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a b s t r a c t

We report a functional magnetic resonance imaging (fMRI) adaptation study of two well-described
patients, DF and PS, who present face identity recognition impairments (prosopagnosia) following brain-
damage. Comparing faces to non-face objects elicited activation in all visual areas of the cortical face
processing network that were spared subsequent to brain damage. The common brain lesion in the two
patients was in the right inferior occipital cortex, in the territory of the right “occipital face area” (‘OFA’),
which strengthens the critical role of this region in processing faces. Despite the lesion to the right ‘OFA’,
there was normal range of sensitivity to faces in the right “fusiform face area” (‘FFA’) in both patients,
supporting a non-hierarchical model of face processing at the cortical level. At the same time, however,
sensitivity to individual face representations, as indicated by release from adaptation to identity, was
abnormal in the right ‘FFA’ of both patients. This suggests that the right ‘OFA’ is necessary to individualize
nferior occipital cortex
MRI
FA
FA
OC

faces, perhaps through reentrant interactions with other cortical face sensitive areas. The lateral occipital
area (LO) is damaged bilaterally in patient DF, who also shows visual object agnosia. However, in patient
PS, in whom LO was spared, sensitivity to individual representations of non-face objects was still found
in this region, as in the normal brain, consistent with her preserved object recognition abilities. Taken
together, these observations, which fruitfully combine functional imaging and neuropsychology, place
strong constraints on the possible functional organization of the cortical areas mediating face processing

in the human brain.

. Introduction

Despite its apparent simplicity, deriving a full percept of an
ndividual face is one of the most complex tasks performed by
Please cite this article in press as: Steeves, J., et al. Abnormal face ide
prosopagnosic patients. Neuropsychologia (2009), doi:10.1016/j.neurop

he human visual system. Lesion studies (e.g., Damasio, Damasio,
Van Hoesen, 1982; Sergent & Signoret, 1992), intracranial

ecordings (Allison et al., 1994) and functional neuroimaging inves-
igations (e.g., Haxby, Hoffman, & Gobbini, 2000; Sergent, Ohta, &
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MacDonald, 1992) of the human brain have shown that this function
relies primarily on a network of areas located in the occipitotempo-
ral cortex. Functional magnetic resonance imaging (fMRI) studies in
particular have shown that a subset of these areas present a strong
preferential response to faces, including the so-called “fusiform face
area” (‘FFA’, e.g., Kanwisher, McDermott, & Chun, 1997) in the mid-
dle fusiform gyrus, the “occipital face area” in the inferior occipital
cortex (‘OFA’, e.g., Gauthier et al., 2000), as well as an area located in
the posterior part of the superior temporal sulcus (pSTS; e.g., Puce,
Allison, Gore, & McCarthy, 1995). These three bilateral areas, which
show a strong right hemisphere advantage, are thought to form the
core system for normal face perception (Haxby et al., 2000; Ishai,
ntity coding in the middle fusiform gyrus of two brain-damaged
sychologia.2009.05.005

2008).
In an attempt to further clarify the functional neuroanatomy

of face perception, a few fMRI studies (Marotta et al., 2001;
Rossion et al., 2003; Steeves et al., 2006) have measured neural
responses to pictures of faces in neurological patients suffering
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rom prosopagnosia—the inability to individualize faces following
rain damage (Bodamer, 1947; Quaglino & Borelli, 1867). A detailed

nvestigation of patient PS, a rare case of prosopagnosia without
isual object agnosia, showed right hemisphere ‘FFA’ activation
espite a structurally damaged right inferior occipital cortex and
o evidence of right ‘OFA’ activation (Rossion et al., 2003; Sorger,
oebel, Schiltz, & Rossion, 2007). In a similar vein, this obser-
ation of right ‘FFA’ activation without ipsilateral ‘OFA’ was also
ecently reported in patient DF (Steeves et al., 2006), who suffers
rom visual form agnosia (an inability to recognize objects based
n shape) in addition to prosopagnosia (Milner et al., 1991). This
atter patient has extensive bilateral damage to lateral occipital
ortex and shows no evidence of ‘OFA’ activation in either hemi-
phere. Taken together, these observations place strong constraints
n the neurofunctional organization of face perception in the nor-
al brain (Rossion, 2008). First, they indicate that the right ‘OFA’
the common region within the face-preferential cortical network

hat is damaged in both patients – must be a critical component
f the face perception network. This observation is corroborated
y a recent retrospective analysis of the overlap of human patient
esions from structural MRI (Bouvier & Engel, 2006). Second, these
bservations suggest that, in contrast to a hierarchical feedforward
odel for face perception (Haxby et al., 2000; Ishai, 2008), the ‘FFA’

an be activated without ipsilateral ‘OFA’ inputs, perhaps through
irect functional connections originating from striate and extras-
riate cortical areas (Rossion, 2008).

