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How a visual stimulus is initially categorized as a face in a network of human brain areas
remains largely unclear. Hierarchical neuro-computational models of face perception assume
that the visual stimulus is first decomposed in local parts in lower order visual areas. These
parts would then be combined into a global representation in higher order face-sensitive areas
of the occipito-temporal cortex. Here we tested this view in fMRI with visual stimuli that are
categorized as faces based on their global configuration rather than their local parts (two-tones
Mooney figures and Arcimboldo’s facelike paintings). Compared to the same inverted visual
stimuli that are not categorized as faces, these stimuli activated the right middle fusiform gyrus
("Fusiform face area”) and superior temporal sulcus (pSTS), with no significant activation in
the posteriorly located inferior occipital gyrus (i.e., no “occipital face area”). This observation
is strengthened by behavioral and neural evidence for normal face categorization of these
stimuliin a brain-damaged prosopagnosic patient whose intact right middle fusiform gyrus and
superior temporal sulcus are devoid of any potential face-sensitive inputs from the lesioned right
inferior occipital cortex. Together, these observations indicate that face-preferential activation
may emerge in higher order visual areas of the right hemisphere without any face-preferential
inputs from lower order visual areas, supporting a non-hierarchical view of face perception in

the visual cortex.
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INTRODUCTION

The human brain can detect a face in a visual scene in a fraction
of a second (e.g., Lewis and Edmonds, 2003; Rousselet et al., 2003;
Fei-Feietal.,2007; Crouzet etal.,2010), yet the neural mechanisms
subtending the initial categorization of a visual stimulus as a face
remain largely unclear. Neuroimaging studies have identified a set
of areas in the human visual cortex that respond significantly more
to pictures of faces than to other object shapes (Sergent et al., 1992)
thus potentially playing an important role in categorization of a
visual stimulus as a face. These areas, as identified in functional
magnetic resonance imaging (fMRI), are of few square millimeter
and are located outside of well-defined retinotopic visual cortex
(Halgren et al., 1999), in the lateral part of the inferior occipital
lobe (“Occipital Face Area,” OFA, e.g., Gauthier et al., 2000), more
anteriorly in the middle fusiform gyrus (the “Fusiform Face Area,”
FFA, e.g., Kanwisher et al., 1997) and in the posterior part of the
superior temporal sulcus (pSTS, e.g., Puce et al., 1998). They are
bilateral but with a much stronger face-sensitive response in the
right than in the left hemisphere (e.g., Sergent et al., 1992). These
three areas are considered to form the core section of an extensive
network of cortical areas that are particularly sensitive to faces
(Haxby et al., 2000; Ishai, 2008; Fox et al., 2009; Weiner and Grill-
Spector, 2010), and which can also be identified in the non-human
primate brain (Tsao et al., 2008).

An important question to clarify is how the processes carried out
within this set of face-sensitive areas lead to the initial perception
of a visual stimulus as a face.

According to one view, face stimuli are processed through feed-
forward hierarchical stages in the visual system, starting with the
extraction of simple facial parts (eyes, mouth, nose, ...) in lower
order visual areas of the occipital cortex. These parts would then
be combined to form a more global face representation in higher
order face-sensitive areas of the occipito-temporal pathway. This
“local-to-global” view is inspired by the feedforward hierarchical
view of the visual system (Hubel and Wiesel, 1962; Felleman and
Van Essen, 1991), and influential computational models of object
recognition (Marr and Vaina, 1982; Biederman, 1987; Riesenhuber
and Poggio, 1999; Ullman, 2007) postulating an initial decomposi-
tion of the visual stimulus into parts and the subsequent combina-
tion of these parts through several stages of increasing complexity.
This view is hierarchical and feedforward in the sense that the
response properties of populations of neurons in a higher order
area are supposed to be constructed by the ordered arrangement
of feedforward inputs from lower order areas. A similar “local-to-
global” view has been endorsed by computational and theoretical
accounts of face perception in the human brain (Burton, 1994;
Jiang et al., 2006). More specifically, neurofunctional models of
face perception derived from neuroimaging studies postulate that
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face-sensitive processes are initiated in the inferior occipital cortex
(OFA), feed information forward to the anteriorly located middle
fusiform gyrus (FFA) and pSTS, and then to the anterior section
of the temporal and prefrontal cortices (Haxby et al., 2000; Fairhall
and Ishai, 2007; Ishai, 2008; see also Lerner et al., 2001; Pitcher
et al., 2007).

However, according to an alternative view, inspired by Gestalt
Psychology (e.g., Kohler, 1947; Flavell and Draguns, 1957; see
Spillman and Ehrenstein, 2004), a face stimulus could be initially
represented at a global level (i.e., a whole face). This initial rep-
resentation would be coarse, and would be progressively refined
into a more fine-grained face representation allowing subordinate
face categorization (i.e., individualization, see Sergent, 1986). At
the neural level, it has been postulated that such an initial coarse
categorization of the face stimulus could take place in a higher
order visual area such as the FFA, particularly in the dominant
right hemisphere for faces. Perceptual processes and representations
that involve high-resolution details might then involve lower order
visual areas such as the right OFA through reentrant connections
(Rossion et al., 2003; Rossion, 2008).

This latter neural view is largely inspired from relatively
recent theoretical and experimental work carried out on object
recognition, in particular on how response properties in early
visual areas can be shaped by neural activity in higher order
visual areas (Mumford, 1992; Hupé et al., 1998; Lee et al., 1998;

Lamme and Roelfsema, 2000; Bullier et al., 2001; Galuske et al.,
2002; Hochstein and Ahissar, 2002; Murray et al., 2002; see also
Bar, 2003).

With respect to face perception specifically, this view is sup-
ported by at least two observations about the categorization of a
stimulus as a face by the human brain. First, a visual stimulus can
be readily categorized as a face even if it does not contain clear
elementary facial parts, its faceness being defined solely or primarily
by the global organization of the elements. A classical example is
provided by two-tone (thresholded, black and white) images of
faces introduced in the 1950s (Mooney, 1956, 1957) to test the
ability of children to form a coherent percept of shape on the basis
of very little detail. These “Mooney” faces (Figure 1A) have been of
great interest to psychologists and neuroscientists throughout the
past half a century (e.g., Mooney, 1956, 1957; Perrett et al., 1984;
Parkin and Williamson, 1987; Jeffreys, 1989; Dolan et al., 1997;
George et al., 1997; Kanwisher et al., 1998; Moore and Cavanagh,
1998; Ramachandran et al., 1998; Rodriguez et al., 1999; Jemel et al.,
2003; McKone, 2004; McKeeff and Tong, 2007) because of their
ambiguous nature, specificity (two-tone faces seem more readily
identifiable than other objects; Moore and Cavanagh, 1998) and
their sudden interpretability.

In a Mooney image, the local parts are too ambiguous to be
recognized as facelike individually, as illustrated on Figure 1E.
Rather, these local parts must be disambiguated based on their

FIGURE 1 | Above. Examples of stimuli used in the experiment 1, Mooney
faces (http://www.princeton.edu/artofscience/gallery): (A) Upright stimuli
(response = face) and (B) Inverted stimuli (response = non-face). Below.
Examples of stimuli used in the experiment 2 Arcimboldo faces (http://www.
princeton.edu/artofscience/gallery), (C) Upright stimuli (response = face) and (D)

Inverted stimuli (response = non-face). (E) The three Mooney face stimuli above
have been divided into four square fragments, spatially displaced. Contrary to
fragments of a face photograph (e.g., Ullman, 2007), fragments of such
two-tone faces cannot be seen as facelike: the stimulus needs to be perceived
as a whole to see the face.
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context within a global configuration. Consequently, Mooney faces
are said to require holistic/configural processing for successful
perception (e.g., Newcombe, 1974; Parkin and Williamson, 1987;
McKone, 2004): the stimulus needs to be processed as an integrated
whole rather than as a collection of independent parts. Moreover,
since two-tone images of novel objects do not lend themselves to
volumetric interpretations, the correct perception of a Mooney
stimulus appears to depend on previously stored representations
in memory, or a top-down application of a 2D global face template
(Cavanagh, 1991; Moore and Cavanagh, 1998; Hegdé et al., 2007;
Kemelmacher-Shlizerman et al., 2008). Indeed, when a Mooney
picture is presented upside-down, the face is usually not perceived
(e.g., Figure 1B), presumably because the visual input cannot be
disambiguated with the help of internal 2D global representations
(i.e., top-down processes).

Yet another example of face perception based on global configu-
ration rather than local parts is illustrated by the famous paintings
of Giuseppe Arcimboldo (sixteenth century; Hulten, 1987),in which
a face is constituted of non-face (usually organic) elements such as
fruits and vegetables, animals, flowers, etc. (Figure 1C). Here, the
parts can be identified relatively easily, but they correspond to non-
face objects, not to elementary facial parts. Like Mooney stimuli, an
Arcimboldo’s painting can be categorized as a face due to the global
face configuration formed by these non-face elements rather than
through the identification of the elements themselves. As a matter
fact, a visual agnosic patient who cannot identify the constituent
object parts may still perceive the face in these Arcimboldo paint-
ings (Moscovitch et al., 1997), indicating that the face is perceived
independently of the nature of the parts per se. Again, the face is
usually not perceived when the painting is presented upside-down,
an aspect that was used by the artist Arcimboldo to make his paint-
ings reversible Figure 1D; Hulten, 1987).

If a face stimulus can be readily perceived despite the absence,
or the reduced diagnosticity, of local facial parts in Mooney and
“Arcimboldo” stimuli, this poses an important challenge to hierar-
chical neurofunctional and computational models of face percep-
tion. Indeed, it indicates that under certain circumstances at least,
a whole face configuration can be seen without identifying the
parts as being facelike.

A second observation casting doubts on a strict hierarchical
scheme of face perception in the human brain is that face-sensi-
tivity can be observed in higher order areas of the right middle
fusiform gyrus (right FFA) and pSTS despite a structural damage
to the territory of the posteriorly located (i.e., lower order) right
OFA. This observation was first made on the patient PS (Rossion
etal., 2003) who presents with a severe inability to recognize and
discriminate individual faces (acquired prosopagnosia; Quaglino
etal., 1867/2003; Bodamer, 1947), but can nevertheless categorize
a stimulus as a face (Schiltz et al., 2006). This observation of a
FFA without OFA has been replicated in several fMRI studies of
the same patient (e.g., Schiltz et al., 2006; Dricot et al., 2008), also
disclosing face-preferential activation in her right pSTS (Sorger
et al., 2007). A preferential activation to faces of the FFA despite
a bilateral lesion of the territory of the OFA in another (pro-
sop)agnosic patient has strengthened this finding (Steeves et al.,
2006). Thus, higher order visual areas such as the FFA may show
a preference for faces despite the absence of any face-sensitive

response in the structurally damaged inferior occipital cortex
(i.e., no OFA). These observations suggest that, in the normal
brain, a preferential activation to faces in a higher order visual
areas such as the FFA may arise independently of putative face-
sensitive inputs from theinferior occipital cortex (OFA), perhaps
through direct connections from early (non-face-sensitive) visual
areas (Rossion, 2008).

In the present study, we aimed at testing further this latter view
of the microgenesis of face perception by combining the two sets of
evidence reviewed above. That is, we recorded the behavioral and
neural response(s) of normal observers and of the brain-damaged
prosopagnosic patient (PS) to the presentation of Mooney and
Arcimboldo face stimuli, in order to test three predictions drawn
from this hypothesis.

(1) First, the response to Mooney and Arcimboldo stimuli — that
are mainly or exclusively perceived as faces by means of holi-
stic processing — should be much larger in the right FFA than
the OFA (compared to the response of these two areas in a
classical face localizer in fMRI).

(2) Second, providing that low-level vision is well preserved,
cases of prosopagnosia who have a right FFA such as the
patient PS described above, should still be able to catego-
rize readily a Mooney or an Arcimboldo stimulus as a face.
Previous neuropsychological investigations have not clari-
fied this issue, and it is often claimed that many prosopa-
gnosics (if not all) have particular trouble perceiving a face
in binary-tone (Mooney) images (e.g., Levine and Calvanio,
1989; Laeng and Caviness, 2001) or in Arcimboldo paintings
(Harris and Aguirre, 2007). In truth, only a few exemplars of
Mooney faces have been presented to acquired prosopagno-
sics as part of clinical neuropsychological examinations, with
various recognition success rates (e.g., Sergent and Villemure,
1989; Davidoff and Landis, 1990; Young et al., 1990; Sergent
and Signoret, 1992b; Steeves et al., 2006; Rivest et al., 2009),
and only recently a PS was tested and succeeded at detec-
ting a face in a few Arcimboldo paintings (Rivest et al., 2009).
Hence, this issue is still largely open, and deserve to be tested
more formally with a PS who has well preserved low-level
vision, does not present general visual integrative agnosia,
and shows face-sensitive responses in high-level visual areas.
The interest of testing the patient PS’ ability to perceive faces
in such stimuli requiring holistic processing is also increased
by recent evidence showing that this patient cannot rely on
holistic processes to individualize (recognize or match/discri-
minate) faces (Busigny and Rossion, 2010; Ramon et al., 2010;
Van Belle et al., 2010). While impairment in holistic proces-
sing for individualizing faces has also been shown in other
cases of acquired prosopagnosia (e.g., Levine and Calvanio,
1989; Sergent and Villemure, 1989; Boutsen and Humphreys,
2002), dissociation between (intact) holistic processing for
face categorization and (impaired) face individualization has
never been reported to our knowledge.

