, consistently and tran-
siently lose the ability to recognize a presented famous face identity
(Fig.20; see Jonas et al., 2012 and Jonas and Rossion, 2021 for links to
videos).Strikingly, the critical stimulated contact was located in the
right OFA, as defined in fMRI after the stimulation procedure (Fig.20), in
the region corresponding well to PS’s main cortical lesion (Fig.1).

KV’s failure to recognize a famous face identity during right OFA
stimulation happened on 6 out of 7 stimulation trials and lasted only a
few seconds, i.e., only during the stimulation: she could recognize the
famous face identity right after the end of the stimulation.The patient,
who was not aware of the time and location of stimulation during any of
the trials, was also able to describe very well why she failed to recognize
the identity, reporting either a disturbance in perceiving the spatial
relationship of facial elements (i.e., the mouth and eyes changed posi-
tion; video 1 in Jonas et al., 2012) or an inability to perceive the face as a
whole (video 2 in Jonas et al., 2012).There was no effect upon stimu-
lation of other electrode contacts (including a contact located in the
right FFA), and KV never reported failures to recognize or such
perceptual effects for pictures of objects and scenes upon stimulation on
the same electrode contact evoking the FIR impairment.

Admittedly, this was not the first report of impaired FIR following
intracranial stimulation.Before that, transient failures to recognize faces
and facial hallucinations during stimulation of the fusiform gyrus had
been reported in a few patients, as part of recording investigations with
subdural grids of electrodes (ElecrocorticoGraphy, ECoG; Allison et al.,
1994; Puce et al., 1999).Moreover, Vignal et al.(2000) had reported face
specific perceptual changes during right prefrontal stimulation of a
single case with intracerebral electrodes, and Mundel et al.(2003) had
described a patient who suddenly saw all faces as being similar upon
stimulation of the lateral portion of the right middle fusiform gyrus.
However, in all these reported cases, the stimulation sites were more
anterior than the IOG, and there was no relationship established with the
cortical face network as defined in fMRI.Moreover, there was no evi-
dence of normal FIR ability outside of stimulation as defined with
neuropsychological tests.In contrast, KV’s performance in face recog-
nition, and in FIR in particular, was stringently evaluated, with scores
within the normal range or even among the highest for most tests, and
typical qualitative indexes of face inversion and composite face effects
(Jonas et al., 2012).Thus, although KV, as all of these stimulated cases
obviously, cannot be defined as a neurologically typical individual, the
effect of stimulation on her right IOG/OFA provided the first clear case
of transient prosopagnosia following intracranial stimulation.

Once again, it is the work on PS that motivated my colleagues to
contact me about KV’s case, even though like many researchers they
were initially skeptical about my view of a non-hierarchical organiza-
tion of the neural basis of human face recognition.I helped them inter-
pret their case, complete the neuropsychological testing on face
recognition and describe the case of KV.Unfortunately, as often experi-
enced with single case reports, we struggled to convince reviewers of the
originality of the case and the strengths of the findings (for obvious
reasons, it is difficult to collect a large number of trials in many different
conditions in such clinical cases, and you cannot add any at the revision
stage of a paper), which led to a substantial delay in the publication.
When KV’s case was finally published in July 2012, it was rapidly
eclipsed by the publication a few months later - in a higher profile
journal - of the case of Parvizi et al.(2012) reporting face distortion
following intracranial right FFA stimulation.Yet, there was nothing
original in Parvizi et al.(2012)’s case report, neither in term of the
stimulated region causing face hallucinations (Allison et al., 1994, 1999;
Mundel et al., 2003) nor the correspondence with a fMRI-defined
face-selective region that we had reported a few months earlier.Most
importantly, contrary to a wide interpretation'? of this case, Parvizi

12 e.g., https://sm.stanford.edu/archive/stanmed,/2013spring/article10.html;

https://www.cogneurosociety.org/seizures_faces_parvizi/.
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Fig.20. Stimulating the right IOG induces transient FIR impairment (subject KV).A. From Jonas et al.(2012).B. Jonas et al.(2014).In both studies, the left panel
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et al.(2012) ’s patient did not show prosopagnosia: his experience of
facial distortion was limited to the face of the experimenter, and he
showed no impairment at matching pictures of unfamiliar faces for their
identity during intracranial stimulation (see Jonas and Rossion, 2021).