More recent neuroimaging studies of patient PS have shown that
he fMRI signal in the right ‘FFA’, despite showing a normal range of
referential activation to faces, does not show any evidence of sen-
itivity to discrimination of individual faces (Dricot, Sorger, Schiltz,
oebel, & Rossion, 2008; Schiltz et al., 2006). Specifically, the fMRI

esponse in this area fails to show a larger response for faces of dif-
erent identities (presented in a block or as pairs of face stimuli)
ompared to the presentation of faces of the same identity. This
tands in contrast to the strong effect of a release from adaptation
ith fMRI for different face identities that is found in this area in

he normal healthy brain (e.g., Gauthier et al., 2000; Grill-Spector &
alach, 2001; Schiltz et al., 2006; Winston, Henson, Fine-Goulden,
Dolan, 2004) or even in patients with congenital prosopagnosia

Avidan, Hasson, Malach, & Berhmann, 2005). This observation sup-
orts the hypothesis that a critical role of the right ‘OFA’ in face
erception is not simply to detect and categorize a stimulus as a

ace – a function that is preserved for both PS and DF – but more
mportantly to assist in deriving an individual fine-grained face rep-
esentation, perhaps through reentrant interactions between the
FFA’ and the ‘OFA’ (Rossion, 2008; Rossion et al., 2003; Schiltz et
l., 2006).

As a result, this proposal would necessarily predict that face
dentity coding – as tested through fMRI adaptation – should also
e impaired in the ‘FFA’ of patient DF. This critical test was the main
oal of the present collaborative study, in which we sought to test
nd contrast both patients in an identical face identity adaptation
aradigm. Our objectives were threefold. First, we aimed to repli-
ate the observation of face-preferential activation in the fusiform
yrus (‘FFA’) in patient DF that had been previously demonstrated
sing a block design (Steeves et al., 2006) but in the present experi-
ent using an event-related fMRI paradigm. This paradigm is more

onservative, in that it is less sensitive to potential confounds of
ubject’s expectations and attentional biases when compared to
he block design face localizer used previously. Second, we sought
o test the hypothesis that patient DF’s ‘FFA’ in both hemispheres
Please cite this article in press as: Steeves, J., et al. Abnormal face ide
prosopagnosic patients. Neuropsychologia (2009), doi:10.1016/j.neurop

ould show a larger response to faces compared to objects, yet
ould be insensitive to differences in face identity unlike normal

ontrols. Finally, while patient PS has normal object perception
‘pure prosopagnosia’), DF is profoundly impaired in both face and
bject perception, in particular when she has to discriminate indi-
 PRESS
gia xxx (2009) xxx–xxx

vidual exemplars of the same object class (Humphrey, Goodale,
Jakobson, & Servos, 1994). Hence, given that the ‘FFA’ also shows a
robust response to non-face objects (e.g., Grill-Spector et al., 2006),
we sought to test and compare release from adaptation in fMRI to
both object and face identity in the two patients. Our predictions
were: (1) an absence of adaptation effects for face identity in the
both patients in the FFA and (2) significant adaptation effects for
object identity in patient PS in the right ‘FFA’, but not for patient DF
in either FFA.

Finally, it is important to note that we compare and con-
trast neuroimaging data from two brain-damaged patients in the
same neuroimaging experiment – patients who have been studied
extensively and characterized previously as single case studies by
independent research groups – and the present work provides a
unique opportunity to strengthen our understanding of the func-
tional neuroanatomy of face and object perception in both the
healthy and neurologically damaged human brain.

2. Materials and methods

2.1. Subjects

Patient DF is a female, 51 years of age at the time of testing, whose neuropsy-
chological profile has been described in detail previously (e.g., Humphrey et al.,
1994; James, Culham, Humphrey, Milner, & Goodale, 2003; Milner et al., 1991;
Servos, Goodale, & Humphrey, 1993). Her primary neurological symptoms are pro-
found visual form agnosia and prosopagnosia. She shows relatively normal static
perimetry in the central visual field up to 30◦ eccentricity but with some upper
right quadrant loss (see Milner et al., 1991). Neuroimaging studies of patient DF’s
brain have been reported in James et al. (2003) and Steeves et al. (2004, 2006).
An extensive description of DF’s behavioural and neural response to face images
is found in Steeves et al. (2006). In brief, however, she is unable to recognize face
identity, gender or emotional expression but she can generally categorize faces and
discriminate faces from objects that she cannot recognize. Patient DF also shows
robust activation for face images within the “FFA”, which is normal in terms of
amplitude and spatial extent, bilaterally, with a block design face/scene localizer
but she does not show face sensitive responses in the inferior occipital cortex (i.e.,
no “OFA”).