(3) Third, provided that the patient PS is able to detect a face
stimulus in a substantial amount of Mooney/Arcimboldo
stimuli, we tested the hypothesis that she recruits primarily,
as normal observers would, her right FFA to perform this
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function. This prediction follows (1) and (2) and would pro-
vide further evidence for a non-hierarchical view of face per-
ception in the human brain.

MATERIALS AND METHODS

PARTICIPANTS

Patient PS

The PS’behavioral and neural profiles have been described in detail in
several previous studies (e.g., Rossion et al., 2003). Briefly, PS was born
in 1950 and sustained a closed head injury in 1992 that left her with
extensive lesions of the left mid-ventral (mainly fusiform gyrus) and
the right inferior occipital cortex. Minor damages to the left posterior
cerebellum and the right middle temporal gyrus were also detected
(see Sorger etal.,2007) for all information about the patient’s lesions).
PS’ only continuing complaint is a profound difficulty in recognizing
familiar faces, including those of her family when they are presented
out of context (see Table 1 in Rossion et al., 2003 for the neuropsy-
chological profile of the patient). This impairment in face recogni-
tion and individual face discrimination has been formally established
in several behavioral studies with classical neuropsychological tests
(Benton and Van Allen, 1972; Warrington Recognition Memory Test,
Warrington, 1984) as well as individual face matching and recognition
computer tasks (see Rossion et al., 2003; Caldara et al., 2005; Schiltz
etal., 2006; Orban de Xivry et al., 2008; Busigny and Rossion, 2010).
Importantly, PS does not present with any difficulty in recognizing
and discriminating non-face objects, even at the subordinate level
and when response times are considered (Rossion et al., 2003; Schiltz
etal., 2006; Busigny et al., 2010). Her visual field is almost full (small
left paracentral scotoma, see Sorger et al., 2007) and her visual acuity
is good (0.8 for both eyes as tested in August 2003).

BEHAVIORAL STUDY

Ten healthy control participants took part in the behavioral study.
They were matched to PS for gender, age (PS: 56 at time of testing;
controls’ mean: 53.4, SD: 3.6), and education. None of them had a
history of neurological or vascular disease, head injury, or alcohol
abuse, nor did they display cognitive complaints. Two experiments
(Mooney faces experiment 1 and Arcimboldo faces experiment 2)
were conducted with all the participants.

fMRI STUDY

Beside PS, a group of seven(S1-S7, age range 20-26, all females)
healthy controls performed the face localizer and the Mooney
faces experiment 1. Three of these participants (S1, S4, and S5)
and three additional participants (S8-S10, age range 20-26, five
females) performed the Arcimboldo faces experiment 2. None
of them had a history of neurological or vascular disease, head
injury, or alcohol abuse, nor did they display cognitive complaints.
In addition, one age-matched participant (AM, 53 years, female)
performed the face localizers and the experiments 1 and 2. We
tested only one age-matched control to PS in fMRI for practical
reasons, but also because the profile of activation in the right FFA
has been shown to remain stable across decades (Brodtmann et al.,
2003) as also confirmed by our previous studies (Schiltz et al., 20065
Sorger et al., 2007). Also, the participant AM’s data did not differ
from the young control participants in this study. Both PS and the
control participants gave their informed written consent prior to

the behavioral and fMRI experiments. The study conformed to the
Declaration of Helsinki and was approved by the Ethics Committee
of the Medical Department of the University of Louvain. All par-
ticipants and PS proved to be strongly right-handed according to
the Edinburgh Inventory (Oldfield, 1971).

Stimuli

The stimuli used in the behavioral and fMRI Mooney faces experi-
ments were taken from the dataset originally created by Aaron
Schurger and colleagues (Art of Science Competition, Princeton
University' ). These types of stimuli were created following the same
procedure that was used by Craig Mooney (Mooney, 1957) in his
study to explore the perceptual closure ability — that is the ability to
form a global and coherent perceptual representation on the basis
of few details. To create our experiment, we selected 80 Mooney
faces among the Schurger’s set (Figure 1A).

The stimuli used in the behavioral and fMRI Arcimboldo experi-
ments are inspired by the paintings of the sixteenth Century artist,
Giuseppe Arcimboldo (see Hulten, 1987; or for example?) and by the
creations of the contemporary mosaic portrait artist, Jason Mecier>.
Both created works of art consisting of faces composed by non-facial
elements (vegetables, fruits, animals, candies, stationeries, pebbles,
etc.). The pictures were downloaded from the websites and were
cropped so that only the area of the face was present. Next, the pic-
tures were homogenized to have roughly the same size and resolution.
In total, 40 Arcimboldo face stimuli were created (Figure 1C).

Four categories of stimuli were used in the fMRI localizer experi-
ment: Faces, Cars, and their phase-scrambled versions: Scrambled
faces and scrambled cars. The Face condition consisted of 43 pictures
of faces (22 females) cropped so that no external parts (hair, etc.) were
revealed. All the faces were shown in frontal view. There were inserted
in a gray rectangle to form a rectangular image (Figure 2).

Similarly, the Car condition consisted of 43 pictures of different
cars in a full-front view also embedded in a gray rectangle. Faces
and cars were presented in color and equalized in luminance. The
scrambled stimuli were made using a Fourier phase randomiza-
tion procedure (see e.g., Sadr and Sinha, 2004 that yields images
preserving the global low-level properties of the original image
(i.e., luminance, contrast, spectral energy, etc.), while completely
degrading any category-related information (Figure 2). Pictures
of faces/cars and the phase-scrambled face/car pictures subtended
equal shape, size, and contrast against background.

Procedure

Behavioral Mooney and Arcimboldo faces experiment. The stimuli
were presented using E-prime 1.1 (Schneider et al., 2002) on a 15’
laptop display (resolution: 1024 X 768; refresh rate: 60 Hz), and sub-
tended approximately 5.4° in height and 3.8’ width. Participants indi-
cated a response by pressing designated keys on a keyboard. The back
color of the screen was in gray (128, 128, 128). Percentages of correct
responses and response times on correct trials were calculated.

'http://www.princeton.edu/ artofscience/gallery
*http://www.artyst.net/A/Arcimboldo16/ Arcimboldo.htm

*http://www.jasonmecier.com
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FIGURE 2 | Functional brain areas disclosed in the face localizer experiment with faces, scrambled faces, pictures of cars and scrambled cars. The different
areas (bilateral FFA, OFA, and right pSTS) are displayed below for a normal participant, and the intact part of this network is illustrated for the patient PS on top (right
FFA, left OFA, right pSTS). Note the asymmetrical lesions, damaging the cortical territory of the right OFA and left FFA (for a full description, see Sorger et al., 2007).

The 80 selected items were presented upright (Figure 1A) and
upside-down (Figure 1B) and were displayed in random order
in two blocks of 80 trials. Each picture appeared on the screen
sequentially, and the observers had to decide whether they could
see a face in the stimulus or not by pressing one of two response
keys. They were instructed the face had to be presented in an
upright orientation, but could be of different viewpoint, sex, age,
etc. Each stimulus was presented on the screen until the participant
responded, and was followed by a central cross (300 ms) and a gray
screen (300 ms).

To compare PS’behavioral performance to normal participants,
the modified t-test of Crawford and Howell (1998) for single-case
studies was used. Here we used a <0.05 p-value within the frame-
work of a unilateral hypothesis. Analysis was performed with a com-
puterized version of Crawford and Howell’s method: SINGLIMS.
EXE (Crawford and Garthwaite, 2002).

fMRI localizer experiment. Prosopagnosic patient and normal
participants performed one block-design localizer fMRI experi-
ment aimed at defining the areas responding preferentially to
faces. They viewed 24 blocks per run (18 s per block, 2 runs of

11 min) of alternating pictures of faces, scrambled faces, cars, and
scrambled cars (six blocks per condition), with 9 s fixation cross
epochs between the blocks. They performed a one-back identity
task (two or three positives per block). During a block, 18 stimuli
were presented for 750 ms followed by a 250 ms black screen dur-
ing each block. All images sustained a size of roughly 5.4° in height
and 3.8° in width of visual angle and varied slightly in location in
X (10%) and in Y (13%) on each trial.

fMRI Mooney faces experiment. Prosopagnosic patient and normal
participants viewed three runs (10 min 13 s per run) of 40 Mooney
faces in each orientation, displayed in random order. Each picture
sustained a size of roughly 5.2° in height and 3.6° in width of visual
angle and varied in location in X (10%) and in Y (13%) on a gray
screen (128 128 128). The stimuli appeared on the screen during
1750 ms followed by a cross of 4250, 5500, or 6750 ms and a gray
screen of 250 ms. This timing ensured that the onset of distinct
events were separated by at least 6-8 repetition times (TRs) to avoid
the overlapping and saturation of the hemodynamic responses. Full
randomization of trial order and of ISI duration further reduced
any potential top-down effects of anticipation of the stimuli.
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Participants were asked to press the right response key when they
saw a face and the left response key (with the same hand) when
they could not see a face in the stimulus (the exact instructions
were the same as in the behavioral experiment above). The stimuli
were displayed with a PC running E-prime 1.1 (PST Inc.) through
a projector surface located over the head of the subject and viewed
with an angled mirror.

fMRI Arcimboldo faces experiment. The exact same procedure as
the fMRI Mooney faces experiment was used with the 40 Arcimboldo
faces (three identical runs of 10 min 13 s). Each picture sustained a
size of roughly 6.6° in height and 5.4° in width of visual angle.

Imaging parameters. Magnetic resonance images of brain activ-
ity were collected from PS and normal controls using a 3T head
scanner (Siemens Allegra, Siemens AG, Erlangen, Germany),
with repeated single-shot echo-planar imaging: echo time
(TE) = 50 ms, flip angle (FA) = 90°, matrix size = 64 X 64, field of
view (FOV) =224 mm X 224 mm, slice order descending and inter-
leaved, slice thickness = 3.5 mm. The other scan parameters varied
over the different experiments: repetition time (TR) = 2250 ms,
36 slices for the face localizer (or TR = 1500 ms, 24 slices for four
control participants); TR = 1250 ms, 20 slices for the event-related
Mooneys and Arcimboldo faces experiments (all participants). A
three-dimensional (3D) T1-weighted data set encompassing the
whole brain was acquired to provide detailed anatomy (1 mm?)
thanks to aADNI sequence(TR = 2250 ms, TE = 2.6 ms, FA = 9°,
matrix size = 256 X 256, FOV = 256 mm X 256 mm?, 192 slices, slice
thickness = 1 mm, no gap, total scan time = 8 min 5 s).

Data analysis of the imaging experiments. The fMRI signal in the
different conditions was compared using BrainVoyager QX (Version
1.9.10, Brain Innovation, Maastricht, The Netherlands). Prior to anal-
ysis, the functional data sets were subjected to a series of preprocessing
operations: linear trend removal for excluding scanner-related signal,
atemporal high-pass filtering applied to remove temporal frequencies
lower than three cycles per run, and a correction for small interscan
head movements by a rigid body algorithm rotating and translating
each functional volume in 3D space. The data were corrected for the
difference between the scan times of the different slices. Data was not
smoothed in the spatial domain for any of the experiments. In order
to be able to compare the locations of activated brain region across
participants all anatomical as well as the functional volumes were spa-
tially normalized (Talairach and Tournoux, 1988) and the statistical
maps computed were overlaid to the 3D T1-weighted scans in view
to calculate Talairach coordinates for all relevant activation clusters.
Subsequently, the functional data were analyzed using one multiple
regression model (General linear model, GLM) consisting of predic-
tors, which corresponded to the particular experimental conditions
of each experiment. The predictor time courses used were computed
on the basis of a linear model of the relation between neural activity
and hemodynamic response, assuming a rectangular neural response
during phases of visual stimulation (Boynton et al., 1996).

Statistical analyses were carried out in several steps. First, the areas
responding preferentially to faces were defined independently for PS
and each individual participant in the face localizer experiment. The

conjunction of the contrast [(Faces—Scrambled faces) and (Faces—
Objects)] between the two face localizer runs was computed. This
conservative procedure ensured that the larger activations to faces than
objects identified were those consistent across the two runs, and the
voxels identified were not responding preferentially to faces because
of low-level properties. The FFA was defined as all the contiguous
voxels (i.e., forming a cluster) in the middle fusiform gyrus significant
at [g(False discovery rate) < 0.05]. The FFA was defined separately
in each hemisphere (right and left FFAs). The set of all contiguous
significant voxels in the inferior occipital cortex defined the OFA, in
each hemisphere separately. The same procedure was applied in the
pSTS. If these areas were not found for some participants at this statis-
tical threshold, the threshold was adjusted to less conservative values
[p(uncorrected) < 0.005; then p(uncorrected) < 0.05] in order to be
able to test all the areas in all participants (see Dricot et al., 2008). All
information about the regions of interest and statistical thresholds used
for each individual participant is provided in Table A1 of Appendix.