In the past decade, a substantial number of cases with similar face
distortion experiences, or generic face recognition impairment,
following right FFA/LatMidFG stimulation have been reported, with no
effect found reported upon stimulation of the corresponding region of
the left hemisphere'® (Rangarajan et al., 2014; Schalk et al., 2017; Jonas
et al., 2018; Schrouff et al., 2020; see Chong et al., 2013; Keller et al.,
2017 for generic face recognition impairment).However, technically, no
case of transient prosopagnosia due to intracranial stimulation of the
(right) FFA has been reported to date (see Jonas and Rossion, 2021 for
review).This is somewhat surprising, especially considering the more
frequent implantation of electrode contacts (with ECoG or SEEG) in this
region as compared to the IOG in epileptic patients.

In contrast, the case of KV with right OFA stimulation has only been
replicated so far by another investigation ... on herself.About a year
after the first SEEG implantation, KV was indeed implanted again with
only 3 electrodes in the right occipito-temporal region to narrow the
search for the sources of epileptic seizures and perform a standard
thermocoagulation procedure to try to suppress her seizures.One elec-
trode was again implanted in the right IOG with electrode contacts in the
OFA (Fig.20; see also Jacques et al., 2019 for details).KV was tested even
more systematically this time, using a challenging simultaneous unfa-
miliar face matching task to test for the critical role of the right OFA in
FIR independently of name or semantic retrieval impairments.Given

3 With the exception of one left handed subject in Rangarajan and Parvizi
(2016) and one in Schrouff et al., 2020); see Bukowski et al.(2013) for the role
of handedness in face recognition lateralization.
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KV’s excellent FIR ability, faces of different identities were morphed
with one another to increase discrimination difficulty (Fig.20; Jonas
et al., 2014).KV was presented with 5 pairs successively and, for each
pair of faces, had to indicate verbally if the identities were the same or
different.Intracerebral OFA stimulation was performed on one random
trial out of five, but only when the faces were different (there was no
reason to expect identical faces to suddenly look different in identity).
Strikingly, while she was almost faultless (and among the best per-
formers) at this task outside of stimulation (Jonas et al., 2014), KV
systematically failed at discriminating the different facial identities
during right OFA stimulation.

Complementing the electrical stimulation procedure, KV was also
tested with a visual stimulation paradigm measuring electrophysiolog-
ical sensitivity to differences between unfamiliar individual faces (Ros-
sion and Boremanse, 2011).Also strikingly, of all electrode contacts (N
= 27) implanted in her brain during the procedure, the largest neural
index of FIR, as well as the largest electrophysiological inversion effect,
were found on the very same contact in the right OFA leading to tran-
sient FIR impairments (Fig.20; Jonas et al., 2014).

Overall, the intracerebral stimulation case of KV provides original
and unique support not only for a contribution, as in TMS, but for a
critical role of the right OFA region in FIR, as supported initially by the
case of prosopagnosia PS.Admittedly, the evidence reported on KV has a
few limitations.First, even with the ‘replication’ offered by the second
implantation in KV, it is a single case, and it may remain so for some time
considering the rarity of intracranial implantations in this region.Unlike
TMS studies, the number and variety of trials that can be tested in such
cases is limited by clinical constraints.Second, while electrical stimula-
tion with intracerebral contacts is focal, as shown by the absence of
effects on neighboring electrode contacts for instance (Jonas et al., 2012,
2014), it is highly likely that upon right OFA stimulation, neural activity
in other face-selective regions of the network such as the FFA and more



B. Rossion

anterior regions is also disrupted (see Jonas and Rossion, 2021).Hence,
as for TMS evidence, and whether one advocates a hierarchical or
non-hierarchical cortical face network, the effect of intracerebral stim-
ulation in the right OFA cannot be solely attributed to interruption of
neural activity in this region.