Patient PS is a female, 56 years of age at the time of testing, whose neuropsy-
chological profile and brain damage has been described in detail previously (Caldara
et al., 2005; Rossion et al., 2003; Schiltz et al., 2006; Sorger et al., 2007). Her pre-
senting neurological symptom is prosopagnosia and unlike patient DF, she does not
present object recognition difficulties. Patient PS has normal visual fields, with the
exception of a small left paracentral scotoma. The data collected on PS have been
recently reported as a subset of a larger study (Dricot et al., 2008) that tested identity
adaptation to faces with an independent localizer. This independent localizer was
unavailable for patient DF due to limited scanning time and as a result the present
data include a re-analysis of the Dricot et al. (2008) data so that the analysis for
patient DF and PS is exactly the same.

In addition to the two patients, four neurologically intact participants (age:
25–35 years, two female) as well as one age-matched control participant (S5, 56
years of age, female) were tested. While it has been shown that the profile of activa-
tion in the right middle fusiform gyrus remains stable across decades (Brodtmann,
Puce, Syngeniotis, Darby, & Donnan, 2003) and therefore perhaps not necessary
to ensure exact age-matching of participants, we also include the data from the
age-matched control.

The patients and the control subjects gave informed written consent prior to
the fMRI experiments. The study conformed to the Declaration of Helsinki and was
approved by the Ethics Committees of the Department of Medicine at the University
of Louvain and the York University Office of Research Ethics. Control subjects and PS
were strongly right-handed according to the Edinburgh Inventory (Oldfield, 1971)
and patient DF is also right handed.

2.2. Stimuli and procedures

Participants viewed three runs of 80 pairs of stimuli during fMRI recordings.
The stimuli were pictures of faces and butterflies as shown in Fig. 1. Thirty-two
face and 32 butterfly images were used in an event-related design. There were
four conditions of interest: two different face identities, two identical face iden-
tities, two different butterflies, and two identical butterflies in each pair. Finally,
ntity coding in the middle fusiform gyrus of two brain-damaged
sychologia.2009.05.005

a fifth condition of a butterfly followed by a face image (or the opposite order
for half of the trials) was used and participants were asked to respond to these
face–object pair trials by pressing a response key. This task was well suited to the
goals of the experiment because it ensured that the participants were attending
to the stimuli, and it was a task that both patients could perform well. [DF has
been shown previously to be able to categorize faces even though she cannot rec-

dx.doi.org/10.1016/j.neuropsychologia.2009.05.005
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ig. 1. Stimuli and task used in the experiment, with the time line of the presentation
f events shown across the top.

gnize them (Steeves et al., 2006).] Further, this task ensured that the factors of
nterest of the study (category effect: faces versus butterflies; adaptation effect:
ame versus different identities) would not be contaminated by any decisional
nd/or motor processes since the behavioural task was completely orthogonal to
he test factors in the study, and any difference between patients and the controls
ould not be attributed to general processing difficulties on the trials of inter-
st.

There were 16 trials per condition per run and the order of conditions was
ully randomized within a run. Within a trial, the first stimulus of a pair was pre-
ented for 1000 ms followed by a blank screen for 500 ms and thereafter by the
econd stimulus of the pair, which was also presented for 1000 ms (Fig. 1). The pairs
ere separated by a fixation cross with a duration of 5000, 6250 or 7500 ms (4–6

unctional volumes), and these interstimulus interval (ISI) durations were also fully
andomized. This timing ensured that the onset of distinct events was separated by
t least 6–8 functional volumes (7500–10,000 ms). Randomization of trial order and
f ISI duration further reduced any potential top-down effects of anticipation of the
timuli.

All images (pictures of faces and butterflies) were presented in the central visual
eld in colour and subtended approximately 4◦ of visual angle. Stimuli were spatially

ittered by 40 pixels in X (5%) and 40 pixels in Y (7%) dimensions. The pairs were
isplayed in random order with a PC using E-prime 1.1 (PST Inc.) and projected
nto a screen located above the head of the subject and viewed through an angled
irror.

.3. Imaging experiments

MR images of brain activity were acquired on all participants using a 3T head
canner (Siemens Allegra, Siemens AG, Erlangen, Germany), with repeated single-
hot echo-planar imaging: echo time (TE) = 50 ms, flip angle (FA) = 90◦ , matrix
ize = 64 × 64, field of view (FOV) = 224 mm × 224 mm, slice order descending and
nterleaved. Scan parameters were: repetition time (TR) = 1250 ms, 21 slices, slice
Please cite this article in press as: Steeves, J., et al. Abnormal face ide
prosopagnosic patients. Neuropsychologia (2009), doi:10.1016/j.neurop

hickness = 3.5 mm, no gap between slices, run time length = 11 min, 46 s, 250 ms. A
hree-dimensional (3D) T1-weighted data set encompassing the whole brain was
cquired for each subject to provide detailed anatomy (1 mm3) using a “modi-
ed driven equilibrium Fourier transform” (MDEFT) sequence (scan parameters:
R = 7.92 ms, TE = 2.4 ms, FA = 15◦ , matrix size = 256 × 256, FOV = 256 mm × 256 mm,
76 slices, slice thickness = 1 mm, no gap, total scan time = 13 min and 43 s).
 PRESS
gia xxx (2009) xxx–xxx 3