Second, for each participant, including PS and AM, and every
RO, a single subject GLM analysis was ran (df = N of regressors — 1,
N of volumes over the 3 runs — 1: 2, 1457) and mean beta-values
were extracted for the contrast (upright Mooney faces—inverted
Mooney faces). The contrast was tested also for normal control
participants in a multi-subject random effect analysis (multi-
subject GLM with predictors separated for each included control
participant; df = 6). The same procedure was used for analyzing
Experiment 2 with the exception that Arcimboldo stimuli replaced
the Mooney stimuli (df = 5 in the multi-subject GLM analysis).

Third, we directly compared PS and the normal participants for
thelevel of activation to Mooney faces in the two face areas showing
a significant response for PS: right FFA and pSTS. Average percent
signal change for every ROI was computed using the baseline epochs
as reference for each condition. An index of the strength of the
response in each ROI was computed by means of the beta weights
of the GLM analysis as follow: [(upright Mooney faces — inverted
Mooney faces) divided by (Mooney faces + Mooney faces inverted].
The exact same index was also computed with comparison of the
“correct trials” only (“face” response for upright stimuli; “non-face”
response for inverted stimuli). This index was defined in each of
the two ROIs, for PS and for every participant. PS’ index in each
ROI was then compared to normal participants using the modified
t-test of (Crawford and Howell, 1998) as described above. The same
contrasts were used for analyzing Experiment 2 with the exception
that Arcimboldo stimuli replaced the Mooney stimuli.

Finally, a whole-brain GLM analysis across control participants
was conducted in order to determine, without a priori functional
localization, the regions that were primarily involved in the cat-
egorization of the stimulus as a face (separately for the Mooney
and Arcimboldo experiments). This whole-brain analysis was done
also for PS, and for AM.

RESULTS

EXPERIMENT 1. MOONEY FACES

Behavioral Mooney faces experiment

Prosopagnosic patient detected 73.8% of the upright stimuli as faces,
a normal range performance (control mean = 83.1%; SD = 17.9;
t,=—0.495; p=0.316; Crawford and Garthwaite, 2002). She made
very few false alarms (3.8%) comparable to the normal controls
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Table 1 | Summary of the statistical significance (t-values; all ps < 0.05 in yellow) in the regions of interest defined in the functional localizer

experiment for the patient PS and the control participants (random analysis).

Right FFA Right OFA Left FFA Left OFA Right pSTS
PS: Mooneys faces Up minus Mooneys faces Down 3.87 lesioned lesioned -1.20 2.75
Control Participants: Mooneys faces Up Minus Mooneys faces Down gres! -0.28 3.17 115 8.59
PS: Mooneys faces Up Recognized minus Mooneys faces Down Not 5.07 lesioned lesioned -1.56 8,87
recognized
Control Participants: Mooneys faces Up Recognized minus Mooneys faces 2.94 -1.47 1.86 1.07 3.39
Down Not recognized
ARCIMBOLDO FACES EXPERIMENT 2: T-VALUES OF THE CONTRAST
PS: Arcimboldo faces Up minus Arcimboldo faces Down 5.06 lesioned lesioned 1.31 6.02
Control Participants: Arcimboldo faces Up minus Arcimboldo faces Down 4.18 1.70 3.15 0.986 2.60
PS: Arcimboldo faces Up Recognized minus Arcimboldo faces Down Not 5.02 lesioned lesioned 1.03 4.92
recognized
Control Participants: Arcimboldo faces Up Recognized minus Arcimboldo 2.99 1.82 2.24 1.03 5.3/

faces Down Not recognized

(6%; SD = 9.4; t, = 0.223; p=0.414; Figure 3A). PS was also as fast
as the normal controls, independently of the presence of a face in the
picture or not (respectively £, = -0.451; p=0.331 and #, = —0.474;
p = 0.324; Figure A1A of Appendix).

Thus, the acquired PS was able to detect efficiently and readily a
Mooney face stimulus, a visual categorization task that is assumed
to rely on the global organization of the facial elements rather
than a detailed analysis of these elements. Although many other
cases of acquired prosopagnosia have been tested with Mooney
face stimuli, most of these tests were part of a clinical neuropsy-
chological preliminary report (a test of visual closure) rather than
a systematic experiment. Patients have been reported to either be
impaired at processing Mooney face stimuli (e.g., Young et al., 1990;
one case in Davidoff and Landis, 1990; Steeves et al., 2006; Laeng
and Caviness, 2001) or to perform in the normal range (two cases
in Sergent and Villemure, 1989; Davidoff and Landis, 1990; Sergent
and Signoret, 1992a; Rivest et al., 2009). However, these investiga-
tions were never systematic. Specifically, the patient data was never
compared to appropriate control data, the patients suffered from
general visual impairments, they were tested in variants of the face/
non-face decision task (e.g., categorizing the Mooney faces accord-
ing to gender), and response times were never considered. To the
best of our knowledge, the present study thus provides the first
solid evidence of the preserved ability to perceive a face stimulus
in ambiguous Mooney stimuli in acquired prosopagnosia.

fMRI experiment: Mooney face perception

Functional localizer approach. In the localizer scan, normal par-
ticipants showed activation (see Table A1 of Appendix for details)
in the right and left FFA (mean Talairach coordinates: 36.7, —46.7,
—19.1 and —40.9, —46.3, —19.6 respectively), in the right and left
OFA (38,-78.4,-11.8 and —34.6,—73.6,—15.6, respectively) and in
the right pSTS (43.1,—44.6, 9.2)*. For PS, consistent with previous
observations, there were significant activations at [ g(False discovery

*There were other areas activated by the conjunction contrast in some participants,
but unlike the FFA, OFA, and pSTS they were not consistent across participants,
and were not the focus of the present study.

rate) < 0.05] to faces in the FFA and pSTS of the right hemisphere
(36,—51,—21,and 45,-56, 10 respectively). These areas were normal
in size and anatomical location as previously reported for normal
observers and for PS (Rossion et al., 2003; Sorger et al., 2007; Dricot
etal.,2008). There was also a small significant activation in the left
inferior occipital cortex for PS [left OFA, at p(uncorrected) < 0.05,
—40, —73, —19], as found in some previous studies of the patient
(Sorger et al., 2007). In agreement with all these previous studies
of the patient PS, even at the least conservative statistical threshold
(p<0.05uncorrected) at which these two ROIS could be identified
in every normal participant, there was no evidence of significant
activation around PS’ lesions which could have been considered
as a right OFA and left FFA (Table 1).

In summary, the missing components of the network of face-
preferential activation in PS’ brain (left FFA and right OFA) were
areas located in structurally damaged tissue (Figure 2). As shown
previously (Rossion et al.,2003), the average localization of the right
OFA in normal participants falls within the right inferior occipital
lesion of the patient PS (Figure A2 of Appendix). Moreover, 9 out
of the 11 individually localized right OFAs in the present study
fall completely or largely within the territory of PS’ right inferior
occipital lesion.

In the fMRI experiment with Mooney faces, PS was again as
accurate as control participants (72.8%; control group average is
69.1%, SD = 8.5%; t. = 0.41; p = 0.35; AM: 83%; Crawford and
Garthwaite, 2002) and as fast (1384 ms, controls’ average = 1216 ms,
SD =335 ms; £, = 0.89; p=0.21; AM: 1000 ms).In normal partici-
pants (random effect group analysis, Mooney upright — Mooney
inverted; dl = 6), we found a significant effect in the two right
hemisphere higher order “face areas” (FFA, pSTS), but not in the
left OFA (FFA, t = 3.33, p < 0.016; pSTS, £ = 3.59, p < 0.012; left
OFA, t=1.15, p=0.30; Table 1; Figures 4A and 5 and Figure A3A
of Appendix).

The exact same results were found in the individual analysis of
PS: right FFA (= 3.873, p<0.0001), pSTS (¢= 2.751, p < 0.0060),
left OFA (t=-1.201, p=0.23), and for the age-matched participant
(AM: FFA, t=2.73, p<0.0064; pSTS, t= 3.69, p < 0.0002; left OFA,
t=-1.93, p=0.05; Figure 4).
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FIGURE 3 | (A) Behavioral results of the prosopagnosic patient PS and “Non-face” stimuli. PS" accuracy rates are in the normal range, both for the
control participants in experiment 1 (detecting Mooney faces). (B) Results of "Face” as for the “Non-face"” items. If anything, PS is even faster than
experiment 2 (Arcimboldo faces). For both experiments, the average control participants. Bars in the graph represent the standard errors of
response times are calculated on correct trials, separately for “Face” and the mean.

In the right OFA, located in a region of cortex structurally dam-
aged in PS’ brain, control participants showed no significant advan-
tage for upright compared to inverted Mooney faces (¢ = —0.28,
p=0.79; AM: t=-2.21, p=0.03; Figure 4A). However, the contrast
was also significant in the left FFA (also lesioned in PS’ brain) in
the group of normal participants (= 3.17, p < 0.019; Figure A3A
of Appendix), but it was not significant for the AM participant
(t=—-1.17, p=0.24).

PS and controls: upright Mooney faces recognized compared with in-
verted Mooney faces not recognized. The same analysis as above was
performed only on trials with correct responses (contrast: upright
Mooney faces recognized—inverted Mooney faces not recognized;
Figures A4 and A5 of Appendix). Identical results were found,
except in the left FFA of the control group and the age-matched
participant, because these areas no longer reached the significance
level (left FFA: t=1.86, p=0.11; AM: t= 0.85, p = 0.40). Note that
this observation cannot be accounted for by the reduced number
of trials in the conditions of interest, since the response to upright
Mooney faces is even increased in PS’ and AM’ right FFA in the
same analysis relative to when all trials are considered (FFA in PS,

t=5.07, p<0.000001; FFA in AM, = 4.39, p < 0.00001; df of the
individual subject GLM: 4, 1457).

Direct comparison of PS and normal participants. upright vs.
inverted Mooney faces. In order to statistically compare PS’ le-
vel of activation to these stimuli in face-sensitive areas to the
normal population, we calculated an index of activation for
upright Mooney faces for each participant (Upright Mooney
faces — Inverted Mooney faces/Upright Mooney faces + Inverted
Mooney f ces).

In the right FFA, the larger activation for upright Mooney faces
was identical for PS and normal participants, including AM, whether
theactivation index was computed on all trials (PS: 0.107) or only on
correct trials (PS: 0.152) only (all trials: mean = 0.069, SD = 0.023;
t,=1.54, p=0.17; correct trials: mean = 0.145,SD = 0.066; £, = 0.10,
p=0.92; Crawford and Garthwaite, 2002; AM’s indexes: 0.049 and
0.095 respectively; Figure 6A). Similarly, in the right pSTS, there was
no difference between PS (all trials: 0.134 and correct trials: 0.227)
and the controls: (all trials: mean = 1.021, SD = 2.703; t = —0.31,
p=0.38; correct trials: mean = 0.286, SD = 0.758; t=—0.08, p = 0.47;
AM’s indexes: 1.35; 1.92).
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FIGURE 4 | (A) Response to upright (“face”) and inverted (“non-face”) Mooney stimuli in the right FFA and OFA for the group of normal participants in the
experiment. Note that while the right FFA showed a significantly larger response to Mooney faces, as shown previously (e.g. Kanwisher et al., 1998), there was no
such effect in the right OFA. (B) The same observations were made for Arcimboldo stimuli.

In summary (Table 1), independently of whether the analysis
was computed on correct trials or on all trials, we found significant
activations to the perception of Mooney faces primarily in the right
FFA and right pSTS in the normal population. Strikingly, identical
observations were made for the PS. In the left inferior occipital
cortex, structurally intact in PS’ brain and where a face-sensitive
response (left OFA) was found in the localizer, there was no evi-
dence for sensitivity to faces presented as Mooney stimuli, neither
for the normal controls nor for PS. Finally, in the two regions that
are structurally damaged in PS’ brain, there was little (left FFA) or
no (right OFA) evidence for sensitivity to the categorization of a
Mooney stimulus as a face in the normal population.

Whole-brain analysis. To strengthen our results, a whole-brain
analysis was performed on PS’ data with the conjunction of the
three contrasts (one per fMRI run: upright Mooney faces—inverted
Mooney faces). Two clusters were found at p(uncorrected) < 0.05
in PS’ brain (Figure 7). The first one corresponds roughly to the

FFA (31, =55, —17, 250 voxels). It shows a preferential response
to faces over cars and scrambled faces in PS’s face localizer (F-O:
t = 8.34, p < 0.000001, F-SF: t = 8.36, p < 0.000001). The other
one was located near the middle temporal sulcus (46, —49, -7, 122
voxels), and does not show a preferential response to faces in the
localizer (larger for both objects and scrambled faces than faces:
F-O: t=-1.45, p<0.15 and F-SF: t = -2.11, p = 0.04). The same
analysis was performed with AM (Figure 8), for which we also
found two clusters: 34, —52, —13 (67 voxels; face-sensitivity: F-O:
t=15.25, p<0.000001, F-SF: r=26.31, p< 0.000001) correspond-
ing exactly to her right FFA, and 52 —50 —5 (60 voxels) in the mid-
dle temporal sulcus (face-sensitivity: F-O: t=10.27, p < 0.000001,
F-SF: t=11.35, p < 0.000001; note the proximity with the pSTS).

