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Abstract—Faces are recognized by means of both shape and
surface reflectance information. However, it is unclear how
these two types of diagnostic information are represented in
the human brain. To clarify this issue, we tested 14 partici-
pants in an event-related functional magnetic resonance ad-
aptation paradigm, with four conditions created by using a
3D morphable model: (1) repetition of the same adapting
face; (2) variation in shape only; (3) variation in surface reflec-
tance only; (4) variation in both shape and surface reflectance.
Change in face shape alone was the dominant driving force of
the adaptation release in functionally defined face-sensitive ar-
eas in the right hemisphere (fusiform face area [FFA], occipital
face area [OFA]). In contrast, homologous areas of the left
hemisphere showed comparable adaptation release to changes
in face shape and surface reflectance. When both changes in
shape and reflectance were combined, there was no further
increased release from adaptation in face-sensitive areas. Over-
all, these observations indicate that the two main sources of
information in individual faces, shape and reflectance, contrib-
ute to individual face sensitivity found in the cortical face net-
work. Moreover, the sensitivity to shape cues is more dominant
in the right hemisphere, possibly reflecting a privileged mode of
global (holistic) face processing. © 2009 IBRO. Published by
Elsevier Ltd. All rights reserved.
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A human face consists of two intrinsic properties: shape
and surface reflectance (Bruce and Young, 1998). Surface
reflectance, termed as “albedo”, or “texture” in computer
graphics, describes the diffuse light reflection of facial
surface embedded in the three-dimensional (3D) space,
and includes color. Behavioural studies have shown that in
addition to face shape, surface reflectance properties are
important for the perception of facial identity (e.g. Troje and
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Abbreviations: FFA, fusiform face area; fMR, functional magnetic res-
onance; GLM, general linear model; HRF, hemodynamic response
function; IFG, inferior frontal gyrus; LO, lateral occipital; LOC, lateral
occipital complex; MFG, middle frontal gyrus; OFA, occipital face area;
OTS, occipitotemporal sulcus; PF, posterior fusiform; pSTS, posterior
superior temporal sulcus; ROI, region of interest; SD, standard devi-
ation; 3D, three-dimensional.

Bulthoff, 1996; Lee and Perrett, 1997, 2000; Hill et al.,
1997; O'Toole et al., 1999; Yip and Sinha, 2001; Vuong et
al., 2005; Jiang et al., 2006; Russell et al., 2006, 2007;
Russell and Sinha, 2007). For example, exaggerating the
color information of a face relative to its veridical version
enhances recognition performance (Lee and Perrett,
1997). Although it has been shown that face shape is the
core contributor to face recognition across rotations in
depth, the inclusion of the texture map also helps induce
better view generalization (Hill et al., 1997), even when the
main skin color is unchanged across faces (Troje and
Bulthoff, 1996). Besides their diagnostic contribution, color
cues could also play a supplementary rule, allowing a
better segmentation of facial features, especially when
shape cues are degraded (Yip and Sinha, 2001). The role
of reflectance information also seemed to be more crucial
in recognizing familiar faces (Russell and Sinha, 2007),
supporting the hypothesis that the degree to which we rely
on surface properties in general depend on our prior ex-
perience (Vuong et al., 2005).

Given that recognizing individual faces is a challenging
recognition task, it is not surprising that shape and reflec-
tance information both contribute. It has been shown that
they can be about equally useful in face recognition
(O'Toole et al., 1999; Jiang et al., 2006; Russell et al.,
2007). Using computer graphics, O'Toole et al. (1999)
manipulated shape and surface reflectance independent of
each other, creating faces that varied selectively in shape
or reflectance. They found roughly equal performance in
an old/new recognition task for these two types of faces,
showing the importance of both shape and surface reflec-
tance for the recognition of unfamiliar faces. Similar results
were reported by Russell et al. (2007) in a matching task,
in which participants matched the target and distractor
faces on the basis of shape or reflectance properties.

In a recent study, Jiang et al. (2006) explicitly accessed
the role of shape and reflectance information in face iden-
tity adaptation, where prolonged exposure to a face alters
the perception of a subsequently presented face with op-
posite features (Leopold et al., 2001). Significant after-
effects were found after adaptation to face morphs that
varied selectively in reflectance or shape. Moreover, iden-
tity after-effects induced by shape-varying or reflectance-
varying faces both survived a substantial viewpoint change
between the adapting and test faces. These results indi-
cated that shape and reflectance information in faces are
equally important not only for the identity adaptation but
also for its transfer across changes in 3D viewpoint.

Although it is evident that both shape and reflectance
information are exploited in face recognition, the exact
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nature of their neural representations remains largely un-
clear. The results from Jiang and her colleagues (2006)
suggested that the representations of both shape and
surface reflectance information in faces are retained up to
a level that supports view generalization. Thus, surface
reflectance information, as well as shape information, may
be part of high-level face representations. At an early
neural level, it is known that shape and surface reflectance
information are processed in partially segregated visual
areas and pathways (e.g., Tovee, 1996; Grill-Spector and
Malach, 2004). Given that these two kinds of information
appear integrated when we perceive individual faces, and
the inclusion of both these kinds often result in superior
behavioural performance, we might speculate that the in-
tegration could take place in high-level visual areas. It has
not been examined, however, at the level of the high-level
visual areas, whether shape and surface information retain
unique representations, or integrate into a single represen-
tation.

The purpose of the present study was to address this
issue by means of neuroimaging. Precisely, we aimed to
first identify areas that represent shape and surface reflec-
tance information diagnostic for individual faces in the
human brain. Based on previous neuroimaging studies,
several brain areas within the human occipitotemporal cor-
tex that show greater sensitivity to faces than other object
categories (Haxby et al., 2000; Sergent et al., 1992) were
our candidates. These areas have been defined in the
middle fusiform gyrus (“fusiform face area” or “FFA”, Kan-
wisher et al., 1997), the inferior occipital cortex (“occipital
face area” or “OFA”, Gauthier et al., 2000), and the pos-
terior part of the superior temporal sulcus (pSTS, e.g. Puce
et al., 1998). These three areas are assumed to form the
core network for face perception in the human brain
(Haxby et al., 2000; Ishai, 2008). They are bilateral, but
with a strong right hemispheric dominance that has been
associated with the perception of the face stimulus as a
global configuration (Rossion et al., 2000; Schiltz and Ros-
sion, 2006; Harris and Aguirre, 2008). The exact intercon-
nections between these face areas are largely unknown,
although they are thought to be essential for normal face
perception (Rossion et al.,, 2003; Fox et al.,, 2008a;
Thomas et al., 2008). Second, we wanted to examine the
nature of the representation of face shape versus reflec-
tance information in these areas. Specifically, we wanted
to know whether the representations of shape and reflec-
tance information in faces remain separated or become
integrated in high-level visual areas that are sensitive to
individual faces.

