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a b s t r a c t

People are extremely proficient at recognizing faces that are familiar to them, but are much worse at
matching unfamiliar faces. We used fMR-adaptation to ask whether this difference in recognition might
be reflected by an image-invariant representation for familiar faces in face-selective regions of the human
ventral visual processing stream. Consistent with models of face processing, we found adaptation to
repeated images of the same face image in the fusiform face area (FFA), but not in the superior-temporal
face region (STS). To establish if the neural representation in the FFA was invariant to changes in view,
eywords:
isual cortex
FA
FA
TS
daptation

we presented different images of the same face. Contrary to our hypothesis, we found that the response
in the FFA to different images of the same person was the same as the response to images of different
people. A group analysis showed a distributed pattern of adaptation to the same image of a face, which
extended beyond the face-selective areas, including other regions of the ventral visual stream. However,
this analysis failed to reveal any regions showing significant image-invariant adaptation. These results

abou
suggest that information
neural code.

. Introduction

The ability to easily recognize familiar faces across a vari-
ty of changes in illumination, expression, viewing angle and
ppearance contrasts with the inherent difficulty found in the per-
eption and matching of unfamiliar faces across similar image
anipulations (Hancock, Bruce, & Burton, 2000). This difference

n perception has been integrated into cognitive models of face
rocessing, which propose that familiar and unfamiliar faces are
epresented differently in the human visual system (Bruce & Young,
986; Burton, Bruce, & Hancock, 1999). These models propose
hat the initial processing of all faces involves computation of a
iew-dependent representation. The information from this early
rocessing stage is compared with image-invariant representa-
ions that are specific to familiar faces. Visual areas involved in
rocessing faces form a ventral processing stream that projects
oward the temporal lobe (Kanwisher, McDermott, & Chun, 1997;

ilner & Goodale, 1995). These findings have been incorporated

nto a model of face processing which proposes that processing
f facial identity is associated with an image-invariant represen-
ation in the inferior temporal lobe (FFA), whereas changeable
spects of faces important for social communication are pro-
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t faces is represented in a distributed network using an image-dependent
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cessed by the superior-temporal lobe (Haxby, Hoffman, & Gobbini,
2000).

The aim of this study is to determine whether face-selective
regions in the human ventral stream use an image-invariant neural
code to represent familiar faces. fMR-adaptation (the reduction in
response to repeated presentations of a stimulus) has been used
by a number of studies to probe how faces are represented in
the human visual system (Grill-Spector, Henson, & Martin, 2006;
Krekelberg, Boynton, & van Wezel, 2006). These studies have
found that the neural representation underlying face perception
is invariant to changes in the size (Andrews & Ewbank, 2004;
Grill-Spector et al., 1999), position (Grill-Spector et al., 1999), emo-
tional expression (Winston, Henson, Fine-Goulden, & Dolan, 2004)
and spatial frequency composition (Eger, Schyns, & Kleinschmidt,
2004) of the image. In contrast, a release from adaptation occurs
with changes in illumination (Grill-Spector et al., 1999) and view-
ing angle (Andrews & Ewbank, 2004; Eger, Schweinberger, Dolan,
& Henson, 2005; Fang, Murray, & He, 2006; Grill-Spector et al.,
1999; Pourtois, Schwartz, Seghier, Lazeyras, & Vuilleumier, 2005a;
Pourtois, Schwartz, Seghier, Lazeyras, & Vuilleumier, 2005b).

It is not clear why changes in viewing angle and illumination
should result in a release from adaptation in regions such as the FFA

that have been implicated in face recognition (Haxby et al., 2000).
One possibility is that most neuroimaging studies have used unfa-
miliar faces and an invariant representation is only predicted for
familiar faces (Bruce & Young, 1986; Burton et al., 1999; Hancock
et al., 2000; Haxby et al., 2000). However, even when familiar faces

http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:t.andrews@psych.york.ac.uk
dx.doi.org/10.1016/j.neuropsychologia.2009.01.017
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Table 1
Mean change in intensity between successive images in each condition of the adap-
tation scan (S.E.M.).
628 J. Davies-Thompson et al. / Neu