With our seven participants considered as a group, we found
only one significant cluster at p(uncorrected) < 0.05, correspond-
ing to the Talairach coordinates of the right FFA (33, —42, —19,
344 voxels). This region showed a preferential response to faces as
identified in the face localizer with the seven participants (F-O:
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FIGURE 5 | Among the face-sensitive areas that are intact in the prosopagnosic patient’s brain, only the right FFA, and the pSTS to a lesser extent, present
a larger response to Mooney stimuli perceived as faces as compared to the same pictures presented upside-down (“non-faces”). Similar findings are made
control participants (S1 illustrated), PS and the age-matched control (AM). The left OFA does not show any enhanced response to the Mooney face stimuli.

t = 5.44, p < 0.000001, F-SF: t = 30.11, p < 0.000001). There was
no significant activation in the right inferior occipital cortex, or
the left hemisphere in this whole-brain analysis.

Importantly, we note that the whole-brain analysis of the
face localizer in the same seven participants at the same sta-
tistical threshold [p(uncorrected) < 0.05] gave rise to a rFFA
of 1124 voxels, and a rOFA of 359 voxels. The rOFA’ size was
thus of 32% of the rFFA’ size in the face localizer experiment.
Considering this proportion, one could have expected a rOFA
of about 110 voxels in the Mooney experiment (32% of the 344
voxel size of FFA). Instead, there were no significant voxels in
the right inferior occipital cortex above statistical threshold.
The same reasoning can be made for the left FFA (494 voxels
at p < 0.05; 151 voxels expected in the Mooney experiment,
0 found) and the left OFA (268 voxels at p < 0.05; 82 voxels
expected, 0 found).

In summary, both the functional localizer approach and the
whole-brain analysis indicate that the categorization of the stimu-
lus as a face based on the Mooney stimuli takes place primarily

in face-sensitive populations of neurons in the middle fusiform
gyrus (FFA) of the right hemisphere, and to a lesser extent in the
right posterior part of the STS. These areas are structurally intact
in PS’ brain and they show the exact same response profile in fMRI
in this task as for normal observers. Overall, these observations
indicate that the categorization of the visual Mooney stimulus as
a face does not rely on lower order visual areas that are sensitive
to segmented face photographs in the localizer (OFAs), but is
supported almost exclusively by higher order areas in the right
hemisphere.

EXPERIMENT 2. ARCIMBOLDO STIMULI

Behavioral Arcimboldo faces experiment

Here PS obtained an accuracy rate 70% on the stimuli in which
a face is detectable (Figure 3B). In comparison to control par-
ticipants (mean = 84.5%; SD = 8.3), this score is slightly, but not
significantly, below average (¢, = —1.662; p = 0.07; Crawford and
Garthwaite, 2002). Even though the patient cannot be considered
as impaired based on these results (Figure A1B of Appendix),
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FIGURE 6 | (A) Indexes of the level of differential activation [(upright Mooney
faces — inverted Mooney faces) divided by (Mooney faces + Mooney faces
inverted)] in the right FFA for face and non-face stimuli in experiment 1 (Mooney
stimuli), reported for the group of controls (right) and for each individual participant,
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including PS and the age-matched control. Note that the difference was larger
when only the trials that were correctly categorized as faces or non-faces were
considered in the analysis. (B) Indexes of the level of differential activation for face
and non-face stimuli in the experiment 2 with Arcimboldo stimuli.

one might argue that this indicates abnormal perception of these
stimuli as compared to normal controls. However, a qualitative
analysis of the errors, comparing the items failed by PS and the
normal controls indicates that the nature of the responses for
PS and controls is similar: each of the stimuli that she classified
incorrectly was also classified incorrectly by at least one, and often
several control participants (Figure A1C of Appendix). In fact, if
we consider only the 17 items that were always detected as faces
by the controls, PS obtained a score of 100% correct responses.
This suggests that PS does not process these stimuli qualitatively
differently than the control participants. Moreover, when consider-
ing her performance for non-face items, she is as accurate as the
controls (92.5%; average = 92%; SD = 8.8%; t, = 0.05; p = 0.48).
As for response times on correct trials, PS was again comparable to
the control participants, for both face and non-face items (respec-
tively ¢, = 0.69; p = 0.25 and t, = -0.21; p = 0.42). Thus, overall,

PS (irrespective of the presence of a face) presents with a profile
of response that is similar to the control participants (Figure A1
of Appendix).

To our knowledge, this is the first demonstration of accurate
and fast perception of faces made of non-face elements such as
the paintings of Arcimboldo by a patient suffering from acquired
prosopagnosia. It contradicts the view that such patients are una-
ble to see a face in an Arcimboldo’s painting (Harris and Aguirre,
2007). However, this is perfectly in agreement with the ability of
acquired PSs to categorize a stimulus as a face, as opposed to their
impairment in individualizing faces. Moreover, the patient PS does
not present with object perception impairments and her low-level
vision is well preserved, contrary to most cases of acquired prosop-
agnosia with extensive lesions (e.g., Barton et al., 2004), or cases of
aperceptive agnosia like DF who may indeed be unable to see the
face in a painting of Arcimboldo (e.g., Steeves et al., 2006).
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fMRI Arcimboldo faces experiment

Performing the same task in the scanner, PS was as accurate as the
controls (60.4%, mean = 62%, SD = 8.3%; t, = —0.19; p = 0.43;
AM: 63%; Crawford and Garthwaite, 2002). For response times
on correct trials, PS (1384 ms) was also within the normal range
(controls’ mean = 1271 ms, SD = 319 ms; £, = 0.33; p = 0.37; AM:
1028 ms).

Functional localizer analysis. Prosopagnosic patients’ data for face-
sensitive areas were the same as used for the Mooney face experi-
ment: significant activation of the right FFA and pSTS, as well as
the left OFA. Mean Talairach coordinates of the ROIs for the control
participants of the second experiment (S1, S4, S5, S8, S9, S10) are:
37.5,—46.0,—19.5 for the right FFA, —39.7,—-45.3,—-17.8 for the left
FFA, 30.8, =79.7, 7.7 for the right OFA, —36.7, —70.2, —14.3 for
the left OFA and —44,—50.3, 9.8 for the right pSTS (see Table A1 of
Appendix for details about individual coordinates; Table 1).

PS and control participants. upright Arcimboldo faces compared
with inverted Arcimboldo faces. In normal participants, we found
significant effects in the two higher order “face areas” (right FFA,
random effect analysis: = 4.18, p < 0.0087; right pSTS: t = 2.60,
p < 0.0484; AM: FFA: t = 4.25, p < 0.00002; pSTS: t = 3.84,

p < 0.0001) but it was not significant in the left OFA: t = 0.99,
p =0.37 (AM: t = 0.51, p = 0.61; Figures 9 and 5B, and Figure
A3B of Appendix). Identical results were found for PS, with si-
gnificant effects in the right FFA (¢ = 5.60, p < 0.000001), in the
pSTS (t = 6.02, p < 0.000001) but not in the left OFA (¢ = 1.31,
p=0.19; Figure 9).

In regions structurally damaged in PS’ brain, the group of con-
trol participants showed a difference between the two conditions
in the left FFA (smaller than the right FFA) but not in the right
OFA (left FFA: t = 3.15, p < 0.025, Right OFA: £ = 1.70, p = 0.15;
for AM: left FFA: t = 2.45, p = 0.014; right OFA: t = 0.36, p = 0.72;
Figure A3B of Appendix).

PS and control participants. upright Arcimboldo faces recogni-
zed compared with inverted Arcimboldo faces not recognized.
For correct trials only, the results were the same for PS [signifi-
cant in the FFA (¢t = 5.02, p < 0.000001), in the pSTS (¢ = 4.92,
p <0.00001) but not in the left OFA (= 1.03, p = 0.30)] and for
the group of control participants (right FFA, ¢ = 2.99, p < 0.030;
pSTS, £ = 3.37, p < 0.020; left FFA, ¢ = 2.24, p < 0.076; right OFA,
t=1.82, p=0.13, left OFA, = 1.03, p = 0.35). For AM, the right
and left OFA also reached significance in this comparison (AM:
right FFA, t = 5.54, p <0.000001; pSTS, = 3.09, p < 0.002061, left
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FIGURE 8 | Whole-brain analysis performed on the age-matched control (AM) in the Mooney face categorization experiment. As for the patient PS, two
areas were found to be significant, one corresponding roughly to the right FFA, presenting face-preferential response to faces in the localizer experiment, and the
other one in the middle temporal sulcus, which did not show a preferential response to faces in the localizer experiment.

FFA, t = 5.568, p < 0.00001, right OFA, t = 2.77, p < 0.0057, left
OFA, t = 2.83, p = 0.0046], although the BOLD signal rather sho-
wed a deactivation for the condition “inverted Arcimboldo faces
not recognized” in the OFA (Figures A6 and A7 of Appendix).

In summary (Table 1), we found significant activations to the
perception of Arcimboldo faces primarily in the right FFA and right
pSTS in the normal population and PS. In the left OFA, structurally
intact in PS’ brain, there was no evidence for sensitivity to faces
presented as Arcimboldo stimuli, neither for the normal controls
nor for PS. Finally, in the two regions that are structurally damaged
in PS’ brain, there was little (left FFA) or no (right OFA) evidence
for sensitivity to the categorization of an Arcimboldo stimulus as
a face in the normal population.

Direct comparison of PS and normal participants. upright vs. inver-
ted Arcimboldo faces indexes. In the right FFA, the larger activation
for upright Arcimboldo faces was identical for PS and normal
participants, whether the index (see Materials and Methods) was
computed for all trials or only for correct trials (PS: 0.114 and
0.250, respectively; controls: all trials, mean = 0.114, SD = 0.097;
t, (Crawford and Garthwaite, 2002) = 0.26, p = 0.81; correct trials,
mean = 0.203, SD = 0.149; ¢, = 0.29, p = 0.78; AM: 0.088 and
0.162; Crawford and Garthwaite, 2002; Figure 6B). The same

findings were made for the right pSTS (PS: all trials: 0.167 and
correct trials: 0.378; controls: all trials: mean = 0.150, SD = 0.368;
t, = 0.04, p = 0.48; correct trials: mean = 0.101, SD = 0.246;
t,=1.04, p=0.17; AM: 0.78, 0.80).

Thus, the direct comparison between PS and normal observers
did not reveal any significant difference in the level of activation in
the right FFA or other face-sensitive area for Arcimboldo stimuli
perceived as faces.

Whole-brain analysis. As for the Mooney faces experiment, a
whole-brain analysis was performed on PS’ brain with the con-
junction of the three contrasts (one per run: Arcimboldo faces
upright — Arcimboldo faces upside-down). Four clusters were
found in PS at p(uncorrected) < 0.05 (Figure A8 of Appendix):
one corresponding to the Talairach coordinates of the right FFA
(34, =56, —18, 507 voxels; significant in PS’ face localizer: F-O:
t=7.71,p<0.000001 and F-SF: t=9.63, p<0.000001); two in the
right dorsolateral prefrontal cortex (41, 31, 29, 136 voxels and 41,
18,29, 161 voxels), not responding preferentially to faces: F-O not
significant: £ = 0.51, p = 0.61 and ¢ = 0.90, p = 0.37 respectively).
Finally, there was also one cluster in the left lingual gyrus (-20,
—62,-15, 192 voxels), close to the V4/V8 region found previously
(-23,-70,-15, Sorger et al., 2007) and responding more to faces
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control participants (here A1 illustrated), PS and the age-matched control (AM).

FIGURE 9 | Among the face-sensitive areas that are intact in the prosopagnosic patient’s brain, the right FFA, as well as the pSTS showed a larger
response to Arcimboldo stimuli perceived as faces as compared to the same pictures presented upside-down (“non-faces”). Similar findings are made for

and scrambled faces than object and scrambled objects (t = 5.20,
P <0.000001 and F-SF not significant: t= —0.34, p< 0.73) in PS’
face localizer. The same analysis was performed with AM (Figure
A9 of Appendix) in which we also found four clusters: one large
cluster, corresponding to the Talairach coordinates of the right
FFA (34, —50, —15, 276 voxels, significant in AM’ face localizer:
F-O: t=11.53, p < 0.000001 and F-SF: t = 22.61, p < 0.000001),
one small cluster located closely to the left FFA (—41,—44,-13,76
voxels, face-sensitivity in the localizer: F-O: t= 6.36, p < 0.000001
and F-SF: t=10.88, p<0.000001), and one probably in the lateral
occipital complex but overlapping the right OFA (LO, e.g., Malach
et al., 1995; 35, =77, —6, 53 voxels, object-sensitivity: t = 15.04,
p<0.000001 and face-sensitivity: F-O, r=4.12, p<0.00004). There
was also significant activation in the postcentral gyrus (-55, -25,
38, 69 voxels, no face-sensitivity: F-O: t = 0.87, p = 0.38). When
considering our six control participants as a group, we found
only three significant clusters, one corresponding to the Talairach
coordinates of the right FFA (32, =58, —14, 120 voxels; 6 partici-
pants’ face localizer, F-O: t = 2.38, p < 0.017230, F-SF: t = 15.717,

p < 0.000001) and two belonging most probably to the lateral
occipital complex [LO, e.g., Malach et al., 1995: =30, 78, —16,
with 65 voxels, corresponding to the left ventral posterior part of
LO (six participants’ face localizer, F-O: t = 1.60, p = 0.11, O-SO:
t=7.43, p<0.000001) and one 28,—41,—18 (52 voxels) to the right
ventral anterior part of LO (six participants’ face localizer, F-O:
t=1.07, p=0.28,0-SO: t=17.09, p < 0.000001)].