To achieve these goals, we used a functional magnetic
resonance adaptation paradigm (fMR adaptation, Grill-
Spector et al., 1999; Grill-Spector and Malach, 2001; for a
review see Grill-Spector et al., 2006). fMR adaptation re-
fers to the suppression of activation induced by the re-
peated representation of an identical stimulus. By manip-
ulating certain attributes of the second stimulus with re-
spect to the adapting stimulus, fMR adaptation can be
used to study the selectivity and invariance property of
targeted neural populations (Grill-Spector et al., 2006). For

example, the FFA and OFA both show a larger neural
response (release from adaptation) when two different
individual faces are presented as compared to a repeated
presentation of the same face (Gauthier et al., 2000; Grill-
Spector and Malach, 2001; Schiltz and Rossion, 2006;
Gilaie-Dotan and Malach, 2007). This indicates that these
areas are sensitive to the identity of the face, while the
same method has shown that the pSTS is more sensitive
to facial expression (Winston et al., 2004).

In our fMR adaptation paradigm, we selectively varied
the shape or reflectance property of the test face with
respect to the adapting face. Four experimental conditions
were included: (1) repetition of the exact same face stim-
ulus (same); (2) variation in shape only (shape-different);
(3) variation in surface reflectance only (reflectance-differ-
ent); (4) variation in both shape and surface reflectance
(both-different). Note that such selective manipulation of
different properties of objects has been implemented suc-
cessfully in recent studies (e.g., Kourtzi and Kanwisher,
2000, 2001; Kourtzi et al., 2003).

The amount of release from fMR adaptation in the
shape-different, reflectance-different, and both-different
conditions was then taken as an indicator to examine the
nature of shape versus reflectance codes. We consider
several possible outcomes. If the representation of shape
and reflectance was segregated in the cortical face net-
work, we would find face-sensitive areas that selectively
release from adaptation from changes in shape but not
reflectance property, or vice versa. Alternatively, if the two
sources of information were integrated in face-sensitive
brain areas, sensitivity to shape and reflectance changes
would be observed in the same face-sensitive area(s).
Furthermore, if the integration of face shape and reflec-
tance in the coincident face-sensitive area(s) was additive
in nature, we would observe enhanced adaptation release
in the both-different condition, in which both shape and
reflectance cues were present simultaneously. This addi-
tive integration could account for behavioral facilitation
induced by the inclusion of both shape and reflectance
information.

EXPERIMENTAL PROCEDURES
Participants

Fourteen participants (11 females and three males; mean age 24)
were included in the study. All participants were right-handed and
had normal or corrected vision. Written informed consent was
obtained from all participants prior to the experiment, following
procedures approved by University of Maastricht where all imag-
ing took place.

Stimuli

Stimuli used in this experiment were generated with a 3D mor-
phable model (Blanz and Vetter, 1999) that implemented a mul-
tidimensional face space based on 200 3D face scans. This model
transforms the 3D shape (x, y, z) and surface reflectance (r, g, b)
of a face into separate vectors constructed from 75,000 surface
points in correspondence with a reference face. With correspond-
ing points determined by an optical flow algorithm described in
Blanz and Vetter (1999), the reflectance of one face can be
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mapped on to the shape of another face, resulting in a realistically
looking new face with both physical and perceptual differences.
Using this model, we created shape-different and reflectance-
different faces by exchanging the shape and reflectance proper-
ties between a pair of faces. Specifically, we picked 40 original
faces (half female) from the face space and split them into 20
gender-matched pairs. Each pair consisted of two original faces,
for example, A and B. From these two original faces, we created
two additional faces—AB and BA. We used two letters to describe
faces created from their original parents, with the first letter indi-
cating the origin of their shape and the second indicating the origin
of their reflectance. Face AB was created by mapping the reflec-
tance of face B onto the shape of A, and face BA was created by
mapping the reflectance of face A onto the shape of B. Therefore,
face AB differed from face A in reflectance and from face B in
shape, while face BA differed from face A in shape and from face
B in reflectance. Also note that face AB and BA were different in
both shape and surface reflectance map. An example pair of
original faces and their AB and BA version are shown in Fig. 1A.
To quantify the physical difference induced by changes in
shape, reflectance, and both, we calculated intensity-based
(range 0—255) Euclidean distance per pixel between adapting and
test stimuli. The averaged distance (meanz=standard deviation
(SD)) between image pairs was 35.71=6.26 in the shape-different
condition, and 22.89+5.05 in the reflectance-different condition.
Note that these differences are thought to reflect natural variations
in shape and reflectance properties of the faces as captured by 3D
face scanner, and were not equalized artificially for the purpose of
the experiment (i.e. testing how face-sensitive areas code for
natural variations in shape and reflectance cues). When the two
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cues were combined (both-different condition), the averaged dis-
tance was 45.63+7.27.

Design and procedure

The experiment consisted of an event-related adaptation para-
digm. Participants were asked to match the identity of paired
adapting and test faces and judge whether the test face was the
same as the adapting face or different. The shape and surface
reflectance properties of the test face were manipulated with
respect to the adapting face. As shown in Fig. 1B, four test
conditions were included: (1) repetition of the same adapting face
(same); (2) variation in shape only (shape-different); (3) variation
in surface reflectance only (reflectance-different); (4) variation in
both shape and surface reflectance (both-different). Participants
were informed that the difference between two faces, if there was
any, could be either in the shape, in the reflectance, or in both. A
“different” response was required for the shape-different, reflec-
tance-different, and both-different conditions.

Each participant performed four experiment runs. Each run
lasted approximately 16 min. For each run, we presented a total of
80 trials (20 for each experimental condition) with faces generated
from five pairs of original faces. Trials were presented randomly
for each run and for each participant. Note that each face was
used equally as an adaptor or as a test stimulus both within and
across experimental conditions (see Table 1 for 16 trials formed
from a pair of original faces).