ere used, a release from adaptation has been reported (Eger et
l., 2005; Pourtois et al., 2005b). One explanation for these find-
ngs is that changes in viewpoint were often confounded with
hanges in illumination and appearance. It is also conceivable that
he event-related designs used in these studies may have lacked
he sensitivity to detect view-invariant responses in face-selective
egions. More recently, we used a blocked-design fMR-adaptation
aradigm in which we parametrically varied the viewpoint of famil-

ar and unfamiliar faces. In contrast to previous studies (Eger et al.,
005; Pourtois et al., 2005b), we found that adaptation to the same

dentity was still evident in the FFA when we varied the viewing
ngle of a familiar face (Ewbank & Andrews, 2008). In contrast, a
elease from adaptation was found with increasing viewing angles
ith unfamiliar faces.

Here, we extend these findings by asking whether adaptation
ccurs to images of the same unfamiliar or familiar face that vary
n appearance, but are taken from the same viewpoint. We com-
ared the response to images from the following conditions: (1)
ame identity, same image; (2) same identity, different images; (3)
ifferent identities, different images. Our prediction was that the
esponse to familiar faces with the same identity would be signifi-
antly lower than the response to images from different identities.
n contrast, the response to unfamiliar faces would only be lower

hen the same image is presented. This will provide a direct test of
he view-invariant face recognition units proposed in cognitive and
eurological models of face processing. The clear prediction from
hese models is that image-independent adaptation should occur
or familiar, but not unfamiliar faces.

. Methods

.1. Subjects

Nineteen subjects took part in the fMRI study (10 females; mean age, 26). All
bservers were right-handed, and had normal to corrected-to-normal vision. Writ-
en consent was obtained for all subjects and the study was approved by the York
euroimaging Centre Ethics Committee. Visual stimuli (approximately 8◦ × 8◦) were
ack-projected onto a screen located inside the magnetic bore, approximately 57 cm
rom subjects’ eyes.

.2. Localizer scan

To identify regions responding selectively to faces in the visual cortex, a
ocalizer scan was carried out for each subject. Subjects viewed 20 blocks
f 10 images. Each block contained images from one of the five differ-
nt categories: faces, bodies, objects, places, or Fourier scrambled images of
he former categories. Face images were taken from the Psychological Image
ollection at Stirling (PICS; http://www.pics.psych.stir.ac.uk) and body images
ere taken from a body image collection at Bangor (Downing et al., 2001;
ttp://www.bangor.ac.uk/∼pss811/page7/page7.html). Images of other categories
ere taken from a variety of web-based sources. Each image was presented for

00 ms followed by a 200 ms fixation cross. Stimulus blocks were separated by a
s fixation grey screen. Each condition was repeated four times, and arranged in a
ounterbalanced block design.

.3. Adaptation scan

There were three image conditions: (i) same identity, same image; (ii) same iden-
ity, different images; (iii) different identities, different images. The faces were either
amiliar or unfamiliar. Images of familiar and unfamiliar faces were obtained from

variety of internet sources using Google Images. Only faces with a frontal pose
ere used. Emotional expressions did not differ within blocks. Familiar identities
ere chosen on the basis of familiarity ratings obtained from a separate group of

ubjects. The familiarity of the faces was confirmed by a post-scan test in which
ubject were asked whether the faces were familiar and whether they could report
he name and occupation. Unfamiliar faces were famous in other countries, but were
nknown to the subjects, and were chosen to match familiar faces for their variation

n age and appearance. Images were presented in grey scale and were adjusted to an

verage brightness level. The mean change in image intensity across images was cal-
ulated by taking the average of the absolute differences in grey value at each pixel
or successive pairs of images within a block. Table 1 shows that there was a similar

ean intensity change in the corresponding familiar and unfamiliar conditions.
A blocked design was used to present the stimuli. Each stimulus block consisted

f 10 images from one of the conditions. In each block, images were shown for
Same, same Same, different Different, different

Familiar 0 (0) 16.7 (1.3) 19.6 (1.4)
Unfamiliar 0 (0) 18.1 (1.4) 18.3 (1.3)

700 ms followed by a 200 ms fixation cross. Stimulus blocks were separated by a
9 s fixation grey screen. Each condition was repeated eight times giving a total of
48 (24 unfamiliar, 24 familiar) blocks. Different images were used in each block. To
monitor attentional load across stimulus conditions, a red dot was superimposed on
one or two images in each block. Subjects were required to respond, with a button
press, as soon as they saw the image containing the target. The target could appear
in any location between the eyes and the mouth, and was counterbalanced across
conditions.