To summarize, the whole-brain analysis confirmed the dominant
role of the right FFA in categorizing Arcimboldo stimuli as faces.
This region was the most significant in all comparisons, independ-
ently of whether all trials or correct trials only were considered, both
for the normal control participants and for the patient PS. It was
also the only face-sensitive region that responded to Arcimboldo
faces in all participants. Other areas, such as the right pSTS were
involved, but to a lesser extent. This observation is strengthened
by the comparison of the whole-brain analysis of the face local-
izer in the same six participants at the same statistical threshold
[p(uncorrected) < 0.05], which gave rise to a rFFA of 373 voxels,
with a rOFA of 28 voxels. The rOFA’ size was thus only of 8% of
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the rFFA size in the face localizer experiment with these partici-
pants. Considering that the size of the rFFA was even larger in the
Arcimboldo experiment at this threshold (507 voxels), one could
have expected to disclose a rOFA of at least 38 voxels. Instead, there
were no voxel in the right inferior occipital cortex above statistical
threshold. The same reasoning can be made for the left FFA (115
voxels in the localizer at p < 0.05, 156 voxels expected, 0 found)
and the left OFA (in the localizer at p < 0.05, 35 voxels expected,
0 found).

Considering experiments 1 and 2 altogether, it appears that
holistic face perception is subtended first and foremost by higher
order face-sensitive areas of the right hemisphere, in particular
the right FFA, rather than by face-sensitive lower-level visual areas
such as the rOFA, both in the normal brain and for the patient
PS. To fully support this claim, we also tested directly for the
interaction between the two main areas of interest identified in all
normal brains (rFFA, rOFA) and the conditions (upright, inverted
Mooney or Arcimboldo faces), taking the individual beta weights
of the GLM analysis in an 2 X 2 ANOVA model for repeated
measures. For Mooney faces, we found a significant interaction
(FI,6 =10.80, p = 0.017) between the two factors, reflecting the
significant difference in the FFA (post hoc t-test: p = 0.016) but
not in the OFA (p = 0.8). For Arcimboldo faces, there was also a
significant interaction (F, , = 10.99, p = 0.021) between the two
factors, reflecting the significant difference in the FFA (post hoc
t-test: p = 0.008) which failed to reach significance in the OFA
(p=0.16).

Finally, across all face-sensitive regions, we also observed a later-
alization index (see Materials and Methods) of 58% of the signifi-
cant face-sensitive voxels in the right hemisphere in the functional
face localizer, which increased up to 100% for the Mooney face
stimuli (experiment 1) and 73% for the Arcimboldo face stimuli
(experiment 2).

DISCUSSION

HOLISTIC COARSE-TO-FINE PERCEPTION OF FACES IN

THE NORMAL BRAIN?

Several neuroimaging studies of the normal brain have shown
that the middle fusiform gyrus, in particular the pre-localized
right FFA, responds more to two-tone Mooney stimuli when they
are perceived as faces (Dolan et al., 1997; Kanwisher et al., 1998;
Andrews and Schluppeck, 2004; McKeeft and Tong, 2007). This
observation has generally been taken as evidence for a role of the
FFA in perceptual awareness about the faceness of the stimulus.
Here we showed that compared to full photographs of faces, such
Mooney stimuli increase right lateralization in the normal brain,
and do not elicit face-preferential responses in lower order visual
areas of the inferior occipital cortex, including a functionally local-
ized OFA. Remarkably similar observations are made with another
kind of stimuli perceived as faces through their global configura-
tion: Arcimboldo’s faces, which were used for the first time to our
knowledge in neuroimaging here.

These observations are difficult to reconcile with the conven-
tional view that the processing of faces must go through hierarchical
stages, with the extraction of facial parts in the OFA, leading to the
subsequent perception of whole faces in the FFA (Haxby et al., 2000;
Jiang et al., 2006; Fairhall and Ishai, 2007; Ishai, 2008; see also Lerner

et al., 2001 and Pitcher et al., 2007°). Rather, it indicates that face-
preference can arise in higher order visual areas, leading to a FFA,
independently of putative face-preferential inputs from the OFA.
One possibility would be that there are direct connections from
retinotopic visual areas to anterior visual areas such as the middle
fusiform gyrus, perhaps through the inferior longitudinal fasciculus
(ILF, see Catani et al., 2003; Thomas et al., 2009). This view is in
agreement with the evidence of direct projections from V1 to V4 and
from V2 to the posterior part of the infero-temporal cortex in the
monkey brain (TEO; Nakamura et al., 1993). In humans, diffusion
tensor imaging (DTT) studies have not yet reported direct anatomi-
cal connectivity between V1 and the FFA in the majority of brain
connectivity patterns tested, but direct connections between early
visual areas such as V3 and V3a and the FFA have been reported
(Kim et al., 2006), suggesting that early visual areas can send non-
category-related visual information that may be interpreted as face-
like in higher order visual areas. Another possibility would be that in
the normal brain, there is a first pass of information in the inferior
occipital cortex that does not elicit face-preferential responses (no
OFA) before reaching the middle fusiform gyrus. However, FFA acti-
vation in PS’ brain does not favor this interpretation (see below).

What would then be the function of the OFA when it is activated
by normal face stimuli? One hypothesis is that it contributes to face
perception following —rather than preceding — the initial categoriza-
tion of the stimulus as a face in higher order visual areas (right FFA
and pSTS; Rossion et al., 2003; Rossion, 2008). According to this
view, neurons in the OFA, presenting a smaller receptive field, might
be useful to extract finer-grained information from the visual stimu-
lus, for instance to identify the particular face components (e.g., eyes,
nose, mouth, etc.). Several arguments support this view.

First, an initial global representation of the face might depend on
neurons that are sensitive to the entire visual stimulus, i.e., neurons
located quite high in the visual hierarchy and with a large receptive
field (Desimone et al., 1984; Tsunoda et al., 2001). Previous neu-
roimaging studies have shown that the FFA (also called mFUs or
pFus in some studies) is more sensitive to progressive image scram-
bling than the OFA (also referred to as the face-sensitive responses
in the LOC), suggesting that the FFA represents faces at a more
global level than the OFA (Lerner etal., 2001; see also Grill-Spector
etal., 1998). Moreover, a larger response for central as opposed to
peripheral visual stimuli is found in both the OFA and FFA, but this
difference is much smaller in the FFA (Levy et al., 2001).

Second, according to a number of authors, processing in the
visual system is thought to follow a coarse-to-fine sequence, with
the coarse structure of the stimulus, carried by low spatial frequency
(LSF) channels, being processed before the fine local details trans-
mitted by high SF (e.g., Flavell and Draguns, 1957; Ginsburg, 1978;

°In that latter study, transcranial magnetic stimulation (TMS) applied over an ave-
rage coordinate of the right OFA at a very early stage in time (60-100 ms following
visual stimulation) disrupted individualization of faces differing by facial parts
(Pitcher et al., 2007). This finding has been taken as evidence that the OFA is the
first face-sensitive relay in the human brain, coding for facial parts. However, while
Pitcher et al’s (2007) findings may indeed be taken in favor of an early role of the
OFA in face processing, they concern the specific case of face individualization. In
order to contradict the present findings and their interpretation, one would rather
have to show that TMS applied to the (right) OFA leads to impairment in holistic
face detection, and to a reduced or abolished early response to faces in the FFA if
TMS is combined with fMRIL
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Watt, 1987; Schyns and Oliva, 1994; Hugues et al., 1996; Parker
and Costen, 1999; Loftus and Harley, 2004). Because of the ini-
tial availability of LSE the early visual representation would be
that of the global structure of the face stimulus, this coarse frame
being refined over time with the slower accumulation of higher
spatial frequencies (Sergent, 1986). A recent fMRI study supports
this view, showing that the rFFA, and to a lesser extent the right
pSTS, respond preferentially to LSF faces in early stages of face
processing (i.e., until 75 ms of exposure duration) as compared to
higher SFs (Goffaux et al., in press). Moreover, in that study, the
response to finer-grained face information, i.e., high SE, became
more significant over time in the bilateral FFAs and in the right
OFA, providing further support for the view advocated here.

Third, many authors have suggested that rather than initiating
the process of object/face categorization, lower order visual areas
(such as the OFA) may rather be contacted through feedback from
higher order visual areas (such as the FFA) to perform processes
that involve high-resolution details, fine geometry and spatial preci-
sion (Mumford, 1992; Hupé et al., 1998; Lee et al., 1998; Lamme
and Roelfsema, 2000; Bullier et al., 2001; Galuske et al., 2002; Bar,
2003). This view is consistent with the presence of massive cortical
bi-directional connections (Felleman and Van Essen, 1991) and the
hypothesis of reentrant phasic signaling between areas of the visual
cortex (Edelman, 1978, 1993). It is also in line with an influential
theoretical framework of visual perception, the reverse hierarchy
theory (RHT; Hochstein and Ahissar, 2002), according to which
explicit perception begins at high areas of the visual cortex, repre-
senting “the gist of the scene,” or an object at the basic level®. The
details are not represented at this stage, and the representation is
then refined by recruiting lower order visual areas, with smaller
receptive fields neurons, through feedback connections.

Finally, we have to acknowledge that the inferences made here
about the neurofunctional organization of face categorization are
based only on the magnitude of signal in the areas of interest and
in the whole brain. That is, we found both the FFA and OFA (bilat-
erally) in the face localizer in our normal observers’ brains, while
only the right FFA was found for Mooney and Arcimboldo stimuli.
However, one cannot exclude that face-sensitivity to such stimuli in
the inferior occipital cortex is present at a smaller spatial scale than
a whole region of interest. More precisely, the pattern of response
across voxels in the inferior occipital cortex, rather than the abso-
lute magnitude of signal, may differ between perceived and non-
perceived Mooney faces (see Hsich et al., 2010). This hypothesis
could be explored in future studies by multivariate pattern analysis
methods (e.g., Haxby et al., 2001; O"Toole et al., 2007; Mur et al.,
2009; Peelen et al., 2009)". Nevertheless, no effect of upright vs.

*Note however that according to the RHT framework, the first approximation of
the visual stimulus in high level visual areas would be the result of a feedforward
hierarchical process (see Rossion, 2009, p. 193, for discussion of differences between
RHT and the present proposal).

"Note that such observations are unlikely, for two reasons at least. First, the whole-
brain analysis performed at the voxel level, with unsmoothed fMRI data, did not
reveal any face-preferential response in the inferior-occipital cortex in the Mooney/
Arcimboldo experiments. Hence, if consistent face-preferential responses were pre-
sent, they would have had to be fully distributed (i.e., peppered) at the voxel level so
that no contiguous voxels would show a larger response to faces over non-face sti-
muli. Second, the patient PS has a lesion in the right inferior occipital cortex, ruling
out any form of face-preferential response in this part of the brain. Nevertheless,
she shows rFFA activation to Mooney/Arcimboldo stimuli.

inverted Mooney faces (which in most cases translates to the percep-
tion of either a face or a non-face) was found in the traditionally
defined OFA, or in its vicinity (in the full brain analysis), suggesting
that it is not a necessary stage of face perception in general.

ANEURAL LOCUS FOR THE RIGHT HEMISPHERE DOMINANCE IN
HOLISTIC FACE PERCEPTION

The right hemispheric dominance for unfamiliar face perception is
now a well established fact. Acquired prosopagnosia follow either
bilateral or right unilateral occipito-temporal lesions (Hecaen
and Anguelergues, 1962; Landis et al., 1988; Bouvier and Engel,
2006; Sorger et al., 2007), and multiple sources of evidence rang-
ing from divided visual field studies (Levy et al., 1972; Parkin and
Williamson, 1987; Hillger and Koenig, 1991), neuroimaging (e.g.,
Sergent et al., 1992; Kanwisher et al., 1997; McCarthy et al., 1997),
event-related potentials (ERPs, e.g., N170 Bentin et al., 1996) or
single-cell recordings in the non-human primate brain (Perrett
etal., 1988) have supported the dominant role of the right posterior
visual areas in processing face stimuli (see also Zangenehpour and
Chaudhuri, 2005). Here we observed enhanced right lateralization
when perceiving faces defined on the basis of their global configu-
ration. This observation provides further evidence — and a neural
locus — to classical evidence of a right hemispheric advantage at
perceiving Mooney face stimuli from lesion studies (Lansdell, 1970;
Newcombe, 1974) and divided visual field experiments (Parkin and
Williamson, 1987). More generally, it offers strong support to the
long-standing view that the right hemisphere dominance in process-
ing faces is directly related to global/holistic perception (Levy et al.,
1972; Ellis, 1983; Sergent, 1988; de Schonen and Mathivet, 1989;
Sergent and Villemure, 1989; Hillger and Koenig, 1991).

NORMAL HOLISTIC PERCEPTION OF A GENERIC FACE IN ACQUIRED
PROSOPAGNOSIA

We found that acquired prosopagnosia does not necessarily prevent
holistic face perception. The patient PS was not only able to see
the faces adequately in Mooney and Arcimboldo stimuli, but her
pattern of responses looked perfectly normal, even when consider-
ing response speed.