8.5.3. What is the crucial role of the right OFA alone in face identity
recognition?

While all these studies now converge to show a significant contri-
bution of face-selective activity in the right IOG to human face (identity)
recognition, with very little if any evidence of a contribution of the
homologous region in the left hemisphere, an outstanding question is
whether a lesion of the right IOG alone, either directly (i.e., interruption
of local function) or indirectly (through interruption of critical processes
in connected regions) can cause prosopagnosia.In truth, answering
question is more important for clinical purposes than for fundamental
research.As noted above in section 3, given her additional cortical lesion
of the left middle fusiform gyrus, overlapping with face-selective and
high-level face identity neural activity in normal individuals, PS’s case
cannot be used to make this claim.TMS over the right IOG/OFA in
neurotypical individuals cannot clarify this issue either because the
disruption of FIR remains modest and inconsistent across tasks and
stimuli with this technique.Also, TMS combined with fMRI indicates
that the effects of stimulation can propagate to interfere with processing
in connected regions, even to face-selective regions of the other
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hemisphere (Solomon-Harris et al., 2016) in ways that are different than
the effect of a focal stable lesion.Even if direct intracranial electrical
stimulation may be more focal and lead to more spectacular impairment
of the FIR function, the technique suffers from the same limitation in
that the effects of stimulation cannot be solely attributed to the stimu-
lated focal point but may spread to distant brain regions of a network
(Borchers et al., 2012; Jonas and Rossion, 2021).

For the first time, the well-defined cortical surgery of patient SP,
limited to the right IOG and removing all face-selective activity recorded
pre-surgery in this region (Weiner et al., 2016, Fig.10) suggested that a
lesion of the right IOG alone was not sufficient to cause prosopagnosia.In
fact, SP’s FIR performance was unaffected by the cortical surgery, even
though she had difficulties pre-surgery and the contribution of general
compensatory factors could not be excluded.

As briefly mentioned in section 3, we recently had the opportunity to
perform a similar study in KV who, many years later after the SEEG
implantations, finally also underwent cortical surgery of the right IOG in
an attempt to remove her persistent epileptic seizures.Given that KV
excelled at FIR and her right IOG/OFA was functional as shown with the
intracerebral stimulation studies, her case was potentially even more
interesting than SP’s.In addition to additional behavioral data collec-
tion, KV performed two fMRI sessions with the optimal frequency-
tagging face localizer, also measuring sensitivity to face individuation
with a rapid adaptation paradigm (Gao et al., 2018; Gao et al., 2019,
Fig.16).This time, we were only able to perform one fMRI session

Fig.21. A. Reconstruction of IOG
cortical surgery of patient KV.Left, post-
session MRI T1 with the resected region
highlighted; middle and right: resection
mapped onto the cortical surface of pre-
session T1.B.Face-selective and face
identity sensitivity (as measured as in
Gao et al., 2019, Fig.15) in a pre-surgery
session and post-surgery.Despite the
removal of face-selective activity in the
right IOG and posterior fusiform gyrus
(2-1), face-selectivity is found anteri-
orly in the middle fusiform gyrus (1), in
a location corresponding to the
mFus-faces cluster, although there is no
response to differences between facial
identities in this region.In both experi-
ments, note the substantial increase of
activity in the homologous regions of
the left hemisphere, which has now
become dominant in KV’s brain (ana-
lyses and illustrations made by Xiaoqian
Yan; from Yan, Volfart et al., in
preparation).
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post-surgery, after about a year.

KV’s cortical surgery concerned the right IOG (Fig.21A), effectively
removing all face-selective activity in this region, but also in the pos-
terior fusiform gyrus (pFus-faces).Interestingly, the magnitude of the
face-selective response in the section of the right middle fusiform gyrus
preserved by the cortical resection (mFus-faces) dropped by about 50%
(Fig.21B), thus supporting a contribution of inputs from the ipsilateral
I0G and pFus-faces to this more anterior face-selective cluster.Yet, the
preservation of about half of face-selective activity in this region is also
completely in line with the evidence of direct inputs from EVC to mFus-
faces (Finzi et al., 2021, Fig.14).

In the few days and weeks following her cortical surgery, KV com-
plained of difficulties at FIR, but described them as relatively mild.
However, as tested 5 weeks after the surgery, her pre-surgery high score
at unfamiliar face matching (BFRT-c, Rossion and Michel, 2018) had
dropped by 10 points (i.e., from 47 to 37/54) and her response times had
more than doubled.After a few months, she had no subjective complaints
of difficulties at recognizing familiar faces and she performed in the
normal range at behavioral tasks requiring to recognize a famous face
among three options (a test in which PS performed at chance level, i.e.,
33%, see review part I; Volfart et al., in preparation) and was almost
flawless and fast at a face identity matching task with natural images of
famous or unfamiliar faces (for which PS was also severely impaired as
shown in the review part I).