2.4. Data analysis of the imaging experiments

The fMRI signal in the different conditions was compared using BrainVoyager
QX (Version 1.4, Brain Innovation, Maastricht, The Netherlands) applying a Gen-
eral Linear Model analysis. Prior to analysis, the functional data sets were subjected
to a series of preprocessing operations. This preprocessing consisted of linear trend
removal to exclude scanner-related signal drift, temporal high-pass filtering in order
to remove temporal frequencies lower than 3 cycles per run, and a correction for
small interscan head movements using a rigid body algorithm rotating and trans-
lating each functional volume in 3D space (Friston, Frith, Turner, & Frackowiak,
1995). In addition to preprocessing, the data from the event-related experiment
were also corrected for the difference between the scan times of the slices. Data
were not smoothed in the spatial domain but were filtered in the temporal domain
(FWHM = 2.8 cycles per second). In order to compare activated brain regions across
subjects, all anatomical images and functional volumes were spatially normalized
(Talairach-transformation; Talairach & Tournoux, 1988). Computed statistical maps
were overlaid on the 3D T1-weighted scans to determine Talairach coordinates for all
relevant activation clusters. Subsequently, the functional data were analyzed using
multiple regression models consisting of predictors, which corresponded to the
particular experimental conditions of the experiment. The predictor time courses
used were computed on the basis of a general linear model (GLM) of the rela-
tionship between neural activity and hemodynamic response, assuming a square
wave neural response during phases of visual stimulation (Boynton, Engel, Glover,
& Heeger, 1996). For our two patients and the control subjects, we computed a main
effect to localize the face-preferential areas (faces versus butterflies), and tested
the interaction and simple adaptation effects for each stimulus condition in these
areas. Statistical thresholds were chosen with [q(false discovery rate) < 0.01] with a
minimum of 50 voxel clustering.

3. Results

3.1. Behavioural data during fMRI

All participants performed the behavioural task of indicat-
ing across-category trials at ceiling (control means: 95 ± 0.03%),
PS (96%) and DF (100% correct detection but one false alarm).
Patients showed comparable response latencies to each other and
to controls (controls: 595 ± 128 ms; PS: 576 ms; DF: 747 ms) with
t = −0.100, p = 0.463 for PS and t = 1.084, p = 0.17 for DF [modified
t-test (Crawford & Garthwaite, 2002)].

3.2. Neuroimaging results

3.2.1. Whole brain analysis
3.2.1.1. Main effect of category: faces versus objects. The comparison
of face and butterfly images, independent of adaptation effects, led
to significant activation in several high-level visual areas for the
control participants as well as for both patients (Fig. 2). Our group
of normal controls (including the age-matched control) showed sig-
nificant activation at [p(Bonferroni-corrected) < 0.001] in the right
and left ‘FFA’ (mean Talairach coordinates, right ‘FFA’: 39, −45,
−19; 559 voxels and left ‘FFA’: −39, −43, −19; 777 voxels), and [at
q(FDR) < 0.001] in the right ‘pSTS’ (mean Talairach coordinates, 49,
−44, 12; 77 voxels) and in the right and left ‘OFA’ (mean Talairach
coordinates, right ‘OFA’: 40, −69, −13; 188 voxels and left ‘OFA’:
−40, −66, −16; 101 voxels).

Consistent with previous observations, there was significant
activation [at q(FDR) < 0.001] for faces in the ‘FFA’ and ‘pSTS’ of
the right hemisphere for both patient PS and DF (Talairach coor-
dinates, patient PS: ‘FFA’: 37, −54, −18; 591 voxels and ‘pSTS’: 41,
−49, 14; 37 voxels and patient DF: ‘FFA’: 44, −47, −21; 178 voxels
and ‘pSTS’: 48, −47, −1; 525 voxels) (Fig. 2). These activations were
within the normal range for size and anatomical location as pre-
viously reported (PS: Rossion et al., 2003; Sorger et al., 2007; DF:
Steeves et al., 2006). Also consistent with previous work, there was
ntity coding in the middle fusiform gyrus of two brain-damaged
sychologia.2009.05.005

significant activation in the left ‘FFA’ for patient DF (Talairach coor-
dinates: −36, −48, −19; 434 voxels) and in the left ‘OFA’ for patient
PS [but at p(uncorrected) < 0.045, −31, −81, −17; 30 voxels]. In sum-
mary, the missing components of the network of face-preferential
activation in both patients were areas that would have been located

dx.doi.org/10.1016/j.neuropsychologia.2009.05.005
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ig. 2. Face-preferential activation in sagittal, coronal and axial slices for each of pa
FFA’ and left hemisphere ‘OFA’ activation are observed in patient PS while bilatera
OFA’ and right hemisphere ‘pSTS’ activation. Talairach coordinates and cluster sizes

n structurally damaged tissue (Fig. 2). The common lesion site in
he two patients is the right hemisphere ‘OFA’.