To the best of our knowledge, the present study provides the first
solid evidence of the preserved ability to perceive a face stimulus in
ambiguous Mooney and Arcimboldo figures in acquired prosopagno-
sia. We believe that this observation is particularly interesting because
there is now wide evidence that the same patient PS is impaired at
holistic processing of individual faces. For instance, she does not show
any advantage at matching upright over inverted faces (Busigny and
Rossion, 2010). Also, when she has to match specific parts of individual
faces, her performance is not influenced by the identity of the other
face parts (lack of whole-part advantage and composite face effect,
Ramon etal., 2010). Eye gaze fixation and performance during gaze-
contingency also demonstrate a lack of holistic perception when the
patient has to individualize faces (Orban de Xivry et al., 2008; Van
Belle etal.,2010). Taken together with the present evidence for normal
holistic (generic) face perception, these observations indicate that
there may be two stages of holistic face perception: one that allows
categorizing a face stimulus at the basic-level (“it’s a face”), a necessary
stage of processing that is preserved for PS, and a second stage that
allows the extraction of a more fined-grained representation of the
whole individual face, a process that is impaired for PS.
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HOLISTIC FACE PERCEPTION IN NORMAL AND DAMAGED

NEURAL CIRCUITS

Prosopagnosic patient showed normal level activation to Mooney/
Arcimboldo faces in the exact same brain areas as normal observ-
ers, the right FFA primarily. This observation reinforces the
view that the patient perceives a generic face holistically, just
like normal viewers. Moreover, the fact that she performed as
well as normal participants in this study, without any possible
contribution of a right OFA and a left OFA, reinforces the view
that these areas are not critically involved in holistic (generic)
face perception.

We note that this last observation can be related to a previous
study in which normal FFA response was found in a case of pro-
sopagnosia during perception of a face in a biased vase/face illusion
(Hasson et al., 2001, 2003). However, the patient tested by Hasson
etal. (2003) had no brain damage, and his OFA was intact. Second,
the FFA and OFA were activated by a single stimulus (modified
vase-face illusion) that is fundamentally different than the many
Mooney faces used here. The vase/face stimulus can be defined as
two profile faces just based on the contour (a line) defining the (2)
face(s). It is segmented, with all the parts being well separated from
the background by a different texture/color and identified as form-
ing the face stimulus precisely because they share the same surface
properties. In contrast, Mooney face stimuli are two-tone images
for which some blobs making the face are in black and others are
in white, confounded by two-tone background blobs. The visual
system thus has to rely on an internal 2D face template to segment
the Mooney stimulus and see it as a face (Cavanagh, 1991; Moore
and Cavanagh, 1998).

The right FFA was the strongest, and most consistently activated
region in the Mooney/Arcimboldo experiments, suggesting that this
area is necessary for the initial holistic perception of a face as a face.
This claim may appear at odds with pattern-based classification
studies of fMRI data indicating that even without the contribution
of the (bilateral) FFA, faces can be reliably distinguished from other
object categories, suggesting rather a distributed representation
of categories in the ventral temporal cortex (Haxby et al., 2001;
O’Toole et al., 2005). Similarly, prosopagnosia can arise from dif-
ferent bilateral and right hemispheric lesion sites, including the
right FFA (Barton et al., 2002), yet these patients are generally still
able to categorize a face as opposed to a non-face object, supporting
a distribution of resources to perform the simple categorization
of the stimulus as a face. However, face classification in PSs, or
pattern-based classification in fMRI studies of the normal brain,
are generally performed with well-segmented visual stimuli, which
can be categorized based on multiple local and global cues. In the
present study, we used stimuli that had to be perceived holistically
in order to be categorized as faces. Hence, the present data suggests
that insofar as a holistic representation of the stimulus is required
for face perception, the right FFA may be a fundamental region.
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SUMMARY AND CONCLUSIONS

We provided evidence from neuroimaging in normal viewers that
when holistic perception is required to categorize a visual stimulus as
a face, the stimulus can activate the right FFA without a contribution
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anon-hierarchical view of face perception in the visual cortex.

ACKNOWLEDGMENTS

We are grateful to PS for her patience during the time-consuming
behavioral and fMRI experiments and to all our control partici-
pants. We also thank Aaron Schurger for providing us with the
Mooney face stimuli, Henryk Bukowski for help in data analysis,
as well as Dana Kuefner, Leon Deouell, and two reviewers for their
helpful comments on a previous version of this manuscript. This
research was supported by a grant ARC 07/12-007, and a Mandat
d’impulsion scientifique (FNRS) 2008-2011 to Bruno Rossion.
Bruno Rossion and Thomas Busigny are supported by the Belgian
National Fund for Scientific Research (FNRS).

Barton, J.]., Press, D. Z., Keenan, J. P,,and
O’Connor, M. (2002). Lesions of the
fusiform face area impair perception
of facial configuration in prosopagno-
sia. Neurology 58, 71-78.

Bentin, S., Allison, T., Puce, A., Perez, E.,and
McCarthy,G.(1996).Electrophysiological

in visual object recognition. J. Cogn.
Neurosci. 15, 600—609.

Barton, J. J., Cherkasova, M. V., Press, D.
Z., Intriligator, J. M., and O’Connor,
M. (2004). Perceptual functions
in prosopagnosia. Perception 33,
939-956.

Frontiers in Human Neuroscience

www.frontiersin.org

January 2011 | Volume 4 | Article 225 | 17



Rossion et al.

Holistic face categorization in the prosopagnosic brain

studies of face perception in humans. J.
Cogn. Neurosci. 8, 551-565.

Benton, A.L.,and Van Allen, L.W. (1972).
Prosopagnosia and facial discrimina-
tion. J. Neurol. Sci. 15,167-172.

Biederman, I. (1987). Recognition-by-
components, a theory of human
image understanding. Psychol. Rev.
94, 115-147.

Bodamer, J. (1947). Die-Prosop-agnosie.
Arch. Psychiatr. Nervenkrankh. 179,
6-54.

Boutsen, L.,and Humphreys, G.W. (2002).
Face context interferes with local part
processing in a prosopagnosic patient.
Neuropsychologia 40, 2305-2313.

Bouvier, S. E., and Engel, S. A. (2006).
Behavioral deficits and cortical dam-
age loci in cerebral achromatopsia.
Cereb. Cortex 16, 183-191.

Boynton, G. M., Engel, S. A., Glover, G.
H., and Heeger, D. J. (1996). Linear
systems analysis of functional mag-
netic resonance imaging in human
V1. J. Neurosci. 16,4207-4221.

Brodtmann, A., Puce, A., Syngeniotis, A.,
Darby, D.,and Donnan, G. (2003). The
functional magnetic resonance imag-
ing hemodynamic response to faces
remains stable until the ninth decade.
Neuroimage 20, 520-528.

Bullier, J., Hupe, J. M., James, A. C., and
Girard, P.(2001). The role of feedback
connections in shaping the responses
of visual cortical neurons. Prog. Brain
Res. 134, 193-204.

Burton, A. M. (1994). Learning new
faces in an interactive activation and
competition model. Vis. Cogn. 1,
313 -348.

Busigny, T., Graf, M., Mayer, E., and
Rossion B. (2010). Acquired prosop-
agnosia as a face-specific disorder:
ruling out the general visual simi-
larity account. Neuropsychologia 48,
2051-2067.

Busigny, T., and Rossion, B. (2010).
Acquired prosopagnosia abolishes
the face inversion effect. Cortex 46,
965-981.

Caldara, R., Schyns, P., Mayer, E., Smith,
M. L., Gosselin, E, and Rossion, B.
(2005). Does prosopagnosia take
the eyes out of face representations?
Evidence for a defect in representing
diagnostic facial information follow-
ing brain damage. J. Cogn. Neurosci.
17,1652-1666.

Catani, M., Jones, D. K., Donato,
R., and Ffytche, D. H. (2003).
Occipito-temporal connections in the
human brain. Brain 126, 2093-2107.

Cavanagh, P. (1991). “What’s up in
top-down processing?” in Represen-
tations of Visions, Trends and Tacit
Assumptions in Vision, eds A. Gorea,
Y. Fregnac, Z. Kapoula, and J. Findlay
(Cambridge: Cambridge University
Press), 295-304.

Crawford, J. R., and Garthwaite, P. H.
(2002). Investigation of the single case
in neuropsychology, confidence limits
on the abnormality of test scores and
test score differences. Neuropsychologia
40, 1196-1208.

Crawford, J. R.,and Howell, D. C. (1998).
Regression equations in clinical neu-
ropsychology, an evaluation of statisti-
cal methods for comparing predicted
and obtained scores. J. Clin. Exp.
Neuropsychol. 20, 755-762.

Crouzet, S. M., Kirchner, H.,and Thorpe,
S.J.(2010). Fast saccades toward faces:
Face detection in just 100 ms. J. Vis.
10, 16.

Davidoff, J., and Landis, T. (1990).
Recognition of unfamiliar faces in
prosopagnosia. Neuropsychologia 28,
1143-1161.

de Schonen, S., and Mathivet, E. (1989).
First come, first served: A scenario
about the development of hemispheric
specialization in face recognition dur-
ing infancy. Eur. Bull. Cogn. Psychol.
9, 3-44.

Desimone, R., Albright, T. D., Gross, C.
G., and Bruce, C. (1984). Stimulus-
selective properties of inferior
temporal neurons in the macaque.
J. Neurosci. 4, 2051-2062.

Dolan, R. J., Fink, G. R., Rolls, E., Booth,
M.,Holmes, A., Frackowiak, R. S.,and
Friston, K. J. (1997). How the brain
learns to see objects and faces in an
impoverished context. Nature 389,
596-599.

Dricot, L., Sorger, B., Schiltz, C., Goebel,
R., and Rossion, B. (2008). The roles
of “face” and “non-face” areas during
individual face perception, evidence by
fMRI adaptation in a brain-damaged
prosopagnosic patient. Neuroimage
40, 318-332.

Edelman, G. M. (1978). “Cortical organi-
zation and the group selective theory
of higher brain function,” in The
Mindful Brain,eds G. M. Edelman and
V.B.Mountcastle (Boston: Cambridge
MIT Press), 51-100.

Edelman, G. M. (1993). Neural
Darwinism, selection and reentrant
signaling in higher brain function.
Neuron 10, 115-125.

Ellis, H. D. (1983). “The role of the right
hemisphere in face perception,”
in Functions of the Right Cerebral
Hemisphere, ed. A.W.Young (London:
Academic Press), 33-64.

Fairhall,S.L.,and Ishai, A. (2007). Effective
connectivity within the distributed
cortical network for face perception.
Cereb. Cortex 17, 2400-2406.

Fei-Fei, L., Iyer, A., Koch, C., and Perona,
P. (2007). What do we perceive in a
glance of a real-world scene? J. Vis.
7, 10.

Felleman, D. J., and Van Essen, D. C.
(1991). Distributed hierarchical

processing in the primate cerebral
cortex. Cereb. Cortex 1, 1-47.

Flavell, J. H., and Draguns, J. (1957). A
microgenetic approach to percep-
tion and thought. Psychol. Bull. 54,
197-217.

Fox, C.]J., Iaria, G.,and Barton, J.J. (2009).
Defining the face processing network:
optimization of the functional local-
izer in fMRI. Hum. Brain Mapp. 30,
1637-1651.

Galuske, R. A., Schmidt, K. E., Goebel,
R., Lomber, S. G., and Payne, B. R.
(2002). The role of feedback in shap-
ing neural representations in cat visual
cortex. Proc. Natl. Acad. Sci. U.S.A. 99,
17083-17088.

Gauthier, I., Tarr, M. J., Moylan, J.,
Skudlarski, P., Gore, J. C., and
Anderson, A.W. (2000). The fusiform
“face area” is part of a network that
processes faces at the individual level.
J. Cogn. Neurosci. 12, 495-504.

George, N., Jemel, B., Fiori, N., and
Renault, B. (1997). Face and shape
repetitions effects in humans, a spa-
tio-temporal ERP study. Neuroreport
8,1417-1423.

Gilaie-Dotan, S., and Malach, R. (2007).
Sub-exemplar shape tuning in human
face-related areas. Cereb. Cortex 17,
325-338.

Ginsburg, A. P.(1978). Visual Information
Processing Based on Spatial Filters
Constrained by Biological Data.
Unpublished doctoral dissertation,
Cambridge University, Cambridge,
UK.

Goffaux, V., Peters, J., Haubrechts, J.,
Schiltz, C., Jansma, B., and Goebel, R.
(in press). From coarse to fine? Spatial
and temporal dynamics of cortical face
processing. Cereb. Cortex[Epub ahead
of print].

Grill-Spector, K., Kushnir, T., Hendler, T.,
Edelman, S., Itzchak, Y., and Malach,
R. (1998). A sequence of object-
processing stages revealed by fMRI in
the human occipital lobe. Hum. Brain
Mapp. 6,316-328.

Grill-Spector, K., and Malach, R. (2001).
fMR-Adaptation: a tool for studying the
functional properties of human cortical
neurons. Acta Psychol. 107, 293-321.

Halgren, E., Dale, A. M., Sereno, M. L,
Tootell, R. B., Marinkovic, K., and
Rosen, B. R. (1999). Location of
human face-selective cortex with
respect to retinotopic areas. Hum.
Brain Mapp. 7,29-37.