In each trial, an adapting face was presented for 500 ms,
followed by a blank screen for 500 ms. A test face was then
presented for 500 ms, followed by two blank screen (750 ms each)

adaptation 500ms

blank 500ms

test 500ms

blank 750ms

fixation
6000/8250/10500ms

blank 750ms

adaptation 500ms

Fig. 1. Example stimuli and trail. (A) lllustration of an example pair of original faces (A and B) and corresponding faces (AB and BA) created with a
3D morphable model (Blanz and Vetter, 1999) by exchanging the shape/surface reflectance between two original faces. Face AB was created by
mapping the reflectance of face B onto face A’s shape, while face BA was created by mapping the reflectance of face A onto face B’s shape.
(B) lllustration of experimental conditions. Conditions were defined by the shape and surface reflectance properties of the test stimulus with respect
to the adapting stimulus. Four conditions were included: repetition of the same adapting face (Same); variation in shape only (Shape-different);
variation in surface reflectance only (Reflectance-different); and variation in both shape and surface reflectance (Both-different). (C) lllustration of
experiment trial. Both adapting and test face were presented for 500 ms and were separated by a 500 ms blank screen. A long fixation with duration
varying randomly trial by trial (6000/8250/10,500 ms) was presented to ensure that the onsets of two subsequent trials were separated by at least 9000
ms. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.
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Table 1. lllustration of 16 trials (four trials per condition) generated
from one pair of original faces (A and B) and their shape/reflectance-
different versions (AB and BA)

Condition Adapting face Test face
Same A A
B B
AB AB
BA BA
Shape-different A BA
B AB
AB B
BA A
Reflectance-different A AB
B BA
AB A
BA B
Both-different A B
B A
AB BA
BA AB

Each face was used equally as an adaptor or as a test face both
within and across conditions.

For face AB and BA, the first letter refers to the origin of face shape,
and the second letter refers to the origin of face reflectance.

and a fixation cross with duration varying randomly among 6000,
8250, and 10,500 ms (Fig. 1C). This timing ensured that the
onsets of any two subsequent trials were separated by 9000—
13,500 ms (4—6 TRs), for the purpose of reducing overlapping
hemodynamic responses.

Stimuli were back projected onto a screen located over par-
ticipants’ heads. PC running E-prime 1.1 (PST Inc., Pittsburgh,
PA, USA) was used to present stimuli and collect behavioral
responses. All the stimuli were presented in color. The adapting
face was always presented in the center of the screen, while the
location of the test face was jittered randomly trial by trial with
respect to the adapting stimulus. The range of shift in both X and
Y axe was within =50 pixels (+0.908 cm/£0.9125° visual angle).
The test face was also 10% larger than the adapting face. We
used location shift and size change to avoid pixel-wise matching
and to minimize low-level stimulus repetition confounds.

Localizer scans

Independent localizer scans were performed to localize areas
responding preferentially to faces and to verify the response prop-
erties of regions derived from whole brain analysis. Each partici-
pant conducted two runs, in which they viewed blocks of faces,
cars, phase-scrambled faces, and phase-scrambled cars, and
performed a one-back matching task. Each run lasted 11 min and
consisted of 24 alternating blocks (18 s each) with 9 s fixation in
between. During each block, 18 images were presented for 750
ms followed by a 250 ms blank screen. All images of faces and
cars were presented in color with equalized luminance and their
scrambled version was created with Fourier phase randomization
(e.g., Sadr and Sinha, 2004).

Image acquisition

All the participants were scanned at the Maastricht Brain Imaging
Center. Data were collected using a 3T head scanner (Siemens,
Allegra, Germany). Functional data were obtained from 36 trans-
verse slices with a spatial resolution of 3.5x3.5%x3.5 mm? (acqui-

sition matrix, 64X64), using a repeated single-shot echo-planar
imaging sequence (TE=50 ms, TR=2250 ms, FA=90°, FOV=
224 mm). High-resolution structural images were obtained with
1Xx1x1 mm? spatial resolution (acquisition matrix, 256 X 256), us-
ing ADNI sequence (TE=2.6 ms, TR=2250 ms, FA=9°, FOV=
256 mm). These T1-weighted images provided detailed anatom-
ical information. A 25° angle perpendicular to the main magnetic
field By was used to reduce magnetic artifacts and signal dropout,
allowing us to record up to the anterior inferior temporal lobe
(Deichmann et al., 2003).

Behavioral data analysis

Participants’ behavioral responses were collected during fMRI
experiment. Accuracy in identity matching and mean correct re-
sponse time were computed for each of the four conditions (Fig. 2)
and were tested with one factor repeated analysis of variance
(ANOVA). Post hoc test (Scheffé test) was then used to compare
between conditions.

fMRI data analysis

Data were analyzed using Brain Voyager QX (Version 1.10, Brain
Innovation, Masstricht, the Netherlands). The first four volumes of
each functional dataset were discarded to cope with T2* contrast
saturation effect. Prior to statistical analysis, the functional data
underwent a series of preprocessing steps, namely slice scan time
correction, 3D motion correction (with realignment to the first
volume), linear trend removal, and high pass filtering (removing
frequencies lower than 3 cycles/session, ~0.003 Hz for experi-
mental runs and 0.005 Hz for localizer runs). No spatial smoothing
was applied to the functional data. Both anatomical and functional
data were transformed into Talairach space (Talairach-transfor-
mation; Talairach and Tournoux, 1988). The statistical analysis
was based on a general linear model (GLM), in which predictor
time course was obtained by convolution of a stick function with a
two-gamma hemodynamic response function.

The areas responding preferentially to faces were defined
independently for each individual participant from localizer scans,
using the contrast (faces—cars) in conjunction with the contrast
(faces-scrambled faces). This conjunction analysis ensured that
the activation in face-sensitive regions was not related to low-level
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Fig. 2. Behavioral results. Response time was calculated based on
correct trials only.
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differences between faces and non-face object categories, as
could be the case in a classical fMRI face localizer (faces-
objects). Before identifying regions individually, we first performed
a GLM on localizer scans from all participants. Clusters that show
a significant effect (P(Bonf)<0.05) were identified and were used
as a guideline for the selection of individual regions of interest
(ROIs). Among these clusters, we only selected the ones that we
could consistently identify in most of the participants as our ROls.
Based on this criterion, we included bilateral FFA and OFA for
further analysis. We also included the right pSTS for complete-
ness, although we only could identify it in half of the participants.