.2.2. ROI-based analysis

.2.2.1. Adaptation effects for faces. In each of the areas showing
referential activation for faces, we tested for interactions between
daptation and category, as well as separately for effects of adap-
ation for each of the image categories (faces and butterflies).
daptation indices were computed using the beta weights of the
eneral linear model (GLM) analysis [faces index = (different faces
ersus same faces)/(different faces + same faces)]. Consistent with
revious findings (Dricot et al., 2008; Schiltz et al., 2006), PS did
ot show any evidence of release from adaptation to face identity

n the right ‘FFA’ (t = 1.499; p = 0.1339; Fig. 3), unlike normal par-
icipants (t = 3.732; p < 0.0002; Fig. 3). Hence, her middle fusiform
yrus responds preferentially to a picture of a face, but does not dis-
inguish between different face identities. Strikingly, this absence
f release from adaptation to face identity was also observed for
he first time in the right ‘FFA’ of patient DF (Fig. 3) for which there
as, in fact, a trend toward a pattern of activation opposite that
hich was expected (slightly higher signal for pairs of identical

aces than different faces) (t = −1.698, p = 0.09). Thus, the right ‘FFAs’
f the two acquired prosopagnosia patients do not show release
rom adaptation to identity, in contrast to the healthy control par-
icipants.
Please cite this article in press as: Steeves, J., et al. Abnormal face ide
prosopagnosic patients. Neuropsychologia (2009), doi:10.1016/j.neurop

Release from adaptation to identity was observed, however, in
ther face-preferential areas of the control participants (right ‘OFA’:
= 2.449, p < 0.0143 and left ‘FFA’: t = 2.414, p < 0.0158) but not in the
eft ‘OFA’ (t = 0.594, p = 0.5527) and right pSTS (t = 0.644, p = 0.5194).
n contrast, none of these regions that were intact in either patient
PS, DF and control S1 for the contrast of faces minus butterflies. Right hemisphere
and right ‘pSTS’ activation are seen in patient DF. Control S1 shows bilateral ‘FFA’,

sted in Table 1.

showed such effects. There was no release from adaptation to face
identity for patient PS in the left ‘OFA’ (t = 0.242, p = 0.8089) or
right ‘pSTS’ (t = 0.043, p = 0.9656) nor for patient DF in the left ‘FFA’
(t = −0.967, p = 0.3339) or the right ‘pSTS’ (t = −1.442, p = 0.1494)
(Supplementary Fig. 1).

When comparing patient indices directly to those of controls,
there was a significant difference in the ‘FFA’ for patient DF
(t = −5.07, p = 0.004) and for patient PS (t = −2.48, p = 0.034).

3.2.2.2. Adaptation effects for objects. This absence of release from
adaptation to identity, in particular in the right ‘FFA’ cannot be
attributed to a lower signal overall for the patients, because this
area responds robustly to faces in both patients (Fig. 3). Moreover,
this area (right FFA) shows an identity adaptation effect when con-
trasting different and identical pictures of butterflies in not only
our control participants (t = 5.281, p < 0.00001; Fig. 3), but also in
patient PS (t = 4.725, p < 0.00001; Fig. 3; see also Dricot et al., 2008).
There was no such effect for patient DF (t = −0.882, p = 0.3778;
Fig. 3).

Release from adaptation to identity for butterflies was observed
in other face-preferential areas of the normal participants including
the right ‘OFA’ (t = 3.040, p < 0.0024), left ‘OFA’ (t = 3.416, p < 0.0006)
and left ‘FFA’ (t = 5.499, p < 0.00001) but not the right pSTS (t = 0.376,
p = 0.7063). For patient PS, release from adaptation was found in
ntity coding in the middle fusiform gyrus of two brain-damaged
sychologia.2009.05.005

the pSTS (t = 2.787, p < 0.0053) but not in the left ‘OFA’ (t = −0.181,
p = 0.8569) and there was no release from adaptation at all for
patient DF in any of the regions of interest responding preferen-
tially to faces (left ‘FFA’: t = 1.331, p = 0.1833; right ‘pSTS’: t = −2.075,
p = 0.0381) (Supplementary Fig. 1).

dx.doi.org/10.1016/j.neuropsychologia.2009.05.005
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ig. 3. (A) Event-related average time courses within the right ‘FFA’ for patients PS
daptation indices computed using the beta weights of the general linear model (GLM
M refers to the age-matched control. The * indicates a significantly different repet

When comparing patient indices directly to those of controls,
here was a significant difference in the ‘FFA’ for patient DF
t = −6.26, p = 0.002) and but not for patient PS (t = −0.387, p = 0.36).