Harris, A., and Aguirre, G. K. (2008). The
representation of parts and wholes in
face-selective cortex. J. Cogn. Neurosci.
20, 863-878.

Harris, A. M., and Aguirre, G. K. (2007).
Prosopagnosia. Curr. Biol. 17,
R7-R8.

Hasson, U., Avidan, G., Deouell, L. Y., Ben-
tin, S., and Malach, R. (2003). Face-

selective activation in a congenital
prosopagnosic subject. J. Cogn.
Neurosci. 15,419-431.

Hasson, U., Hendler, T., Ben Bashat, D.,
and Malach, R. (2001). Vase or face?
A neural correlate of shape-selective
grouping processes in the human
brain. J. Cogn. Neurosci. 13, 744-753.

Haxby, J. V., Gobbini, M. L, Furey, M. L.,
Ishai, A., Schouten, J. L., and Pietrini,
P.(2001). Distributed and overlapping
representations of faces and objects in
ventral temporal cortex. Science 293,
2425-2430.

Haxby, J. V., Hoffman, E. A.,and Gobbini,
M. L. (2000). The distributed human
neural system for face perception.
Trends Cogn. Sci. 4, 223-233.

Hecaen, H., and Angelergues, R. (1962).
Agnosia for faces (prosopagnosia).
Arch. Neurol. 7,92-100.

Hegdé, J., Thompson, S., and Kersten, D.
(2007). Identifying faces in two-tone.
“Mooney” images: A psychophysical
and fMRI study. J. Vis. 7, 624.

Hillger, L. A., and Koenig, O. (1991).
Separable mechanisms in face process-
ing, Evidence from hemispheric
specialization. J. Cogn. Neurosci. 3,
42-58.

Hochstein, S., and Ahissar, M. (2002).
View from the top, hierarchies and
reverse hierarchies in the visual sys-
tem. Neuron 36,791-804.

Hubel, D. H., and Wiesel, T. N. (1962).
Receptive fields, binocular interaction
and functional architecture in the cat
visual cortex. J. Physiol. (Lond.) 160,
106-154.

Hugues, H. C., Nozawa, G., and Ketterle,
F. (1996). Global precedence, spatial
frequency channels and the statistics
of natural images. J. Cogn. Neurosci.
8,197-230.

Hulten, P. (1987). The Arcimboldo Effect.
London: Thames and Hudson.

Hupé, J. M., James, A. C,, Payne, B. R,,
Lomber, S. G., Girard, P., and Bullier
J. (1998). Cortical feedback improves
discrimination between figure and
background by V1, V2 and V3 neu-
rons. Nature 394, 784-787.

Hsieh, P.-J., Vul, E., and Kanwisher, N.
(2010). Recognition alters the spatial
pattern of fMRI activation in early
retinotopic cortex. J. Neurophysiol.
103, 1501-1507.

Ishai, A. (2008). Let’s face it, it’s a cortical
network. Neuroimage 40, 415-419.
Jeffreys, D. A. (1989). A face-responsive
potential recorded from the human

scalp. Exp. Brain Res. 78, 193-202.

Jemel, B., Pisani, M., Calabria, M.,
Crommelinck, M., and Bruyer, R.
(2003). Is the N170 for faces cogni-
tively penetrable? Evidence from rep-
etition priming of Mooney faces of
familiar and unfamiliar persons. Brain
Res. Cogn Brain Res. 17, 431-446.

Frontiers in Human Neuroscience

www.frontiersin.org

January 2011 | Volume 4 | Article 225 | 18



Rossion et al.

Holistic face categorization in the prosopagnosic brain

Jiang, X., Rosen, E., Zeffiro, T., Vanmeter,
J., Blanz, V., and Riesenhuber, M.
(2006). Evaluation of a shape-based
model of human face discrimination
using FMRI and behavioral tech-
niques. Neuron 50, 159-172.

Kanwisher, N., McDermott, J.,and Chun,
M. M. (1997). The fusiform face area,
a module in human extrastriate cor-
tex specialized for face perception.
J. Neurosci. 17, 4302—-4311.

Kanwisher, N., Tong, F, and Nakayama,
K. (1998). The effect of face inversion
on the human fusiform face area.
Cognition 68, B1-B11.

Kemelmacher-Shlizerman, L., Basri, R.,
and Nadler, B. (2008). “3D shape
reconstruction of Mooney faces,” in
IEEE, Computer vision and pattern
recognition, Alaska.

Kim, M., Ronen, I., Ugurbil, K., and
Kim, D. S. (2006). Spatial resolution
dependence of DTI tractography
in human occipito-callosal region.
Neuroimage 32, 1243-1249.

Kohler, W. (1947). Gestalt Psychology.
New York: Liveright.

Kriegeskorte, N., Formisano, E., Sorger,
B., and Goebel, R. (2007). Individual
faces elicit distinct response patterns
in human anterior temporal cor-
tex. Proc. Natl. Acad. Sci. U.S.A. 104,
20600-20605.

Laeng, B., and Caviness, V. S. (2001).
Prosopagnosia as a deficit in encod-
ing curved surface. ] Cogn. Neurosci.
13, 556-576.

Lamme, V. A.,and Roelfsema, P.R. (2000).
The distinct modes of vision offered by
feedforward and recurrent processing.
Trends Neurosci. 23, 571-579.

Landis, T., Regard, M., Bliestle, A., and
Kleihues, P. (1988). Prosopagnosia
and agnosia for noncanonical views. An
autopsied case. Brain 111, 1287-1297.

Lansdell, H. (1970). Relation of extent
of temporal removals to closure and
visuomotor factors. Percept. Mot. Skills
31, 491-498.

Lee, T. S., Mumford, D., Romero, R., and
Lamme, V. A. (1998). The role of the
primary visual cortex in higher level
vision. Vision Res. 38, 2429-2454.

Lerner, Y., Hendler, T., Ben-Nashat, D.,
Harel, M., and Malach, R. (2001). A
hierarchical axis of object processing
stages in the human visual cortex.
Cereb. Cortex 11,287-297.

Levine, D. N., and Calvanio, R. (1989).
Prosopagnosia, a defect in visual
configural processing. Brain Cogn.
10, 149-170.

Levy, I, Hasson, U., Avidan, G., Hendler,
T., and Malach, R. (2001). Center-
periphery organization of human
object areas. Nat. Neurosci. 4,
533-539.

Levy, J., Trevarthen, C., and Sperry, R. W.
(1972). Perception of bilateral chi-

meric figures following hemispheric
deconnexion. Brain 95, 61-78.

Lewis, M. B., and Edmonds, A. J. (2003).
Face detection, mapping human per-
formance. Perception 32, 903-920.

Loftus, G. R., and Harley, E. M. (2004).
How different spatial-frequency com-
ponents contribute to visual informa-
tion acquisition. J. Exp. Psychol. Hum.
Percept. Perform. 30, 104-118.

Malach, R., Reppas, J. B., Benson, R. R.,
Kwong, K. K., Jiang, H., Kennedy, W.
A., Ledden, P.]., Brady, T. J., Rosen, B.
R., and Tootell, R. B. (1995). Object-
related activity revealed by functional
magnetic resonance imaging in human
occipital cortex. Proc. Natl. Acad. Sci.
U.S.A. 92, 8135-8139.

Marr, D., and Vaina, L. (1982).
Representation and recognition of
the movements of shapes. Proc. R. Soc.
Lond. B. Biol. Sci. 214, 501-524.

McCarthy, G., Puce, A., Gore, J., and
Allison, T. (1997). Face-specific
processing in the human fusiform
gyrus. J. Cogn. Neurosci. 9, 605-610.

McKeeff, T. J., and Tong, E (2007). The
timing of perceptual decisions for
ambiguous face stimuli in the human
ventral visual cortex. Cereb. Cortex17,
669-678.

McKone, E. (2004). Isolating the spe-
cial component of face recogni-
tion, peripheral identification and a
Mooney face. J. Exp. Psychol. Learn.
Mem. Cogn. 30, 181-197.

Mooney, C. M. (1956). Closure with
negative after-images under flick-
ering light. Can. J. Psychol. 10,
191-199.

Mooney, C. M. (1957). Age in the devel-
opment of closure ability in children.
Can. J. Psychol. 11,219-226.

Moore, C., and Cavanagh, P. (1998).
Recovery of 3D volume from 2-tone
images of novel objects. Cognition 67,
45-71.

Moscovitch, M., Winocur, G., and
Behrmann, M. (1997). What is spe-
cial about face recognition? Nineteen
experiments on a person with visual
object agnosia and dyslexia but nor-
mal face recognition. J. Cogn. Neurosci.
9, 555-604.

Mumford, D. (1992). On the computa-
tional architecture of the neocortex.
I1. The role of cortico-cortical loops.
Biol. Cybern. 66,241-251.

Mur, M., Bandettini, P.A.,and Kriegeskorte,
N. (2009). Revealing representational
content with pattern-information
fMRI--an introductory guide. Soc.
Cogn. Affect. Neurosci. 4,101-109.

Murray, S. O., Kersten, D., Olshausen,
B. A., Schrater, P., and Woods, D. L.
(2002). Shape perception reduces
activity in human primary visual
cortex. Proc. Natl. Acad. Sci. U.S.A.
99, 15164-15169.

Nakamura, H., Gattass, R., Desimone,
R.,and Ungerleider, L. G. (1993). The
modular organization of projections
from areas V1 and V2 to areas V4 and
TEO in macaques. J. Neurosci. 13,
3681-3691.

Nestor, A., Vettel, J. M., and Tarr, M. J.
(2008). Task-specific codes for face
recognition: how they shape the
neural representation of features for
detection and individuation. PLoS
One 3, €3978. doi: 10.1371/journal.
pone.0003978

Newcombe, F. (1974). “Selective defi-
cits after focal cerebral injury,” in
Hemisphere Function in the Human
Brain, eds S. J. Dimond and J. G.
Beaumont (London: Elek Science),
311-334.

O’Toole, A. J., Jiang, E, Abdi, H., and
Haxby, J. V. (2005). Partially distrib-
uted representations of objects and
faces in ventral temporal cortex. J.
Cogn. Neurosci. 17, 580-590.

O’Toole, A. ], Jiang, E, Abdi, H., Pénard,
N., Dunlop, J. P,, and Parent, M. A.
(2007). Theoretical, statistical, and
practical perspectives on pattern-
based classification approaches to
the analysis of functional neuroim-
aging data. J. Cogn. Neurosci. 19,
1735-1752.

Oldfield,R.C. (1971). The assessment and
analysis of handedness, the Edinburgh
inventory. Neuropsychologia 9,
97-113.

Orban de Xivry, J.-J., Ramon, M., Lefevre,
P, and Rossion, B. (2008). Reduced
fixation on the upper area of person-
ally familiar faces following acquired
prosopagnosia. J. Neuropsychol. 2,
245-268.

Parker, D. M., and Costen, N. P. (1999).
One extreme or the other or perhaps
the golden mean? Issues of spatial reso-
lution in face processing. Curr. Psychol.
Dev. Learn. Pers. 18,118-127.

Parkin A. J., and Williamson P. (1987).
Cerebral lateralisation at different
stages of facial processing. Cortex 23,
99-110.

Peelen, M. V., Fei-Fei, L., and Kastner, S.
(2009). Neural mechanisms of rapid
natural scene categorization in human
visual cortex. Nature 460, 94-97.

Perrett, D. I., Mistlin, A. J., Chitty,
A.J., Smith, P. A,, Potter, D. D.,
Broennimann, R., and Harries, M.
(1988). Specialized face processing
and hemispheric asymmetry in man
and monkey, evidence from single unit
and reaction time studies. Behav. Brain
Res. 29, 245-258.

Perrett, D. L., Smith, P. A,, Potter, D. D.,
Mistlin, A. J., Head, A. S., Milner, A.
D.,and Jeeves, M. A. (1984). Neurones
responsive to faces in the temporal
cortex, studies of functional organi-
zation, sensitivity to identity and rela-

tion to perception. Hum. Neurobiol.
3,197-208.

Pitcher, D., Walsh, V., Yovel, G., and
Duchaine, B. (2007). TMS evidence for
the involvement of the right occipital
face area in early face processing. Curr.
Biol. 17, 1568-1573.

Puce, A., Allison, T., Bentin, S., Gore, J. C.,
and McCarthy, G. (1998). Temporal
cortex activation in humans view-
ing eye and mouth movements. J.
Neurosci. 18,2188-2199.

Quaglino, A., Borelli G. B., Della Sala
S., and Young A. W. (1867/2003).
Quaglino’s 1867 case of prosopagno-
sia. Cortex 39, 533-540.

Ramachandran, V.S., Armel, C., Foster, C.,
and Stoddard, R. (1998). Object rec-
ognition can drive motion perception.
Nature 395, 852-853.

Ramon, M., Busigny, T., and Rossion, B.
(2010). Impaired holistic processing of
unfamiliar individual faces in acquired
prosopagnosia. Neuropsychologia 48,
933-944.

Riesenhuber, M., and Poggio, T. (1999).
Hierarchical models of object rec-
ognition in cortex. Nat. Neurosci. 2,
1019-1025.

Rivest, J., Moscovitch, M., and Black S.
(2009). A comparative case study of
face recognition: the contribution of
configural and part-based recogni-
tion systems, and their interaction.
Neuropsychologia 47,2798-2811.