For each participant, all contiguous voxels in the middle fusi-
form gyrus and inferior/middle occipital gyrus, significant at g(false
discovery rate, FDR)<0.001 were selected (FFA and OFA, re-
spectively). We raised statistical threshold for two participants to
separate their overlapping fusiform and inferior occipital activa-
tion. We also lowered the q(FDR) to 0.05 for three participants to
localize OFA, due to relatively smaller size of their regions.

To test our hypothesis, we investigated fMR adaptation ef-
fects in individually defined ROls. The analysis was time locked to
the onset of the test face (i.e., the second face) in each trial.
Specifically, for each subject and each ROI, the beta weights
associated with experimental conditions (i.e., the coefficients of
predictor time course) were estimated. To examine the release
from adaptation and to compare the magnitude of adaptation
release, these beta weights were then tested with pre-defined
contrasts for a random effect at the group level. Note that due to
the lack of statistical power, we performed an ROI based fixed-
effect GLM analysis for the right pSTS.

Using the “same” condition as a baseline, we calculated the
difference in beta weights to reveal the magnitude of release from
adaptation induced by different face cues (i.e., face shape, face
reflectance, or both) in each ROI (Fig. 3). To show that the effects
we reported here reflect the true hemodynamic response function
(HRF), we computed the condition related average time courses in
each ROI (Fig. 4). Specifically, in each ROI, a mean time course
was extracted across all the voxels for each of the four experi-
mental conditions and the extraction was done for each participant
separately. These time courses were then averaged across par-
ticipants for each condition in each ROI. Note that we present the
time course plots for illustration purposes only, not for statistical
inference. The GLM analysis in Brain Voyager takes into account
all time points of the HRF, and thus, is more sensitive and pow-
erful than a peak analysis.

We also performed a whole brain analysis to highlight brain
regions that are sensitive to change in face shape, reflectance, or

2.5 4

Beta difference

both, without prior external localization. A multi-subject random-
effects GLM was carried out independently for each voxel. Brain
regions sensitive to shape or/and reflectance information were
then identified by corresponding contrast. Clusters that showed a
significant effect (P<<0.01 uncorrected, one-tailed t-test, post cor-
rected by cluster size thresholding of 7 (i.e., 189 mm3)) were
recognized and reported (Figs. 5 and 6). We increased threshold
for contrast (shape-different—-same) to separate overlapping fusi-
form and occipital activation (Table 2). We further examined the
face preference of identified clusters using contrasts (faces—cars)
and (faces—scrambled faces) on the time course data extracted
from localizer scans. A cluster was recognized as face-preference
only when both contrasts were significant.

Post-scanning behavioral test with new participants

To test whether the magnitude of fMR adaptation release we
found reflected the perceptual dissimilarity of faces, we carried out
an additional behavioral test with nine new participants (five fe-
males; mean age, 24) on a PC laptop. The design was identical to
that used in the scanner, except that instead of matching pair of
faces, participants judged the similarity between the adapting and
test faces on a scale of 1 (very dissimilar) to 7 (very similar). The
similarity rating for each pair of adapting and test faces was then
converted to dissimilarity measure (i.e., distance) using 7-rating.
The perceptual distances for the four conditions were tested with
one factor repeated measures ANOVA and post hoc Scheffé test.

Finally, to understand better the pattern of adaptation release
we found, we also tested twelve participants (eight females; age
24+3) behaviorally to examine the relative dependence of shape
and surface reflectance information on a central aspect of individ-
ual face processing, i.e. configural/holistic processing. Specifi-
cally, we examined how discrimination performance on the basis
of shape or/and reflectance information was affected by picture—
plane inversion, a manipulation that is known to disrupt holistic
face processing (Farah et al., 1995; Rossion, 2008). Participants
performed a delayed match-to-sample, two-alternative forced-
choice task that was similar to that used in Russell et al. (2007).
An example of inverted trial was shown in Fig. 7A. The matching
task could be performed based on face shape, surface reflec-
tance, or both. Upright and inverted trials were grouped in different
blocks, whose order was counterbalanced between participants.
The decrease of accuracy caused by inversion was further tested
with planned t-tests.

H Shape-different
W Reflectance-different
E Both-different

Fig. 3. lllustration of the magnitude of release from adaptation in face-sensitive ROls induced by changes in face shape alone (shape-different, black
bars), face reflectance alone (reflectance-different, grey bars), or both (both-different, diagonal bars). Beta weights difference was calculated using

beta weights in the same condition as baseline.
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Fig. 4. Averaged time course of the neuronal responses in face-sensitive ROIs measured in event-related adaptation experiment. The average
percent signal change (=SE, n=14 of FFA, n=13 for OFA, and n=7 for rpSTS) is plotted for the four experimental conditions, in which participants
viewed the same adapting face (same), a face varied in shape (shape-different), a face varied in reflectance (reflectance-different), or a face varied
in both shape and reflectance (both-different), following adaptation. With cross on the right FFA, a transverse slide (z=—16) and a coronal slide
(y=—45) through the brain of a participant illustrate the ROIs responding preferentially to faces as localized by contrast (faces—cars) in conjunction
with contrast (faces—scrambled faces) in external localizer scans. For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.
RESULTS
In-scanner behavioral results

Participants performed well in the identity matching task
during the fMRI experiment, with an overall average accu-
racy of 89%. The matching accuracy in the four experiment
conditions differed significantly (F(3,39)=5.32, P<0.004).
As seen in Fig. 2, participants were less accurate in the
shape-different and reflectance-different conditions than in
the same and both-different conditions (F(1,39)=14.11,
P(Fgcneris)<0.007). A significant difference was also found

for correct response time (F(3,39)=4.89, P<0.006), with
longer response time in the reflectance-different and
shape-different conditions than in the same and both-
different conditions (F(1,39)=14.48, P(F.hefs) <0.006),
indicating no evidence of speed-accuracy trade-offs.
There was no difference in both accuracy (F(1,39)=
1.83, ns) and response time (F(1,39)=0.1, ns) between
the shape-different and reflectance-different conditions.
These results suggest that whereas either shape or
surface reflectance alone is important for differentiating
individual faces, the integration of the two gives rise to
superior performance.
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cluster 5

cluster 15

cluster 13

Fig. 5. Whole-brain GLM maps displaying clusters reported in Table 2. Cluster revealed by contrast (shape-different-same), (reflectance-different—
same), and (both-different—same) are colored in orange, yellow, and purple, respectively. The top row is positioned at the average coordinates of the
right FFA (39, —44, —17) and the bottom row is positioned at the average coordinates of the left FFA (—38, —43, —16). We further indicated clusters
whose time course data were reported in Fig. 6. All three maps shown here were initially thresholded at P<0.01 (one tailed, #(13)=2.65), post corrected
by cluster size thresholding of 7 (189 mm?). Note that clusters 1—4 reported in Table 2 for contrast (shape-different—-same) were obtained with higher
statistical threshold in order to separate overlapping fusiform and inferior occipital activation. For interpretation of the references to color in this figure