2.4. Imaging parameters

All experiments were carried out using a GE 3 Tesla HD Excite MRI scan-
ner at the York Neuroimaging centre (YNiC) at the University of York. A Magnex
head-dedicated gradient insert coil was used in conjunction with a birdcage, radio-
frequency coil tuned to 127.4 MHz. A gradient-echo EPI sequence was used to collect
data from 38 contiguous axial slices. (TR 3 s, TE = 25 ms, FOV 28 cm × 28 cm, matrix
size = 128 × 128, slice thickness 3 mm). These were coregistered onto a T1-weighted
anatomical image (1 mm × 1 mm × 1 mm) from each subject. To help with registra-
tion, a T1-weighted image was taken in the same plane as the EPI slices.

2.5. fMRI analysis

Statistical analysis of the fMRI data was carried out using FEAT
(http://www.fmrib.ox.ac.uk/fsl; Smith et al., 2004). The initial 9 s of data
from each scan were removed to minimize the effects of magnetic saturation.
Motion correction was followed by spatial smoothing (Gaussian, FWHM 6 mm) and
temporal high-pass filtering (cut off, 0.01 Hz). For the localizer scan, face-selective
regions of interest (ROI) were determined by the contrast face > place or face > object
thresholded at P < 0.001 (uncorrected). The time series of the resulting filtered
MR data at each voxel was converted from units of image intensity to percentage
signal change by subtracting and then normalizing the mean response of each scan
([x − mean]/mean × 100). All voxels in a given ROI were then averaged to give a
single time series in each ROI for each subject. Individual stimulus blocks were
normalized by subtracting every time point by the zero point for that stimulus
block. The normalized data were then averaged to obtain the mean time course
for each stimulus condition. The peak response was calculated as the mean of
the response at 9 and 12 s. Repeated-measures ANOVA were used to determine
significant differences in the peak response to each stimulus condition.

To determine whether there were adaptation effects occurring outside the
regions of interest, the individual subject data was entered into a higher level group
analysis using a mixed effects design (FLAME, http://www.fmrib.ox.ac.uk/fsl). First,
the functional data was transformed onto a high-resolution T1-anatomical image
before being coregistered onto the standard brain MNI brain (ICBM152). We then
compared the relative response to different conditions in the adaptation and local-
izer scans. Specifically, we asked whether the spatial extent of face adaptation was
restricted to regions showing face-selectivity (face > place) in the localizer scan.
Statistical images were thresholded at P < 0.001 uncorrected or resel corrected for
multiple comparisons at P < 0.05 corrected (http://www.fmrib.ox.ac.uk/fsl).

2.6. Independent behavioural task

To determine how subjects perceived the identity of the familiar and unfamil-
iar faces, we performed an independent behavioural study outside the scanner. 18
subjects (11 from the fMRI study) viewed images of faces from the adaptation study
on a computer monitor at a distance of 57 cm. Pairs of images were presented in
succession and subjects were asked to indicate by a button press whether the two
faces were the same person. Each face was presented for 700 ms and separated by
an interval of 200 ms. There were three possible conditions: same (identical face
images), different (different images of the same person) and unprimed (different
images of different people). Each subject viewed a total of 192 trials.