.2.2.3. Interaction between adaptation and category. In summary,
dentity adaptation effects for both faces and objects were observed
n normal participants in the right ‘FFA’ and in other face-
referential areas (Table 1). For patient PS, identity adaptation
ffects were only observed for objects, while for patient DF there
ere no adaptation effects for objects or faces. When testing

he interaction between category and adaptation, normal par-
icipants showed equally large identity adaptation in the ‘FFA’
or faces and objects (interaction: t = −1.091, p = 0.2755), while PS
howed a larger effect for objects (t = −2.293, p < 0.0219) than for
aces in the right ‘FFA’, and DF did not show identity adapta-
ion for either image category in any of these areas (t = −0.573,
= 5665).

.2.2.4. Whole brain conjunction analysis. To strengthen our results,
whole brain analysis was performed on the control participants
Please cite this article in press as: Steeves, J., et al. Abnormal face ide
prosopagnosic patients. Neuropsychologia (2009), doi:10.1016/j.neurop

ith the conjunction of three contrasts: [((different faces + same
aces) versus (different butterflies + same butterflies)) & (different
aces − same faces) & (different butterflies − same butterflies)]. This
as done using a fixed effects analysis with our five subjects, for
hich we found only one significant cluster, corresponding to the
nd controls for the four experimental conditions of the study. (B) Histograms with
lysis [faces index = (different faces versus same faces)/(different faces + same faces)].
ndex from controls.

Talairach coordinates of the ‘FFA’ (Fig. 4): 37, −43, −22; 31 vox-
els, q(FDR) < 0.05. The same analysis did not reveal any activation
for either patient, which is consistent with their absence of adap-
tation effects for faces in the faces’ ROI analyses. In addition, we
performed a whole brain analysis searching for identity adapta-
tion effects for pictures of faces and butterflies in patient PS and
DF’s brain. Consistent with our most recent findings (Dricot et al.,
2008), we found a significant release from face and object identity
adaptation for PS in an area adjacent to her right inferior occipi-
tal lesion, corresponding to the ventral part of the lateral occipital
complex (vLOC, see Dricot et al., 2008) [Talairach coordinates: 50,
−64, −10; 506 voxels at p(uncorrected) < 0.045, t = 3.705, p < 0.0002
for face adaptation and t = 3.206, p < 0.0014 for object adaptation
without an interaction between category and adaptation (t = 0.344,
p = 0.7306); Fig. 5].

This cluster is not specific to faces and responds even more to
objects than to faces [contrast ([different butterflies + same but-
terflies] versus [different faces + same faces]), t = 2.758, p < 0.0059].
This indicates that patient PS recruits an area that does not respond
preferentially to faces, the vLOC, to differentiate face identities.
ntity coding in the middle fusiform gyrus of two brain-damaged
sychologia.2009.05.005

Importantly, this effect is not specific to patient PS—when the
vLOC is localized independently in normal observers, this region
also shows a larger response to different exemplars than same
exemplars, irrespective of the category. This has been observed in
several studies with normal observers (Avidan, Hasson, Hendler,

dx.doi.org/10.1016/j.neuropsychologia.2009.05.005
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Table 1
Talairach coordinates and cluster size in face-preferential areas for controls and patients PS and DF.

Controls PS DF

Right
“FFA”

Talairach coordinates 39, −45, −19 37, −54, −18 44, −47, −21
Size [mm2; q(FDR) < 0.001] 559* 591 178
Face adaptation Yes No No
Object adaptation Yes Yes No

Left
“FFA”

Talairach coordinates −39, −43, −19

Lesioned

−36, −48, −19
Size [mm2; q(FDR) < 0.001] 111* 434
Face adaptation Yes No
Object adaptation Yes No

Right
“OFA”

Talairach coordinates 40, −69, −13

Lesioned Lesioned
Size [mm2; q(FDR) < 0.001] 188
Face adaptation Yes
Object adaptation Yes

Left
“OFA”

Talairach coordinates −40, −66, −16 −31,−81,−17

Lesioned
Size [mm2; q(FDR) < 0.001] 101 30**

Face adaptation No No
Object adaptation Yes No

Right
pSTS

Talairach coordinates 49, −44, 12 41, −49, 14 48, −47, −1
Size [mm2; q(FDR) < 0.001] 77* 37 525

Z
G
v
p

F
b
c
p

Face adaptation No
Object adaptation No

* Bonferroni corrected.
** p(uncorrected) < 0.045.
Please cite this article in press as: Steeves, J., et al. Abnormal face ide
prosopagnosic patients. Neuropsychologia (2009), doi:10.1016/j.neurop

ohary, & Malach, 2002; Grill-Spector et al., 1999; Sayres &
rill-Spector, 2006), as well as for both faces and objects in indi-
idual normal subjects tested with the paradigm used in the
resent study, in which the vLOC was localized independently

ig. 4. (A) Whole brain fixed effects analysis on the control subjects with the conjunction
utterflies) & (different faces versus same faces) & (different butterflies versus same but
oordinates of the ‘FFA’: 37, −43, −22; 31 voxels, q(FDR) < 0.05 [represented at p(uncorre
atient PS or DF. (B) Event-related average time courses for the four experimental conditi
No No
Yes No
ntity coding in the middle fusiform gyrus of two brain-damaged
sychologia.2009.05.005