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

Post-scanning behavioral test results

The perceptual distance between the adapting and the test
faces differed significantly across experimental conditions
(F(3,24)=202.93, P<<0.0001). Participants rated pairs from
the both-different condition as most dissimilar (mean percep-
tual distance 4.49+0.60, F(1,24)=305.14, P(Fiinofie)<
0.00001) and pairs from the same condition as most sim-
ilar (mean perceptual distance 0.125+0.1, F(1,24)=
392.95, P(Fychetts)<0.00001). Moreover, pairs of adapting
and test faces from the “shape-different” condition were
perceived more dissimilar than pairs from the “reflectance-
different” condition (mean perceptual distance 3.28+0.63
and 2.15+0.31 respectively, F(1,24)=38.20, P(Fqchetts)<
0.0001). These results indicate that the overall perceptual
difference between faces was determined by both shape
and reflectance information in the faces, albeit with a stron-
ger reliance on face shape.

In the delayed matching task, participants performed
less accurately and responded more slowly for inverted
than in upright faces (Fig. 7B), as revealed by a main effect
of inversion (F(1,11)=29.99, P<0.001 and F(1,11)=5.39,
P<0.05, respectively). There was a main effect of condition

for both accuracy and correct response time (F(2,22)=52.28,
P<0.001 and F(2,22)=17.92, P<0.001, respectively), with
better and faster performance when the shape and reflec-
tance cues were combined (i.e., both-different condition,
Fig. 7B). Most importantly, there was a significant interaction
between inversion and condition for accuracy (F(2,22)=4.45,
P<0.03). As predicted, planned t-tests showed a signifi-
cant larger accuracy decrease with inversion in the shape-
different condition than the reflectance-different condition
(P<0.02, one tailed) and than the both-different condition
(P<0.01, one tailed), with no significant difference be-
tween these latter two conditions (P>0.47, ns). These
results indicate that the processing of shape information
was disrupted to a greater extent than that of reflectance
information or the combination of shape and reflectance
information.

Face-sensitive ROI results

Before identifying regions individually, we performed a
GLM analysis on localizer scans from all the participants.
This multi-subject GLM identified brain areas activated
more to faces than to objects and scrambled faces, includ-
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ing bilateral FFA, OFA, pSTS, bilateral amygdala, the right
anterior IT, and the right inferior frontal gyrus (IFG). This
coarse analysis gave us an overview of the face network,
and also a guideline for the selection of ROIs on an indi-
vidual basis. We focused our further analysis on bilateral
FFA and OFA, which we could successfully identify in most
of our participant (see Localizer scans session).

Right FFA. Significant release from adaptation was
found in the right FFA as a consequence of changes that
mainly involved face shape, with or without the presence of
changes in face reflectance. As seen in Fig. 3, compared
to the same condition, there was a significant larger re-
sponse in the right FFA (Talairach coordinates, mean=SD,
voxel size*xSD, 39+4, —44+7, —17+4, 519 voxels+282,
n=14/14), in the shape-different and the both-different

conditions (£(13)=4.733, P<0.0004 and t(13)=2.203,
P<0.05, respectively). Although there was a delayed in-
crease in activation for reflectance-different faces (Fig. 4),
this difference did not reach significance (t(13)=1.735, ns).
The magnitude of adaptation release induced by face
shape alone was significantly larger then that induced by
face reflectance alone ({(13)=3.113, P<0.01), but was not
different then that induced by the combination of face
shape and reflectance ({(13)=1.523, ns).

Left FFA. Changes in either face shape or face re-
flectance alone evoked significant adaptation release in
the left FFA (—38x4, —43+8, —16+3, 477 voxels+462,
n=14/14). Stronger adaptation effects were observed in
both shape-different (£(13)=3.961, P<<0.002) and reflec-
tance-different condition (#(13)=3.095, P<0.009). The
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Table 2. Significant clusters revealed by whole brain random-effect GLM analysis

Cluster Talairach Size (mm3)  {(13) P* Face-pre**  Location
coordinates
X y z
Contrast: shape-different-same
1 38 —-45 -13 713 4.5 P<0.0003 Yes Right fusiform gyrus
2 42  -60 -8 933 45 P<0.0003 Yes Right occipital gyrus
3 -40 -30 -—-15 593 3.13 P<0.004 Yes Left anterior fusiform gyrus (lateral
occipitotemporal sulcus)
4 —40 -—58 -9 1526 3.13 P<0.004 No Left occipital gyrus (posterior part of

5 42 7 28 955
6 45 31 18 1331
7 -38 5 33 1641
8 —43 23 19 2212
Contrast: reflectance-different—-same
9 44 10 28 1118
10 43 29 18 550
11 -39 7 32 1145
12 39 -59 -9 235
13 —42 —-45 -12 284
Contrast: different—-same
14 41 —-59 -6 355
15 32 41 -9 685

fusiform gyrus)

2,65 P<0.01 Yes Right IFG
265 P<0.01 Yes Right MFG
2.65 P<0.01 Yes Left IFG
2,65 P<0.01 No Left MFG
2.65 P<0.01 Yes Right IFG
2,65 P<0.01 Yes Right MFG

2.65 P<0.01 Yes
2.65 P<0.01 Yes
2.65 P<0.01 Yes

Left IFG/MFG
Right occipital gyrus
Left fusiform gyrus

2.65 P<0.01 Yes
2,65 P<0.01 No

Right occipital gyrus

Right posterior fusiform gyrus
(lateral occipitotemporal sulcus)

* Uncorrected P values (one tailed), post corrected by cluster size thresholding of 7 (189 mm?).
** Face-preference was measured with contrast (faces—cars) and (faces—scrambled faces).

amount of adaptation release in these two conditions did
not differ (£(13)=0.542, ns). A trend was also observed for
the both-different condition, when its activation was con-
trasted with the repetition of the same faces ({(13)=1.908,
P<0.08).