3. Results

3.1. Localizer scan
Fig. 1A shows three different regions in the occipital and tempo-
ral lobe that showed face-selective activity (face > places): fusiform
face area (FFA, Kanwisher et al., 1997); occipital face area (OFA,
Gauthier et al., 2000); and superior temporal sulcus (STS, Hoffman &
Haxby, 2000) (Table 2). Each region was defined separately for each

http://www.pics.psych.stir.ac.uk/
http://www.bangor.ac.uk/~pss811/page7/page7.html
http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
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ig. 1. Localizer scan. (A) Location of face-selective regions from the group analysis (F
mages follow radiological convention, with the left hemisphere shown on the right.
nd subjects for each stimulus category in face-selective areas. The shaded represen

ndividual and all further analyses were performed on the mean
ime courses of voxels in these ROI. The average time-courses of
ctivation in the face-selective regions are shown in Fig. 1B. An
NOVA revealed a main effect of stimulus condition in the FFA

F(4,68) = 55.16, P < 0.001), OFA (F(4,64) = 16.99, P < 0.001), and STS
F(4,56) = 9.45, P < 0.001). The FFA was significantly more activated
y images of faces than objects (F(1,17) = 24.36, P < 0.001), places
F(1,17) = 109.06, P < 0.001) and scrambled images (F(1,17) = 126.89,
< 0.001), but not to bodies (F(1,17) = 4.22, P = 0.06). The OFA
lso showed a significantly greater response to faces than to

bjects (F(1,16) = 5.59, P < 0.05), places (F(1,16) = 46.47, P < 0.001),
nd scrambled images (F(1,16) = 73.90, P < 0.001), but not to bod-
es (F(1,16) = 1.04, P = 0.32). Finally, STS showed significantly greater
ctivation to faces than objects (F(1,14) = 13.63, P < 0.01), places

able 2
ean MNI coordinates of face-selective regions-of-interest.

egion n Co-ordinates

x y z

FA
L 17 −41 −53 −22
R 18 37 −55 −22

FA
L 15 −41 −83 −15
R 16 42 −80 −11

TS
R 15 50 −58 2
siform face area, OFA: occipital face area, STS: superior temporal sulcus). These scan
R time-course during localizer scans, showing activity averaged across hemispheres
duration of each stimulus block. Error bars represent ±S.E.

(F(1,14) = 30.28, P < 0.001), and scrambled images (F(1,14) = 12.43,
P < 0.01), but not to bodies (F(1,14) = 2.66, P = 0.13). The roughly
equivalent response to faces and bodies in face-selective regions
such as the FFA is consistent with previous studies that reported an
overlapping response to faces and bodies with a voxel size similar
to that used in this study (Peelen and Downing, 2005; Schwarzlose
et al., 2005). However, it is possible to differentiate face- and body-
selective regions in the fusiform gyrus using high-resolution fMRI
(Schwarzlose et al., 2005).

3.2. Adaptation scan

Figs. 2 and 3 show the response to unfamiliar and familiar faces
across all image conditions. The analyses showed no difference in
the pattern of response between the right and left hemispheres
(FFA: F = 0.0001, P = 0.99; OFA: F = 0.006, P = 0.81; STS: F = 0.09,
P = 0.78). Accordingly, all subsequent analyses were based on a
pooled analysis in which the right and left hemisphere voxels are
combined in each ROI. A 2 × 3 × 3 ANOVA (image condition, famil-
iarity, region) showed a significant main effect for image condition
(F(2,18) = 16.02, P < 0.001), familiarity (F(1,9) = 5.44, P < 0.05) and
region (F(2,18) = 9.05, P < 0.005). We also found a significant inter-
action between image condition × region (F(4,36) = 11.43, P < 0.001)

suggesting the different regions responded differently to the condi-
tions. However there also no significant interaction between famil-
iarity × region (F(2,18) = 0.61, P = 0.55), or familiarity × viewpoint
(F(2,18) = 0.74, P = 0.49), suggesting that the pattern of responses to
familiar and unfamiliar faces was similar across regions.
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Fig. 2. Adaptation to unfamiliar faces. (A) Examples of images used in the same-identity, same-image (top), same-identity, different-images (middle), and different-identities,
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ifferent-images (bottom) conditions. (B) The average response across subjects is sho
ulcus (STS). MR time-courses were averaged across hemispheres and subjects. The s
*P < 0.01, *P < 0.05.