(Dricot et al., 2008). Hence, the sensitivity to different individ-
ual faces in the vLOC of patient PS appears to reflect a residual
rather than a compensatory mode of processing the individual
face.

of three contrasts: [(different faces + same faces) versus (different butterflies + same
terflies)]. This revealed only one significant cluster corresponding to the Talairach
cted < 0.001, 105 voxels]. The same analysis did not reveal any activation in either
ons in the study.

dx.doi.org/10.1016/j.neuropsychologia.2009.05.005
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Fig. 5. Event-related average time courses for the four experimental conditions in the study in a whole brain analysis for patient PS with the conjunction of two contrasts:
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(different faces versus same faces) & (different butterflies versus same butterflies)]. S
o her right inferior occipital lesion, corresponding to the ventral part of the lateral occ
he same analysis did not reveal any activation in patient DF.

In contrast, there was no evidence for any identity adaptation
ffects in patient DF’s brain for faces or butterflies, consistent with
er general visual form agnosia.

. Discussion

Within the network of occipitotemporal areas that respond pref-
rentially to faces, our two acquired prosopagnosia patients present
common lesion site encompassing the right ‘OFA’. Each of the

ther components of the network was intact either in one of the
atients (left ‘OFA’ for PS; left ‘FFA’ for DF), or in both patients’ brain
right pSTS and ‘FFA’). The preferential activation for faces in the two
atients was in the normal range in terms of amplitude and spatial
xtent, even though the large variability in patterns of activation
n the healthy control participants may mask minor abnormalities
t this level. That is, one can never rule out the possibility that
ithout the lesions to other face-sensitive regions (e.g., the right

OFA’), the level of activation in response to faces in the other com-
onents of the network might have been higher in these patients.
evertheless, these findings strongly support the notion that, in
ddition to the right middle fusiform gyrus (Barton, Press, Keenan,

O’Connor, 2002), a critical site implicated in prosopagnosia is
Please cite this article in press as: Steeves, J., et al. Abnormal face ide
prosopagnosic patients. Neuropsychologia (2009), doi:10.1016/j.neurop

ocated in the inferior occipital cortex in the right hemisphere, in
he vicinity of the right ‘OFA’ (Bouvier & Engel, 2006). Moreover,
hese data indicate that the ‘OFA’, whether it is located in the right
r left hemisphere, does not constitute a stage of processing that
ecessarily has to precede and send input to the rest of the face
cant release from face identity adaptation was found in patient PS in an area adjacent
complex [Talairach coordinates: 50, −64, −10; 506 voxels at p(uncorrected) < 0.045].

cortical network in order for those higher areas to be activated. This
observation casts doubts on a hierarchical view of face processing,
advocated in several papers (Haxby et al., 2000; Ishai, 2008; see also
Jiang et al., 2006; Pitcher, Walsh, Yovel, & Duchaine, 2008). Rather,
these data support the view that there must be direct connections
from early visual areas that do not show preferential sensitivity to
faces, to the middle fusiform gyrus and possibly the pSTS, leading
to face-preferential responses in those areas (Rossion, 2008).

This hypothesis is not novel, but is reinforced by the present
data and by previous observations made by two groups of indepen-
dent researchers with these patients. The key observation of the
present study, however, is the lack of release from adaptation to
face identity in the ‘FFA’ of both patients DF and PS. This is con-
sistent with previous findings observed in patient PS (Dricot et
al., 2008; Schiltz et al., 2006). Behaviourally, both patients present
strong impairments at individualizing faces, and they do not show
the release from adaptation to face identity that is observed in the
healthy control participants both in the present experiment and in
numerous other studies (e.g., Gauthier et al., 2000; Grill-Spector
& Malach, 2001). Taken together, this strengthens the notion that
the right ‘OFA’ – the two patients’ common missing region within
the cortical face network – is an integral component of the net-
work for processing face identity (Gauthier et al., 2000), and is
ntity coding in the middle fusiform gyrus of two brain-damaged
sychologia.2009.05.005

necessary for this function. Its role within this network may not
be to precede the preferential activation for faces at the level of
the FFA but rather its role in face identity processing, in particular
in the right hemisphere, may be to contribute to the refinement
of the face representation, following the initial categorization of a

dx.doi.org/10.1016/j.neuropsychologia.2009.05.005
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ace in the “higher-order” right ‘FFA’ (Rossion, 2008). This reverse
ierarchical view (Hochstein and Ahissar, 2002) of face perception

s consistent with the presence of massive cortical bi-directional
onnections (Felleman & Van Essen, 1991) and the hypothesis of
eentrant phasic signaling between areas of visual cortex (Edelman,
978, 1993). In a similar vein, a number of authors have suggested
hat higher level perceptual computations and representations that
equire high resolution details, fine geometry and spatial preci-
ion may involve lower visual areas through feedback connections
Bullier et al., 2001; Galuske et al., 2002; Mumford, 1992; Lee et al.,
998). For the recognition of face identity, refinement in the ini-
ial coarse face representation would require the high resolution
etails both at the level of the face features and of its configuration
Sergent, 1986).