Right OFA. In the right OFA (38%6, —67+10, —11=4,
264 voxels*=201, n=13/14), only changes in face shape
induced a higher response (£(12)=3.26, P<0.007). No
significant adaptation release was observed in the reflec-
tance-different (£(12)=0.213, ns) condition. There was
no significant adaptation release for the both-different con-
dition in the right OFA ({(12)=-0.178, ns). We suspected
that this failure was mainly due to the fact that the right
OFA was defined relatively posterior for some of the par-
ticipants. This was confirmed by the whole brain analysis,
in which a more anterior cluster in the right occipital lobe
(center 41, —59, —6, see cluster 14 in the Whole brain
analysis section below) showed significant adaptation re-
lease in the both-different condition.

Left OFA. Similar to the left FFA, the left OFA was
also equally sensitive to changes in face shape and face
reflectance. Specifically, in the left OFA (—35+7, —68+9,
—12=*4, 201 voxels+275, n=13/14), a higher response
than the same condition occurred when participants
viewed both shape-different faces ({(12)=4.161, P<0.001)
and reflectance-different faces (£(12)=4.529, P<0.0007).
The adaptation induced by face shape alone was not
significantly different than that induced by face reflectance
alone (t(12)=1.6, ns). There was also a trend of release
from adaptation in the both-different condition (#(12)=
2.121, P<0.06).

Right pSTS. The right pSTS was identified reliably on
seven participants (49+6, —38+=9, 86403 voxels*+329,
n=7/14). Significant adaptation release occurred only in
shape-different condition ({=2.64, P<0.008). We be-
lieve that the data from the right pSTS could be infor-
mative; however, we hesitate to directly compare them
to those from regions of the ventral stream and draw any
firm conclusions. Face localizers using dynamic stimuli
(e.g., Fox et al., 2008b) may help in the future to further
examine the differences in shape and reflectance pro-
cessing between regions of the dorsal and ventral
streams.

In the face sensitive regions we defined, as seen in Fig.
3, itis clear that shape information, when presented alone,
showed strong modulation on adaptation release. This was
especially evident in the right hemisphere, where changes
in face shape produced significantly larger adaptation re-
lease than changes in face reflectance did. On the other
hand, regions identified in the left hemisphere showed
roughly equal sensitivity to face shape and reflectance.
However, the combination of face shape and face reflec-
tance cues, as presented simultaneously in the both-dif-
ferent condition, did not elicit higher adaptation release
than that elicited by any one of the cues alone in the face
sensitive regions defined in the current study.

To test the hemispherical difference in shape and re-
flectance processing, we calculated a shape/reflectance
ratio USing (betashape—different/betareﬂectance—different) for bilat-
eral FFA and OFA. Given the fact that the beta weights in
both shape-different and reflectance-different conditions
were positive, a shape/reflectance ratio greater than 1
reflects a stronger sensitivity to face shape than to face
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reflectance. For FFA, this ratio was significantly larger in
the right hemisphere (mean=SD, 1.10=0.13) than in the
left hemisphere (1.02+0.1, F(1,13)=8.79, P<0.011). Al-
though there was also a trend for OFA, the effect of hemi-
sphere did not reach significance (F(1,12)=2.96, P=0.11).

Whole brain analysis

Without prior localization, a whole brain random-effect
GLM analysis was performed to identify brain regions sen-
sitive to changes in face shape, face reflectance, and both.
Clusters reported here were based on an uncorrected
P value of 0.01 (one-tailed) in combination with cluster size
thresholding (Table 2, Fig. 5). The results from the whole
brain analysis are largely consistent with our ROl based
results. Here, we only point out several complementary
findings.

First, clusters in bilateral dorsolateral prefrontal cortex
were found to release from adaptation for changes in either
shape or reflectance alone (Fig. 5 sagittal view). As indi-
cated by their activation profiles (see Fig. 6 for time course
data extracted from right IFG, cluster 5 in Table 2), these
regions showed relatively higher activation for shape-dif-
ferent and reflectance-different conditions than for the dif-
ferent and same conditions. This unique activation pattern
suggests that the dorsolateral prefrontal activation might
reflect task difficulty (Philiastides and Sajda, 2007), given
that participants were less accurate and slower in shape-
different and reflectance-different conditions.

Second, three overlapping clusters were found in the
right occipital gyrus (Fig. 5A sagittal view), including cluster
2 defined by the contrast (shape-different—same), cluster
12 defined by the contrast (reflectance-different—same),
and cluster 14 defined by the contrast (both-different—
same). Note that although these face-sensitive clusters are
in the right occipital gyrus, they are more anterior than
individually defined OFA. These three clusters showed
similar activation profile, with large adaptation release in
the shape-different condition (see time course data from
cluster 14, Fig. 6). These overlapping clusters showed
sensitivity to changes in face shape and reflectance, sep-
arately or combined, however, they did not show stronger
adaptation release in the both-different condition, in which
differences in face shape and reflectance were both
present.

Last but not least, the comparison between the both-
different and the same condition yielded one interesting
cluster (cluster 15, Table 2; shown in purple in Fig. 5
coronal view). Located in the right posterior fusiform gyrus
(pFus) and extending along the lateral occipitotemporal
sulcus (OTS), cluster 15 was the only cluster that showed
relatively increased release from adaptation in the both-
different condition, compared to the shape-different and
reflectance-different conditions (Fig. 6). Note that there
was a latency delay in its time course for both reflectance-
different and both-different condition. Moreover, its time
course data extracted for localizer scans indicate that this
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region is object-sensitive, with significantly higher activity
to cars than to scrambled cars (#(13)=3.663, P<0.003)
and faces (#(13)=4.995, P<0.0003). Slightly overlapping
with the right FFA and parahippocampal place area (PPA,
Epstein and Kanwisher, 1998), its center Talairach coor-
dinates (32, —41, —9) are within the distribution of object-
sensitive posterior fusiform/anterior—ventral portion of lat-
eral occipital complex (PF/LOa) reported by Grill-Spector
et al. (1999). However, its activation pattern differed some-
what from conventionally defined PF/LOa in that its acti-
vation for faces was lower than for scrambled faces and
scrambled cars (£(13)=2.775, P<0.02).