Rodriguez, E., George, N., Lachaux, J. P,
Martinerie, J., Renault, B., and Varela
EJ.(1999). Perception’s shadow, long-
distance synchronization of human
brain activity. Nature. 397, 430—433.

Rossion, B. (2008). Constraining the
cortical face network by neuroimag-
ing studies of acquired prosopagnosia.
Neuroimage 40, 423—426.

Rossion, B. (2009). “Clarifying the
functional neuro-anatomy of face
perception by single-case neuroim-
aging studies of acquired prosop-
agnosia,” in “Cortical Mechanism of
Vision,” eds L. Harris and M. Jenkins
(Cambridge: Cambridge University
Press), 171-207.

Rossion, B., Caldara, R., Seghier, M.,
Schuller, A. M., Lazeyras, F.,and Mayer,
E. (2003). A network of occipito-tem-
poral face-sensitive areas besides the
right middle fusiform gyrus is neces-
sary for normal face processing. Brain
126, 2381-2395.

Rousselet, G. A., Mace, M. J., and Fabre-
Thorpe, M. (2003). Is it an animal? Is
it a human face? Fast processing in
upright and inverted natural scenes.
J. Vision 3, 440-455.

Sadr, J., and Sinha, P. (2004). Object rec-
ognition and random image structure
evolution. Cogn Sci. 28, 259-287.

Schiltz, C., Dricot, L., Goebel, R., and
Rossion, B. (2010). Holistic perception

Frontiers in Human Neuroscience

www.frontiersin.org

January 2011 | Volume 4 | Article 225 | 19



Rossion et al.

Holistic face categorization in the prosopagnosic brain

of individual faces in the right mid-
dle fusiform gyrus as evidenced by
the composite face illusion. J. Vis. 25,
1-16.

Schiltz, C., and Rossion, B. (2006). Faces
are represented holistically in the
human occipito-temporal cortex.
Neuroimage 32, 1385-1394.

Schiltz, C., Sorger, B., Caldara, R., Ahmed,
E, Mayer, E., Goebel, R., and Rossion,
B. (2006). Impaired face discrimina-
tion in acquired prosopagnosia is
associated with abnormal response
to individual faces in the right mid-
dle fusiform gyrus. Cereb. Cortex 16,
574-586.

Schneider, W.,Eschman,A.,and Zuccolotto,
A. (2002). E-Prime Reference Guide.
Pittsburgh: Psychology Software
Tools Inc.

Schyns, P. G., and Oliva, A. (1994). From
blobs to boundary edges: evidence for
time and spatial scale dependent scene
recognition. Psychol. Sci. 5, 195-200.

Sergent, J. (1986). “Microgenesis of
face perception,” in Aspects of Face
Processing, eds H. Ellis, M. A. Jeeves,
F. Newcombe, and A. W. Young
(Dordrecht: Nijhoff).

Sergent,J. (1988).“Face perception and the
right hemisphere,”in Thought Without
Language, ed. L. Weiskrantz (Oxford:
Oxford University Press), 108—131.

Sergent, J., Ohta, S., and MacDonald, B.
(1992). Functional neuroanatomy of
face and object processing. A positron
emission tomography study. Brain
115, 15-36.

Sergent, J., and Signoret, J. L. (1992a).
Varieties of functional deficits in

prosopagnosia. Cereb. Cortex 2,
375-388.

Sergent, J., and Signoret, J. L. (1992b).
Implicit access to knowledge derived
from unrecognized faces in prosopag-
nosia. Cereb. Cortex 2, 389—-400.

Sergent, J., and Villemure, J. G. (1989).
Prosopagnosia in a right hemispherec-
tomized patient. Brain 112, 975-995.

Sorger, B., Goebel, R., Schiltz, C., and
Rossion, B. (2007). Understanding
the functional neuroanatomy of
acquired prosopagnosia. Neuroimage
35, 836-852.

Spillman, L., and Ehrenstein, W. H.
(2004). “Gestalt factors in the vis-
ual neurosciences,” in The Visual
Neurosciences, eds L. M Chalupa and
J. S. Werner (Cambridge, MA: MIT
Press), 1573-1589.

Sripati, A. P,, and Olson, C. R. (2009).
Representing the forest before the
trees: a global advantage effectin mon-
key inferotemporal cortex. J. Neurosci.
29, 7788-7796.

Steeves, J. K., Culham, J. C., Duchaine, B.C.,
Pratesi, C. C., Valyear, K. E, Schindler,
I, Humphrey, G. K., Milner, A. D., and
Goodale,M.A. (2006). The fusiform face
areais not sufficient for face recognition,
evidence froma patient with dense pro-
sopagnosia and no occipital face area.
Neuropsychologia 44, 594—609.

Sugase, Y., Yamane, S., Ueno, S., and
Kawano, K. (1999). Global and fine
information coded by single neurons
in the temporal visual cortex. Nature
400, 869-873.

Talairach, G., and Tournoux, P. (1988).
Co-planar Stereotaxic Atlas of the

Human Brain. New York: Thieme
Verlag.

Thomas, C., Avidan, G., Humphreys, K.,
Jung, K. J., Gao, E,, and Behrmann, M.
(2009). Reduced structural connectiv-
ity in ventral visual cortex in congeni-
tal prosopagnosia. Nat. Neurosci. 12,
29-31.

Tsao, D. Y., Moeller, S., and Freiwald,
W. A. (2008). Comparing face patch
systems in macaques and humans.
Proc. Natl. Acad. Sci. U.S.A. 105,
19514-19519.

Tsunoda, K., Yamane, Y., Nishizaki, M.,
and Tanifuji, M. (2001). Complex
objects are represented in macaque
inferotemporal cortex by the com-
bination of feature columns. Nat.
Neurosci. 4, 832-838.

Ullman, S. (2007). Object recognition
and segmentation by a fragment-
based hierarchy. Trends Cogn. Sci. 11,
58-64.

Van Belle, G., de Graef, P, Verfaillie, K.,
Busigny, T., and Rossion, B. (2010).
Whole not hole: expert face recog-
nition requires holistic perception.
Neuropsychologia 48, 2620-2629.

Warrington, E. K. (1984). Recognition
Memory Test. Windsor: NFER-
Nelson.

Watt, R.]. (1987). Scanning from coarse to
fine spatial scales in the human visual
system after the onset of a stimulus. J.
Opt. Soc. Am. 4,2006—2021.

Weiner, K. S.,and Grill-Spector, K. (2010).
Sparsely-distributed organization of
face and limb activations in human
ventral temporal cortex. Neuroimage
52,1559-1573.

Young, A. W., de Haan, E. H., and
Newcombe, F. (1990). Unawareness
of impaired face recognition. Brain
Cogn. 14, 1-18.

Yovel, G., and Kanwisher, N. (2005).
The neural basis of the behavioral
face-inversion effect. Curr. Biol. 15,
2256-2262.

Zangenehpour, S., and Chaudhuri A.
(2005). Patchy organization and asym-
metric distribution of the neural cor-
relates of face processing in monkey
inferotemporal cortex. Curr. Biol. 15,
993-1005.

Conlflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential conflict
of interest.

Received: 14 March 2010; accepted: 21
November 2010; published online: 10
January 2011.

Citation: Rossion B, Dricot L, Goebel R
and Busigny T (2011) Holistic face catego-
rization in higher order visual areas of the
normal and prosopagnosic brain: toward
a non-hierarchical view of face perception.
Front. Hum. Neurosci. 4:225. doi: 10.3389/
fnhum.2010.00225

Copyright © 2011 Rossion, Dricot, Goebel
and Busigny. This is an open-access article
subject to an exclusive license agreement
between the authors and the Frontiers
Research Foundation, which permits unre-
stricted use, distribution, and reproduc-
tion in any medium, provided the original
authors and source are credited.

Frontiers in Human Neuroscience

www.frontiersin.org

January 2011 | Volume 4 | Article 225 | 20



Rossion et al. Holistic face categorization in the prosopagnosic brain

APPENDIX

Table A1 |Talairach locations, and cluster sizes of the functionally defined regions of interests (right and left-sided FFA, OFA and right pSTS) in the
localizer experiments for the patient PS and the control participants.

Subjects Talairach coordinates Cluster Subjects Talairach coordinates Cluster
size:(mm?) size:(mm?)
X y z X y z
PS RFFA 36 51 -21 579 LFFA —-46 -49 -22 352
ROFA lesioned LOFA =31 -87 -8.6 72*%
LFFA lesioned STS 50 44 2.9 55
LOFA -40 -73 -19 34* S7 RFFA 34 -45 -16 932
STS 45 -56 10 479 ROFA 38 -69 -5.9 101
S1 RFFA 39 -47 -20 362 LFFA -40 44 -17 8**
ROFA 38 -67 -16 284 LOFA -36 -75 -18 153
LFFA -40 -46 -18 155 STS 41 -48 3.8 317
LOFA —46 —61 -18 45 S8 RFFA 34 —44 -20 1790
STS 48 55 38 1020 ROFA 37 -76 -16 321
S2 RFFA 31 =37 -13 101 LFFA _42 —48 21 682
ROFA m -89 -4 2887 LOFA -38 -7 -17 1201*
LFFA -39 -58 -1 141 sTS 1 31 _16 56
LOFA 31 &7 86 72 s9 RFFA 41 46 17 306
STS 42 =9 27 363 ROFA 25 -89 32 182
S3 RFFA 31 —44 -22 742 LFFA _40 59 12 156
ROFA 45 68 ~10 271 LOFA 36 87 2.1 55+
LFFA -41 -40 -15 1396 STS 46 62 15 23
LOFA 4 - 3 162 S10 RFFA 35 -43 -14 1285
STS 40 -7 26 ! ROFA 30 87 =2 301
S4 RFFA 37 -49 -22 172
LFFA -37 —-40 -15 325
ROFA 20 -83 -35 16**
LFFA 10 47 17 24 LOFA -40 —68 -14 98*
LOFA 17 77 _18 15% STS 52 -59 24 374
STS 38 _40 13 49 AM RFFA 33 -52 -14 352
SB RFFA 39 -47 —24 152 ROFA 29 -9 - 3
ROFA 35 _76 12 1%% LFFA -38 -48 =12 316
LFFA 39 32 24 256 LOFA 34 -7 -8 46
LOFA 43 57 21 214 STS 52 52 -5 420
STS 41 -55 46 72% , ] ,
*p(uncorrected) < 0.05, otherwise: clusters defined at q (false discovery
S6 RFFA 43 -58 -19 55 rate) < 0.05. **p(uncorrected) < 0.005; otherwise: clusters defined at q (false
ROFA 17 -89 -15 19 discovery rate) < 0.05.
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FIGURE A1 | Detailed behavioral results of the patient PS and each normal face decision task with Arcimboldo stimuli compared to control participants: all
age-matched controls in the behavioral experiments (A). Accuracy and error errors of PS were made on items that were also missed at least by one control
rates for the face/non-face decision on Mooney stimuli (B). Accuracy and error participant, showing that her behavior in this task, qualitatively, does not differ
rates for the face/non-face decision on Arcimboldo stimuli (C). PS” errors in the from normal controls.
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FIGURE A2 | (A) As illustrated previously (Figure 6 in Rossion et al., 2003), the
average coordinate of the right OFA in normal participants tested with the face
localizer used in the present study falls within PS” right inferior occipital lesion
(Talairach normalized brains, here the localization of the right OFA using the
contrast (faces—cars) and (faces—scrambled faces) in 40 right handed
participants included in a meta-analysis in preparation). (B) In addition, 9 of the
11 individually defined right OFAs of participants of the present study fall
entirely or largely within the lesion site. Most importantly, across many
studies, PS never showed any face-preferential activation around the lesion
that could have been taken as a right OFA.
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results in the experiment with Arcimboldo stimuli.
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FIGURE A7 | Time-course of activation in face-sensitive regions for the group of normal participants in the Arcimboldo face detection task, for correct trials
only. Only the right FFA and the right pSTS showed a significantly larger response to stimuli correctly detected as faces.

Frontiers in Human Neuroscience www.frontiersin.org January 2011 | Volume 4 | Article 225 | 28



Rossion et al. Holistic face categorization in the prosopagnosic brain

AM: Moneys Faces UP > Mooneys Faces DOWN 2 clusters at p < 0.05
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FIGURE A8 | Whole-brain analysis performed on the patient PS in the Arcimboldo face categorization experiment. Four areas were found to be significant,
one corresponding approximately to the patient’s right “FFA," presenting face-preferential response to faces in the localizer experiment, and three other regions, in
the right prefrontal cortex and left lingual gyrus. Importantly, there was no activation in the right posterior occipital cortex.
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FIGURE A9 | Whole-brain analysis performed on the age-matched control
(AM) in the Arcimboldo face categorization experiment. Four areas were
found to be significant, one corresponding roughly to the right “FFA" and one to
the left “FFA," two regions presenting face-preferential response to faces in the
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localizer experiment (p < 0.000007), one close to the right “OFA” or to the right
ventral posterior part of LO [35, =77, —6, 53 voxels, object-sensitivity: t = 15.04,
p<0.000001 presenting a small face-preferential response (p < 0.01)] and
another non-face region, in the postcentral gyrus.
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