Despite presenting a common lesion in the right inferior occipi-
al cortex that is most likely critical in causing their face processing
mpairment (Bouvier & Engel, 2006), patients PS and DF do not
resent the same neuropsychological profile. While patient DF has
visual form agnosia, and is unable to recognize common objects

Milner et al., 1991), patient PS does not present any difficulty in
ecognizing objects, whether they have to be identified or discrimi-
ated at the basic-level or at more fine-grained categorization levels
Rossion et al., 2003; Schiltz et al., 2006). Consistent with these
ehavioural differences, patient DF has bilateral damage to the lat-
ral occipital area (LO, James et al., 2003), while this region is both
tructurally and functionally intact for patient PS (bilateral dorsal
O and right ventral LO, Sorger et al., 2007). Moreover, patient PS’
rea LO shows a larger response to normal shapes compared to
crambled shapes (Sorger et al., 2007), and it also shows release
rom adaptation to the repetition of the same object shape (Dricot
t al., 2008; the present study).

In addition, we note that while patient PS showed a significant
elease from adaptation in the right ‘FFA’ to object shapes, patient
F did not. This is an interesting observation because patient DF

s able to discriminate some non-face stimuli, particularly natural
bjects such as fruits and vegetables based on surface properties
uch as colour (Humphrey et al., 1994), yet her right ‘FFA’ did not
how release from adaptation in this condition. This suggests that
he positive adaptation effect observed for patient PS in the ‘FFA’
or objects (Dricot et al., 2008) may not be attributable to a simple
elease from adaptation driven by colour alone.

Further to these differences in object recognition, the two
atients are not equally strongly impaired with respect to face
rocessing. Patient DF is severely impaired in individual face dis-
rimination, scoring generally at chance levels (Steeves et al., 2006).
atient PS, however, is impaired relative to controls but nonetheless
erforms well above chance levels in individual face discrimination
asks (Rossion et al., 2003; Schiltz et al., 2006). Previous studies have
hown that patient PS relies on suboptimal cues to discriminate
nd recognize individual faces (e.g., the mouth and lower external
ontour; Caldara et al., 2005), and appears to analyze each facial
eature consecutively, in detail, rather than resorting to an efficient
olistic processing of the individual face, as do normal observers
Orban de Xivry, Ramon, Lefèvre, & Rossion, 2008). The imaging
ata for patient PS collected previously (Dricot et al., 2008) and that

n the present study suggest that this sub-efficient, analytical mode
f processing the individual face does not rely on areas responding
referentially to faces, but may involve more general processes in
he ventral part of the lateral occipital complex.

Another original aspect of the present experiment lies in the
act that while patient DF’s face-preferential regions in the middle
Please cite this article in press as: Steeves, J., et al. Abnormal face ide
prosopagnosic patients. Neuropsychologia (2009), doi:10.1016/j.neurop

usiform gyrus (‘FFA’) were reported previously in a block design
ace localizer experiment (Steeves et al., 2006), this is the first time
hat this face selective-activation is reported in an ER design, lim-
ting the putative role of top-down influences on the activation of
he ‘FFA’. This is an important observation, since it is known that
 PRESS
gia xxx (2009) xxx–xxx

the ‘FFA’ can be modulated and activated through top-down pro-
cesses, for instance through visual imagery of faces (O’Craven &
Kanwisher, 2000) or recognizing the voices of familiar people (von
Kriegstein et al., 2005). In the kind of paradigm used here, the par-
ticipant does not know in advance which stimulus category will be
presented (pair of faces or objects) and thus anticipatory top-down
processes cannot account for the differential activity observed in
these areas. A further novel aspect of the present study is that we
used a different category for the contrast compared to the previous
study with patient DF (Steeves et al., 2006). Here we define these
areas by contrasting faces with objects while the previous study
contrasted faces with scenes.

In summary, the present study compared functional brain acti-
vation in two unique brain-damaged patients who both suffer from
acquired prosopagnosia. The findings strengthen the critical role of
the right inferior occipital cortex, in the vicinity of the right ‘occip-
ital face area’, in acquired prosopagnosia (Bouvier & Engel, 2006;
Sorger et al., 2007). Damage to this region does not prevent overall
face sensitivity within the right middle fusiform gyrus (‘FFA’), thus
arguing against a strict hierarchical view of face processing in the
human brain. However, right ‘OFA’ damage does appear to prevent
the differential sensitivity of the ‘FFA’ to different face identity, sug-
gesting a reentrant role of the right ‘OFA’ in extracting fine-grained
individual representations of faces in the normal brain.
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