.2.1. FFA
The responses in the FFA to images of the same and differ-

nt faces at different viewpoints in the unfamiliar and familiar
ace conditions was analyzed using a 2-way ANOVA. This revealed

main effect of image condition (F(2,34) = 69.80, P < 0.001). This
as due to a reduced response (adaptation) to the same iden-

ity, same image compared to the different identities, different
mages conditions in both unfamiliar (t(17) = −6.53, P < 0.001)
nd familiar (t(17) = −5.67, P < 0.001) faces. However, we found
o difference in response between the same identity, differ-
nt image, and different identities, different image, conditions for
nfamiliar (t(17) = 0.66, P = 0.52) or familiar (t(17) = 0.48, P = 0.64)

aces. We also found an effect of familiarity (F(1,17) = 7.84,

< 0.05), which was due to a larger response to familiar com-
ared to unfamiliar faces. However, there was no interaction
etween familiarity × image condition (F(2,34) = 0.03, P = 0.97),
uggesting that patterns of adaptation did not differ across famil-
arity.
the fusiform face area (FFA), the occipital face area (OFA), and the superior temporal
regions represent the duration of stimulus presentation. Error bars represent ±S.E.

3.2.2. OFA
A 2-way ANOVA revealed a main effect of image condition

(F(2,32) = 23.45, P < 0.001), but no effect of familiarity (F(1,16) = 1.64,
P = 0.22). The main effect of image condition was due to a reduc-
tion in response amplitude to the same identity, same image
condition compared to the different identities, different images con-
dition for both unfamiliar (t(16) = −3.58, P < 0.005) and familiar
(t(16) = −3.16, P < 0.01) faces. Similar to the FFA, there was no
difference between the same identity, different image, and the
different identities, different image, conditions for either unfamil-
iar (t(16) = −0.46, P = 0.66) or familiar (t(16) = 1.74, P = 0.10) faces.
There was also no interaction between familiarity × viewpoint
(F(2,32) = 0.79, P = 0.46).
3.2.3. STS
There was no main effect of image condition (F(2,28) = 5.38,

P < 0.05). The response to the same identity, same image condition
was not significantly different from the response to different identi-
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ig. 3. Adaptation to familiar faces. (A) Examples of images used in the same-ide
ifferent-images (bottom) conditions. (B) The average response across subjects is sho
ulcus (STS). MR time-courses were averaged across hemispheres and subjects. The s
*P < 0.01, *P < 0.05.

ies, different images condition (unfamiliar: t(14) = −1.21, P = 0.25;
amiliar: t(14) = −1.16, P = 0.27). Interestingly, there was a trend
oward a difference between the same identity, different images
nd different identities, different images conditions with familiar
aces (t(14) = 2.01, P = 0.06). However, this was not in the direc-
ion predicted by fMR-adaptation (see also, Andrews & Ewbank,
004—Fig. 5). A similar effect was not apparent for unfamiliar faces
t(14) = 0.57, P = 0.58). Finally, there was a main effect of familiar-
ty (F(1,14) = 19.66, P < 0.001), which reflected a greater response to
amiliar compared to unfamiliar faces.

.2.4. Whole-brain analysis
A whole-brain group analysis was performed to determine

hether brain regions outside the regions of interest might show

daptation to faces. Table 3 and Fig. 4 show bilateral regions of
he occipital and temporal lobe that showed a smaller response to
he same identity, same image condition compared to the different
dentity, different images condition. A similar pattern of adaptation

as found for familiar and unfamiliar faces. Interestingly, the adap-
same-image (top), same-identity, different-images (middle), and different-identities,
the fusiform face area (FFA), the occipital face area (OFA), and the superior temporal
regions represent the duration of stimulus presentation. Error bars represent ±S.E.

tation extended beyond the core face-selective regions shown in
Fig. 1A. Time series were obtained from these regions by trans-
forming the group statistical maps back to each participants’ brain.
Although voxels from the face-selective regions were excluded
from this new analysis, a similar pattern of response was found
with a lower response to the same identity, same image condi-
tion.