In short, following her extensive right IOG surgery, KV did not
become prosopagnosic.Yet, small deficits in unfamiliar face individua-
tion tasks are present and, even a year and a half later, her BFRT-c score
and RTs remain in the mild impairment range (for someone with
exceptionally good FIR abilities prior to surgery).Interestingly, a fMRI
session performed at about 12 months after surgery shows a complete
loss of significant face individuation indexes in the face-selective portion
of the right middle fusiform gyrus spared by the lesion (as in PS and DF)
(Fig.21C).However, strikingly, all face-selective VOTC regions of the left
hemisphere now show a large increase in face-selectivity and face indi-
viduation indexes, as if the intact hemisphere compensated for the loss
of function in the RH (Fig.21A).

Several implications can be drawn from these original observations.
First, while the right IOG/OFA contributes undoubtedly to FIR, these
observations suggest that an isolated lesion of the right IOG (including
white matter tracts from EVC to this region), even removing all traces of
face-selective activity in this region, may not be sufficient to cause
prosopagnosia.Thus, contrary to what I initially thought and suggested
about PS’s case (Rossion, 2014), it could well be that if her brain damage
had only concerned this right IOG region, PS would not have become
prosopagnosic.Of course, different individuals, even considering only
right-handed subjects, may have different patterns of relative hemi-
spheric dominance for face (identity) recognition (Ettlin et al., 1992;
Frassle et al., 2016b; Gao et al., 2018; see also Corrivetti et al., 2017).
While KV showed robust bilateral VOTC face-selective activity prior to
her surgery (Fig.21), PS’s network might have been strongly right lat-
eralized prior to brain damage.Supporting this possibility, even
considering that her largest (VOTC) lesion concerned the right hemi-
sphere, PS’s remaining cortical face network is in fact extremely right
lateralized (e.g., at the level of the STS, anterior OTS and even prefrontal
cortex; Fig.16B), and it might well have been the case prior to brain
damage.These comparisons across single cases therefore also suggest
that, similarly to assessment of language lateralization (Htet et al.,
2021), the prognosis of any cortical surgery for FIR should be made
based on a priori definition and characterization of the degree of later-
alization of the cortical face network with fMRI.

Second, beyond category-selectivity, sensitivity to face identity in
middle fusiform gyrus, at least in the anterior cluster usually defined as
mFus-faces, indeed seems to require ipsilateral OFA/pFus (i.e., the left
hemisphere is not sufficient; Fig.21B), strengthening again the proposal
of a critical role at this level of reentrant interactions between the two
regions to rapidly refine a face identity representation (Rossion, 2008).
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Third, another interesting and original implication of the effect of
cortical surgery on KV’s case is that impairment at FIR can be, at least
partly, compensated quite rapidly after brain damage, with the spared
hemisphere increasing its ability to recognize a face as a category and a
distinct identity (Fig.21B and C).Again, this is only one very recent
observation, made in a relatively young individual patient and following
a “clean” surgery procedure, without hemorrhages and other compli-
cations, so that one should remain very careful to generalize such
findings.Importantly, if we did not have pre-surgery measures of KV’s
FIR ability, or if we had not been able to measure her behavior shortly
after the surgery, we would conclude at this stage that she is in the
normal range at this function, and thus that the resected regions were
not involved and/or important in this function (for her).

Fourth and finally, the comparison of the spectacular effects of
intracerebral right IOG stimulation in patient KV (i.e., systematic tran-
sient prosopagnosia, often with a change in perceptual experience;
Jonas et al., 2012; Jonas et al., 2014) with the very mild effect observed
after cortical resection of a region that encompasses the eloquent elec-
trode contact shows that intracranial electrical stimulation does not
mimic the effect of a stable cortical lesion of the stimulated region
(Borchers et al., 2012; Jonas and Rossion, 2021).While a stable focal
lesion may undoubtedly modify and prevent typical processes in other
regions of a connected network (as also shown with KV for the loss of
sensitivity to face identity in mFus-faces), it does not dynamically
interfere with function in this network as is the case with direct electrical
stimulation.