Additional object-sensitive ROI results

The finding of object-sensitive cluster in whole brain anal-
ysis led to a further examination of the adaptation release
pattern in individually defined object-sensitive areas. Two
sub-regions of the lateral occipital complex (LOC, Girill-
Spector et al., 1999), namely LO (lateral occipital area) and
PF (posterior fusiform area), were localized for each par-
ticipant using the contrast (cars—scrambled cars). We fur-
ther excluded the overlap between face-sensitive and ob-
ject-sensitive regions by eliminating voxels in LOC that
showed higher responses for faces than for cars.

Both right (—36+5, —48+9, —15+3, 333 voxels*+118,
n=12/14) and left (—38+5, —47+8, —14*4, 330 voxels*+
235, n=8/14) PF showed significant adaptation release for
all three different conditions (all P<<0.05, Fig. 8). The amount
of adaptation release for three different conditions did not
differ from each other in either right or left PF (all P>0.12).
Most importantly, unlike what we observed in the right FFA,
the magnitude of adaptation release in the shape-different
condition was not larger than that in the reflectance-different
condition in the right PF (#11)=1.55, P>0.15).

In the right LO (415, —70x5, —9=+5, 573 voxels+
232, n=14/14), significant adaptation release was found in
shape-different and both-different conditions (£(13)=4.815,
P<0.001 and (13)=2.172, P<0.05, respectively), but not
in the reflectance-different condition (£(13)=1.438, ns).
There was also a trend for higher adaptation release in the

Beta difference

rPF rLO

shape-different condition than in the reflectance-condition
in the right LO (t(13)=2.1, P<<0.06). The left LO (—39=5,
—71+5, —9=+5, 752 voxels+414, n=12/14) showed sig-
nificant adaptation release for shape difference (#(11)=
3.014, P<0.02), a trend for reflectance difference ({(11)=
1.906, P<0.08), but not for their combination ({(11)=1.31,
P>0.22).

Compared to face-sensitive regions, object-sensitive
regions showed a somewhat different pattern of adaptation
release for changes in face shape and/or reflectance. The
most important difference was that the right PF did not
show a dominant sensitivity to shape changes over reflec-
tance changes, as found in the right FFA. Also different
from whole brain analysis results, individually localized PF
did not show an enhanced sensitivity to combined changes
in shape and surface reflectance. Note that the average
coordinates of individually defined right PF (36, —48, —15)
are posterior and lateral to the center coordinates of cluster
15 (32, —41, —9) from the whole brain analysis.

DISCUSSION

In the present study, we used an adaptation paradigm to
investigate the representation of shape and surface reflec-
tance information that are diagnostic for individual faces.
We focused first on areas that show preferential responses
for faces (FFA and OFA). Changes in face shape turned
out to be the dominant driving force of the adaptation
release in the right FFA and OFA, where stronger release
occurred to changes in shape than to changes in surface
reflectance. In contrast, surface reflectance was largely
represented in areas in the left FFA and OFA, whose
releases to changes in reflectance were comparable with
those to changes in shape. These results suggest that the
representation of shape and surface reflectance in faces is
partially overlapping. However, this overlapping organiza-
tion did not provide a neural counterpart for the behavioral
facilitation by the inclusion of both shape and reflectance
cues. Indeed, somewhat surprisingly, in all face-sensitive
regions, the combined differences in both shape and re-

M Shape-different
W Reflectance-different
@ Both-different

IPF ILO

Fig. 8. lllustration of the magnitude of release from adaptation in object-sensitive ROIs in LOC induced by changes in face shape alone
(shape-different, black bars), face reflectance alone (reflectance-different, grey bars), or both (both-different, diagonal bars). Beta weights difference

was calculated using beta weights in the same condition as baseline.
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flectance (both-different condition) did not elicit larger ad-
aptation release than face shape difference did alone.

If face-sensitive areas alone are not good predictors of
the behavioral salience of combined face shape and re-
flectance, where in the brain did the neural integration that
accounts for behavioral facilitation take place? Our whole
brain analysis revealed an object-selective cluster in the
right PF/OTS (adjacent to FFA), whose sensitivity to face
shape and reflectance combined was relatively higher than
its sensitivity to either property alone. However, a detailed
look at individually defined object-sensitive (but not face-
sensitive) sub-regions in LOC did not provide further evi-
dence of such neural integration. Given the spatial proximity
between face-sensitive and object-sensitive sub-regions in
LOC, the integration of shape and surface reflectance cues
consistent with the behavioral facilitation may possibly rely on
the interaction of multiple high-level visual areas.

Admittedly, the fact that we did not find a stronger
release from adaptation in the face-sensitive areas for the
both-different condition than for the shape-different condi-
tion was an unexpected result. Indeed, participants per-
formed better with faces differing in both shape and reflec-
tance, which were judged as the most different and were
also physically the most different. However, the disagree-
ment between the neural response pattern in face-sensi-
tive areas and the physical/perceptual data might help us
to further explore the nature of neural representations in
face-sensitive areas, if the data are carefully modeled/
interpreted (see Andresen et al.,, 2009). As mentioned
previously, a stronger adaptation release to combined
changes in two cues than to changes in one cue alone
relies on the assumption that the sensitivities to two cues
are linearly additive in a coincident brain area. If this as-
sumption were not met in face-sensitive areas, we would
not observe the expected increase in release from adap-
tation. That is, if the sensitivity to individual faces in brain
areas such as the right FFA and OFA is driven primarily by
global shape, the inclusion of surface reflectance might not
provide a substantial additional contribution, or even a
(small) negative contribution. In fact, as seen in Fig. 1, the
absence of difference in surface reflectance between two
subsequently presented faces in the shape-different con-
dition enhances the salience of face shape as a whole, by
reducing the local difference (such as the difference in the
border of eyebrows, iris, or lips). This could, in turn, facil-
itate the global process of face shape in this condition,
giving rise to the stronger sensitivity to face shape than to
the combination of face shape and reflectance found in
face-sensitive areas in the right hemisphere.