Several regions showed a reduced response to the same identity,
different images condition compared to the different identity, differ-
ent images condition at the uncorrected level (P < 0.001). However,
none of these regions were significant when corrected for multi-
ple comparisons (Table 4). It is also important to note the markedly
smaller cluster sizes in Table 4 (image-invariant adaptation) com-
pared to Table 3 (image-dependent adaptation). Supplementary

Table 1 shows the contrast same identity, different images > different
identity, different images. Although this shows a more extensive pat-
tern of response for familiar compared to unfamiliar faces at an
uncorrected threshold, no voxels were significant when corrected
for multiple comparisons.
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Table 3
Voxels showing image-dependent adaptation to faces (different identity, different images > same identity, same images).

Region Coordinates Z-score Cluster size (cm3)

x y z P < 0.001 (uncorrected) P < 0.05 (corrected)

Familiar
Anterior temporal

L −22 −6 −22 4.49 2.66 –
R 20 −10 −20 4.49 2.91 –

Occipital temporal
L −40 −52 −22 5.9 29.78 3.96
R 40 −52 −24 6.08 35.88 6.58

Unfamiliar
Anterior temporal

R 20 −12 −20 3.9 0.70 –
Occipital temporal

5
5

3

p
r

F
f
a
a
t

L −34 −72 −20
R 34 −64 −22
.2.5. Behavioural task during scan
During the adaptation scans, subjects were instructed to

erform a target detection task. Table 5 shows the average
esponse times across all conditions. There was no significant

ig. 4. Adaptation to familiar and unfamiliar faces in whole-brain analysis. (A) Areas sho
or familiar (blue) and unfamiliar (green) face conditions. These scan images follow rad
ctivation can be compared with face-selective regions shown in Fig. 1. (B) The average
veraged across hemispheres and subjects. The shaded regions represent the duration of st
o color in this figure legend, the reader is referred to the web version of the article.)
.03 29.76 0.71

.3 25.62 1.70
effect of familiarity (F(1,18) = 0.11, P = 0.75) or image condition
F(2,36) = 3.85, P = 0.06) on the response time. There was also no
interaction between familiarity and condition for response times
(F(2,36) = 1.25, P = 0.33).

wing adaptation to different-identity, different image > same-identity, same-image
iological convention, with the left hemisphere shown on the right. The pattern of
response across subjects in the occipital-temporal region. MR time-courses were
imulus presentation. Error bars represent ±S.E. (For interpretation of the references
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Table 4
Voxels showing image-invariant adaptation (different identity, different images > same identity, different images).

Region Coordinates Z-score Cluster size (cm3)

x y z P < 0.001 (uncorrected) P < 0.05 (corrected)

Familiar
Superior frontal

R −26 12 66 3.84 0.16 –

Medial frontal
R −4 20 44 3.54 0.44 –

Unfamiliar
Occipital temporal

L −8 −98 6 3.6 0.42 –

Inferior parietal
L −42 −36 2 3.58 0.32 –

Occipital
L −18 −56 10 3.59 0.26 –

Superior temporal
L −32 −54 8 3.43 0.14 –
L −62 −42 14 3.36 0.14 –
R 70 −30 −18 3.35 0.38 –

Inferior temporal
R 22 −22 −32 3.82 0.29 –

Cerebellum
R 14 −48 −38 3

Table 5
Mean response times in milliseconds (S.E.M.) across subjects in target detection task
performed during adaptation scans.