9. Summary, conclusions and perspectives

In summary, what have we learned about the neural basis of human
face recognition from our extensive series of studies of PS’s proso-
pagnosia? How did her case study directly inspired and constrained
neurofunctional models of human face recognition? How did her case
study also indirectly, i.e., through neural studies performed on normal
participants and other clinical cases, contributed to improving our
knowledge at this level? And how can we reconcile finding at the neural
level with what we learned about PS’s prosopagnosia and human face
recognition from behavioral studies as described in part I of the review
of the case?

9.1. The critical role of the right IOG in human face identity recognition

Before the first PS case report, there was undoubtedly a dispropor-
tionate emphasis on the right fusiform gyrus in the field of human face
recognition.This emphasis can be traced back to the early proposal of a
critical contribution of posterior occipito-temporal structures of the
right hemisphere to prosopagnosia (Hecaen and Angelergues, 1962).As
mentioned in the first review on the neural basis of the clinical condi-
tion, lesions of the fusiform gyrus (and right matter tracts around that
region) were often confirmed in autopsied reported cases (Meadows,
1974).Subsequently, in what is still the most cited review on proso-
pagnosia, published 40 years ago, Damasio et al.(1982) also under-
scored the critical role of the fusiform gyrus in this condition.Yet, this
influential review (see also Damasio et al., 1982) was wrong in claiming
that the visual recognition impairment in prosopagnosia was not specific
to faces (see Rossion, 2018a and part I of this review) and that it was
always caused by bilateral (occipito-temporal) lesions (see Fig.3).In
retrospect, Damasio’s third error was to fail to acknowledge the key role
of the right IOG, rather emphasizing, in addition to the fusiform gyrus, a
critical role of the lingual and parahippocampal gyri in causing proso-
pagnosia (Damasio et al., 1982).In reality, there is little evidence that
populations of neurons in these latter two structures play a (critical)
category-specific role in human face recognition.

With the advent of (functional) neuroimaging studies of face recog-
nition in the early 1990s, the focus shifted once again to the right fusi-
form gyrus (Sergent et al., 1992; Kanwisher et al., 1997; McCarthy et al.,
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1997).Yet, face-selective potentials were also recorded intracranially in
the lateral IOG at about the same time (Allison et al., 1994, 1999) and,
within a few years, neuroimaging studies using PET or fMRI also noticed
right lateralized face-selective activity in the IOG (Puce et al., 1996;
Halgren et al., 1999; Haxby et al., 1999; Gauthier et al., 2000; Rossion
et al., 2000), this activity being sufficiently reliable to be tentatively
incorporated as an early processing stage in early neurofunctional
models of human face recognition (Haxby et al., 2000).

While PS was certainly not the first reported neurological patient
with FIR impairment following right IOG damage, she was a clear case of
prosopagnosia, i.e., with a category-selective disorder at face identity
recognition, with a predominant right IOG lesion.Hence, her case report
drew attention to the necessary role of the right IOG in human face
recognition, especially since there was no face-selective activation in
this region (i.e., no OFA; Rossion et al., 2003) and PS’s right (middle)
fusiform gyrus was left structurally intact.The overlap of lesions in a
number of reported cases of prosopagnosia a few years later appeared to
confirm the critical role of this right IOG region (Bouvier and Engel,
2006), but it is the case of PS that undoubtedly inspired the series of TMS
studies exploring the critical role of the right OFA in FIR (Pitcher, 2009,
2021).It also attracted the interest of clinicians and researchers to the
first observation of a case of transient prosopagnosia during intracranial
stimulation, patient KV, with the eloquent stimulation contact located
inside the right IOG/OFA (Fig.20; Jonas et al., 2012; see Jonas and
Rossion, 2021 for review).While all these studies converge to show a
significant contribution of face-selective activity in the right IOG (i.e.,
right OFA) to human face (identity) recognition, the following cortical
surgery of the right IOG in patient KV nevertheless suggests that removal
of this region unilaterally causes long-term difficulties at FIR, but may
not be sufficient to cause prosopagnosia if anterior face-selective regions
(i.e., FFA complex and more anterior regions of the VATL) as well as the
left VOTC remain intact (Fig.21).