This interpretation may explain why changes in face
shape turned out to be the dominant driving force of the
adaptation release in the right FFA and OFA. Besides the
right hemisphere’s general dominance for 3D perception
(Durnford and Kimura, 1971), a right hemispheric superi-
ority has generally been associated with a global or holistic
mode of processing faces (Parkin and Williamson, 1987;
Sergent, 1989; Hillger and Koenig, 1991), in particular in
the right FFA (Schiltz and Rossion, 2006). In contrast,
processing local details of faces reduces or abolishes the

right hemispheric dominance (Hillger and Koenig, 1991;
Rossion et al., 2000). Hence, it may be that the right
face-sensitive areas show a maximal release from adap-
tation for face shape alone because they discriminate
faces primarily on the basis of information at a global level
(e.g., head shape variations). Paradoxically, adding reflec-
tance to the faces (in the both-different condition) does not
increase the release from adaptation, but slightly de-
creases it, since different reflectance cues come into play
for individual face discrimination at a more local level.

If this interpretation is correct, it leads to the prediction
that manipulations that affect most global/holistic face pro-
cessing such as inversion (Yin, 1969; Farah et al., 1995;
Rossion, 2008), misalignment of parts (Young et al., 1987)
or scrambling of the face features (Tanaka and Farah,
1993) should decrease performance to a greater extent for
shape diagnostic faces than for reflectance diagnostic
faces. This is precisely what our post-scanning behavioral
results indicate. Inversion disrupted shape information
more than reflectance information, and, most importantly,
than the combination of shape and reflectance information.
This happened presumably because in the shape only
condition, the global cues conveyed by shape were difficult
to process at inverted orientation. However, adding reflec-
tance cues to these faces allowed participants to discrim-
inate the inverted faces better because these cues could
be resolved more locally. In other words, holistic process-
ing of faces appears to depend more on shape than re-
flectance cues, at least with the kind of stimuli used in the
present study in which global head shape contours are
preserved (unlike in Russell et al., 2007). These observa-
tions, made outside of the scanner with an additional group
of participants, suggest that the largest release from ad-
aptation found for face shape change alone in the right
face-sensitive areas in our neuroimaging study does not
necessarily violate the logic of fMR adaptation. Rather, it
suggests that the release from adaptation in the right hemi-
sphere face-sensitive areas in particular is largely based
on (global) shape cues between individual faces, and that
adding diagnostic reflectance information may rather de-
crease the effect by making shape cues less salient.

Another prediction that could also be tested is that
acquired patients who suffer from prosopagnosia following
right hemispheric lesions (Sergent and Signoret, 1992;
Barton et al., 2002; Bouvier and Engel, 2006) should not
only be in trouble when having to process faces as whole
configurations (e.g. Sergent and Villemure, 1989; Levine
and Calvanio, 1989; Barton et al., 2002), but also present
larger impairments at processing faces differing in shape
than in reflectance only.

Although changes in face shape and reflectance are
well detected in face-sensitive areas, their neural integra-
tion consistent with the behavioral facilitation may recruit
other non-face sensitive brain areas along the visual path-
way. The finding of the cluster in right PF/OTS, which is
adjacent to FFA, suggests the possible involvement of
object-selective areas in such neural integration. It has
been reported previously that right PF/OTS, the anterior-
ventral portion of LOC, is sensitive to different viewpoints
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and illumination directions of the same face/car (Grill-
Spector et al., 1999). The right PF/OTS, therefore, could
be a part of generic system that extracts the 3D shape and
removes 3D ambiguities. The complementary role of ob-
ject-selective area in face processing has also been de-
tailed in a recent study by Dricot et al. (2008). Using
fMR-adaptation, Dricot and her colleagues found larger
responses to different faces than to repeated presentation
of the same face in the ventral part of the LOC, both for
normal observers and an acquired prosopagnosic patient.

Interestingly, we found a relative delay in the time
course data for reflectance-different condition, in areas
such as bilateral FFA and right PF/OTS (Figs. 4, 6). In
some cases, it was also true for the both-different condi-
tion, where the changes in shape were combined with
changes in surface reflectance. It is possible that sensitiv-
ity to the individual face may emerge from a first wave of
low spatial frequency achromatic information, carried by
the global shape, with color and the high spatial frequency
information accumulating later (Sergent, 1986; Sugase
et al., 1999; Goffaux and Rossion, 2006). However, due to
the sluggishness of HRF, we cannot draw any firm conclu-
sion based on these fMRI observations. Interestingly, recent
data obtained in an adaptation paradigm with event-related
potentials (ERPs) support this temporal prevalence of shape
over reflectance information (Caharel et al., 2009).

It is also worth noting that the sensitivity to face shape
and face reflectance change was present in bilateral dor-
solateral prefrontal cortex (IFG and middle frontal gyrus
(MFG)), as revealed by whole brain analysis. It has been
shown that IFG and MTG are involved mainly in retrieval of
semantic information from faces (Leveroni et al., 2000).
Moreover, IFG has been considered as part of an ex-
tended system for face recognition (Haxby et al., 2000),
which is likely to be modulated by the engageness of the
task (cf. Fairhall and Ishai, 2007). In line with this view, we
suggested that the adaptation release occurred in the pre-
frontal regions for face reflectance as well as for face
shape largely reflected the task difficulty of these two
conditions (Duncan and Owen, 2000; Philiastides and Sa-
jda, 2007).

Finally, our experimental design and manipulation in-
troduced several caveats that need to be mentioned. First,
as shown in Table 1, each particular face stimulus was
presented eight times in an experimental run, four times
being an adaptor and four times being a test face. The
repeated presentation might cause some fMRI adaptation
across trials, thus leading to an overall smaller adaptation
release. Second, due to the use of standard localizer, we
failed to localize face sensitive areas other than bilateral
FFA and OFA consistently across most of our participants.
More sensitive localizer (e.g., Fox et al., 2008b) will be
needed to investigate the face network on a broader scale.

CONCLUSION

The present study revealed that while both surface reflec-
tance and shape are equally useful for individualizing faces
in matching tasks, the neural correlates of shape versus

surface reflectance are partially dissociated in face sensi-
tive areas. Face-sensitive areas of the right hemisphere
are more sensitive to shape than to surface reflectance
cues, while homologous areas of the left hemisphere ap-
pear to process both kinds of cues to a similar extent.
Combining these two kinds of cues altogether does not
lead to a further increase of neural activation in face-
sensitive areas, and suggest that more general object
sensitive areas may be involved, together with the interac-
tion among multiple visual areas.
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