Same, same Same, different Different, different

F
U

3

i
r
I
a
r
a

For unfamiliar faces, the fastest RT also occurred when the same

F
t

amiliar 510 (12.8) 468 (11.9) 491 (12.6)
nfamiliar 499 (14.1) 482 (23.9) 469 (25.9)

.2.6. Post-scan test of familiarity
After the scan, each subject was tested to determine their famil-

arity with the faces presented in the adaptation scan. Subjects
eported that on average 88% (±2.3) of the faces were familiar.

n addition, they were able to report the occupation (87% ± 2.3)
nd name (83% ± 2.7) of the majority of the familiar faces. If we
estricted our analysis to the same identity images, subjects were
ble to report that 95% (±1.7) were familiar.

ig. 5. Reaction time and error rate to images of familiar and unfamiliar faces. Subjects w
he same or a different identity. The images were either identical (same), different images
.38 0.18 –

3.3. Independent behavioural task

The data from the behavioural study (Fig. 5) shows a signif-
icant effect of condition on reaction time (RT) and error rate
(F(2,34) = 37.14, P < 0.001; F(2,34) = 24.31, P < 0.001). There was also
an interaction between condition and familiarity for reaction
times (F(2,34) = 31.53, P < 0.001). For familiar faces, the shortest RT
occurred in the same condition when the same face was repeated.
There was a significant increase in RT in the different condition
when different images of the same person were shown compared
to the same condition (t(17) = 3.48, P < 0.01).
image was repeated. There was a significant increase in RT to the
unprimed condition (t(17) = 6.40, P < 0.001). However, the slowest
RT occurred in the different condition, which also had the highest
error rate. Indeed, the only difference in RT between the responses

ere asked to indicate whether a pair of successively presented images represented
of the same person (different) or different images of different people (unprimed).
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o familiar and unfamiliar conditions, was in the different condition
t(17) = 6.87, P < 0.001), which accounts for the interaction between
ondition and familiarity.

. Discussion

The aim of this experiment was to probe the neural representa-
ions underlying familiar and unfamiliar faces in the human ventral
tream. We found a reduced response (adaptation) to repeated
mages of the same unfamiliar and familiar faces in the FFA and
FA, but not in the STS. To establish if the neural representation of

aces in the FFA was invariant to changes in the image, we presented
ifferent images of the same person. Contrary to our prediction, we
ound a release from adaptation with both familiar and unfamiliar
aces in the FFA and OFA. This suggests that an image-dependent
epresentation is used to process familiar and unfamiliar faces in
he ventral visual stream.

Models of face processing propose that information about faces
s initially encoded in a pictorial or view-dependent representation.
his initial encoding leads onto a view-invariant representation
hat is necessary for recognition (Bruce & Young, 1986; Burton et
l., 1999). The difference in the ability to recognize familiar and
nfamiliar faces across different image manipulations has led to
he suggestion that unfamiliar faces are represented by a pictorial,
iew-dependent code, whereas familiar faces are represented by a
iew-invariant representation. We found support for this notion in
previous study, where we varied the viewing angle of successive

ace images in a fMR-adaptation paradigm (Ewbank & Andrews,
008). Adaptation in the FFA to familiar faces was found across all
hanges in viewing angle, but a release from adaptation was found
ith increasing viewing angles for unfamiliar faces. Although this
revious report demonstrates a more view-invariant representa-
ion exists for familiar compared to unfamiliar faces, the current
tudy shows that there are limits to the invariance of the neu-
al representation in the core face-selective regions. Indeed, a key
ifference between these studies is that Ewbank and Andrews
2008) changed the view of the same face image, whereas the
mages in the current study were from the same view, but varied in
ppearance.

To monitor attentional load across all conditions, subjects per-
ormed a reaction time task in response to a red dot that appeared
n some of the images. It is possible that this non-face task may
ot have engaged the face-selective mechanisms in the brain. How-
ver, using a similar design, Andrews and Ewbank (2004) reported
hat face-selective adaptation was evident in face-selective regions
uch as the FFA, but not in object- or place-selective regions of the
entral stream. Again using a similar design, Ewbank and Andrews
2008) reported view-invariant fMR-adaptation in the FFA for famil-
ar, but not unfamiliar faces. These results are also supported by
vent-related studies that did use a face task, but failed to find
iew-invariant responses in face-selective regions (Eger et al., 2005;
ourtois et al., 2005a, 2005b). Consistent with these findings, Xu,
urk-Browne, and Chun (2007) showed that adaptation in the PPA
epends on visual characteristics of the images rather than task dif-
culty. Together, these results suggest that the absence of a face task
ay not explain the pattern of response to familiar and unfamiliar