9.2. Why a non-hierarchical human cortical face network?

The case study of PS also provided arguably the first evidence to
question the notion of hierarchical (neural) processing in human face
recognition research.Yet, admittedly, this hierarchical view is still very
much influential and dominant in this area of research (section 7;
Fig.12).As discussed above, one reason for that is that there is little
understanding of the role of reentrant interactions (often equated/
confounded with the notion of cortical feedback, which implies the
notion of spatio-temporal hierarchy; see Vezoli et al., 2021) and direct
pathways bypassing cortical areas of a putative hierarchy (Grill-Spector
et al., 2018).Moreover, at first glance, both reentry and bypassing
cortical routes apparently greatly complicate the precise definition of
the type of visual representation and computation(s) performed at one
stage of a network, and challenge currently influential
hierarchically-based DNNs to provide valid information for under-
standing face and visual object recognition.

According to the view advocated here, face-selectivity from clear
views of faces in the human adult brain could be triggered in parallel in
different VOTC regions, which would exchange reentrant inputs
dynamically to be synchronized in time (i.e., without one performing
“computation” on a defined type of representation to send inputs to the
other one and receive feedback in return) (e.g., Fig.13).Moreover, in a
number of cases, face-selectivity could even emerge first in midfusiform
regions (FFA complex) (section 7.2) through direct inputs bypassing the
cortical face “hierarchy” (i.e., early visual cortex to mFus-faces; Finzi
et al., 2021).Such inputs should not be merely considered as “comple-
mentary” or “redundant” with sensory inputs from EVC to the IOG.
Instead, there are situations in which these inputs may be absolutely
critical, otherwise the visual stimulus would not even be recog-
nized/perceived as a face: e.g., if the stimulus is large, located in the
periphery, relatively far away, masked by noise, occlusion, etc., in short,
in all contexts in which the perception of a face benefits, or even depends
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on, a unified integration of parts — holistic representation — across a
relatively large facial space.Reentrant connections between the mid-
fusiform regions (FFA complex) and the IOG (OFA) would help gener-
ating a finer-grained holistic representation (part I) of a face identity,
this representation being “distributed” within the face-selective cortical
system (Rossion, 2008, Fig.6).Unfortunately, the presence of such
reentrant connections is difficult to establish with currently available
methods of investigation in the human brain (although, as demonstrated
for a while, their relevance can be tested in biologically plausible
computational models of the visual system; e.g., Finkel and Edelman,
1989; Tononi et al., 1992).

Compared to a cortical face network with a fixed number of hierar-
chical stages, both the notion of distributed representations through
reentrant cortical interactions and bypass routes also provide more
flexibility and plasticity, and are more compatible with large-scale
gradients of sensitivity to functional properties (e.g., a visuo-semantic
gradient in the postero-anterior axis; Rossion, 2022b) and genuine
interindividual variability in the size, location and even number of
face-selective regions in the VOTC (Gao et al., 2022).

9.3. Towards an integrated neurofunctional view?

This briefly sketched neurofunctional view is obviously speculative
at this state of knowledge, certainly incomplete, probably incorrect.
However, it offers a plausible alternative to a standard but inconsistent
view according to which a series of hierarchical stages are required to
build perceptual face representations, from parts to wholes, from view-
dependent to view-invariant, from face detection to identity, with the
outcome of this hierarchy, a putative view-invariant perceptual repre-
sentation of a face identity, being then associated to another represen-
tation of that face identity in memory.Instead, according to the present
neurofunctional view as described in part I of this review (Rossion,
2022a), the populations of neurons distributed in the VOTC that have
learned to fire selectively to faces (and face identities) and form clusters
through experience simply constitute our cortical memories of faces (i.e.,
a distributed cortical memory; Fuster, 2009).Face recognition occurs
when low-level sensory (i.e., visual) inputs successfully trigger - in
parallel - activity of these cortical memories, which are dynamically
linked by reentry.Thus, in this framework, perception (of a face) is
nothing more than the subjective (i.e., conscious) experience of this
recognition process (Figure 23 in Rossion, 2022a).Recog-
nition/Perception merely reflects the successful matching of variable
sensory inputs to a selective cortical memory built from experience,
without involving local computational processes at the level of these
neuronal populations.Given that they do not represent a fixed series of
computational/representational stages, face-selective neuronal clusters
can thus truly vary across individual brains in terms of their size,
anatomical location and even their number (Gao et al., 2022).Inspired
by the study of the prosopagnosic patient PS and strengthened by
converging evidence from multiple sources as described here and in the
first part of the review, this alternative neurofunctional view will
deserve further development and evaluation beyond single case studies
in neuropsychology and cognitive neuroscience in the years to come.
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