aces in this study. Nevertheless, these results cannot exclude the
ossibility that a view-invariant response may have been apparent,

f subjects had to perform a specific face task.
The inability to reveal image-invariant responses in the core
ace-selective regions need not imply that this pattern of response
oes not exist in other brain regions. Indeed, previous fMRI stud-

es have reported, viewpoint-invariant adaptation in regions that
re not part of the core face-selective network (Eger et al., 2005;
ourtois et al., 2005a, 2005b). Although our group analysis did
hologia 47 (2009) 1627–1635

reveal some regions that showed a reduced response to different
images of the same identity (see Table 4), these were not significant
when corrected for multiple comparisons and did not overlap with
the patterns reported in previous fMRI studies. These results sug-
gest that the behavioural advantage for the recognition of familiar
faces may not depend on an image-invariant representation in the
brain. Further support for this conclusion is provided by behavioural
studies using repetition priming, which report a reduced priming
effect when different images of the same person are used (Bruce,
Burton, Carson, Hanna, & Mason, 1994; Ellis, Young, Flude, & Hay,
1987). Using the same stimuli that were employed in the fMRI study,
we also found a reduced priming effect when a different image
of a previously viewed familiar person was presented compared
to when the same image was repeated. However, the behavioural
difference in response to different images of the same person com-
pared to the same image of the same person was more apparent
for unfamiliar faces with subjects making significantly more errors.
Nevertheless, the fMRI responses in the core face-selective regions
to familiar and unfamiliar faces were very similar.

In the whole-brain analysis, we found that (image-dependent)
adaptation to faces was not restricted to the core face-selective
regions, but was evident across a large part of the ventral stream
(see Fig. 4). This finding is significant in the dispute about whether
information in the ventral stream is represented by a modular
or distributed neural code (Andrews, 2005; Cohen & Tong, 2001;
Haxby et al., 2001; Reddy & Kanwisher, 2006). Previously, we
reported that adaptation to faces was restricted to face-selective
regions of the ventral stream and was not found in object- and
place-selective regions (Andrews & Ewbank, 2004). However, this
study restricted its analysis to functionally defined regions of
interest. The current findings would appear to support the idea
that information about faces is not restricted to the face-selective
regions, but can be found in other regions of the human ventral
stream. Indeed, this is consistent with neuropsychological stud-
ies that have shown the perception and recognition of faces is not
restricted to a single location, but can be impaired by lesions to
different parts of the ventral stream (McNeil & Warrington, 1993;
Rossion et al., 2003; Steeves et al., 2006). This shows that fMR-
adaptation can provide a useful measure of stimulus selectivity in
neuroimaging studies of the visual system. As selectivity is typi-
cally defined by comparing the relative response to different types
of visual stimulus, the choice of control condition is important
in determining which brain areas appear ‘face-selective’. The key
advantage of the adaptation paradigm is that it does not involve
the use of a category contrast and is therefore not restricted to
circumscribed regions of interest.Adaptation to facial identity was
not apparent in all face-selective regions. Consistent with previous
studies, we failed to find a reduced response to repeated images
of familiar or unfamiliar faces in the superior temporal face regions
(Andrews & Ewbank, 2004; Ewbank & Andrews, 2008). This fits with
models of face processing that emphasize the difference between
inferior temporal processes involved in facial recognition and supe-
rior temporal processes involved in understanding dynamic aspects
of faces (Andrews & Ewbank, 2004; Haxby et al., 2000; Hoffman &
Haxby, 2000). In contrast, we found a trend for a larger response to
different images of the same identity compared to different images
of different identities with familiar, but not unfamiliar faces in the
STS.

In conclusion, we found no evidence of image-invariant adapta-
tion in face-selective regions to either familiar faces or unfamiliar
faces. We also report that the pattern of image-dependent adapta-

tion extends beyond the face-selective regions and implies that a
distributed neural code is used to represent images of faces. The
similarity in response to familiar and unfamiliar faces contrasts
with the marked differences in the way these visual stimuli are
perceived.
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