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Face recognition is a complex cognitive process that requires
distinguishable neuronal representations of individual faces. Pre-
vious functional magnetic resonance imaging (fMRI) studies using
the ‘‘fMRI-adaptation’’ technique have suggested the existence of
face-identity representations in face-selective regions, including
the fusiform face area (FFA). Here, we present face-identity
adaptation findings that are not well explained in terms of
face-identity representations. We performed blood-oxygen level--
dependent (BOLD) fMRI measurements, while participants viewed
familiar faces that were shown repeatedly throughout the
experiment. We found decreased activation for repeated faces in
face-selective regions, as expected based on previous studies.
However, we found similar effects in regions that are not face-
selective, including the parahippocampal place area (PPA) and
early visual cortex (EVC). These effects were present for exact-
image (same view and lighting) as well as different-image (different
view and/or lighting) repetition, but more widespread for exact-
image repetition. Given the known functional properties of PPA and
EVC, it appears unlikely that they contain domain-specific face-
identity representations. Alternative interpretations include general
attentional effects and carryover of activation from connected
regions. These results remind us that fMRI stimulus-change effects
can have a range of causes and do not provide conclusive evidence
for a neuronal representation of the changed stimulus property.
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Face recognition is an important function of the human visual

system. It requires the existence of distinct neuronal repre-

sentations of individual faces (Puce et al. 1995; Kanwisher et al.

1997; Haxby et al. 2000). These representations have been

investigated with the ‘‘fMRI-adaptation’’ method (Grill-Spector

and Malach 2001). Several studies using this method (Gauthier

et al. 2000; Andrews and Ewbank 2004; Rotshtein et al. 2005)

have shown a stronger functional magnetic resonance imaging

(fMRI) response to face-identity change than to face-identity

repetition in face-selective brain regions, including the fusiform

face area (FFA) (Puce et al. 1995; Kanwisher et al. 1997). FFA is

defined by its stronger response to faces than to other objects,

consistent with a role in detecting the presence of faces

(Kanwisher et al. 1997). The fMRI-adaptation results have been

interpreted as evidence for the involvement of FFA in

representing face identity (see also Grill-Spector et al. 2004).

Attempts to directly decode face identity from FFA activity

patterns have failed so far, although they succeeded in anterior

inferior temporal cortex (aIT) (Kriegeskorte et al. 2007).

Here, we replicate the stronger FFA response to face-identity

change than to repetition and examine whether these effects are

specific to FFA and other face-selective regions or more

widespread. Previous studies might have missed effects outside

of face-selective cortex because of spatially restricted analyses or

lackof statisticalpower (but seePourtoiset al. 2005;Nget al. 2006).

Face-identity repetition effects have been found to be

influenced by face familiarity (George et al. 1999; Henson

et al. 2002; Eger et al. 2005). The influence of face familiarity

has also been investigated by directly comparing activation to

familiar with activation to unfamiliar faces, showing modula-

tion of activity by face familiarity in FFA (Henson et al. 2000;

Gobbini et al. 2004), aIT (Sergent et al. 1992; Gorno Tempini

et al. 1998; Sugiura et al. 2001), consistent with lesion studies

(Evans et al. 1995; Marotta et al. 2001), and hippocampus

(Leveroni et al. 2000; Bernard et al. 2004; Eger et al. 2005).

Familiar-face stimuli used in previous studies were either

famous faces or faces of personal acquaintances. Identification

of such a face involves both recognition of the perceptual

appearance of the face and activation of associated conceptual

information such as name and biographical facts (Bruce and

Young 1986; Haxby et al. 2000). Previous studies, therefore,

did not dissociate the perceptual (looks) and conceptual

(biographical information) components of face recognition.

The present study investigates the effects of face-identity

repetition and face familiarity on activation in human inferior

temporal cortex using a continuous carryover design (Aguirre

2007). Participants were shown faces of different levels of

familiarity: ‘‘new’’ (never seen before), ‘‘seen’’ (seen previously,

no further information known), and ‘‘known’’ (seen previously,

name and biography known). We used images of 4 different

perceptually familiar individuals; 2 of them were also biograph-

ically familiar.These4 familiar face identities (2 seenand2known)

were repeated throughout the experiment to investigate the

effects of consecutive face-identity repetition. The subjects’ task

was toclassifyeach face imageas ‘‘new’’ or ‘‘familiar’’ (either seenor

known). The task, thus, diverted attention fromdifferences among

the familiar faces. We investigated activity in face-selective as well

as non-face--selective regions and also searched for effects outside

these regions of interest (ROIs). For optimal stimulus control, we

used renderings of textured 3D face models constructed from
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face photos. Non--face features were masked out, and color

histograms equalized to minimize low-level confounds (Fig. 1).

View and lightingwere varied for each face identity. This allowed

us to compare the effects of different-image repetition to those

of exact-image repetition.

We expected face-identity repetition effects to be confined

to face-selective regions. In addition, we expected perceptual

face regions, including the occipital face area (OFA) and FFA, to

be equally activated by seen and known faces, and higher-level

regions, including aIT and hippocampus, to show stronger

activation for known than seen faces.

Materials and Methods

Participants
Eight healthy male volunteers aged between 29 and 40 years (mean

age = 34 years) participated in this study. All participants were right-

handed and had normal or corrected to normal vision. None of the

participants had a history of neurological or psychiatric disorder.

Before scanning, the participants received information about the

procedure of the experiment and gave their written informed consent

for participating. All experiments were conducted in accordance with

standards of the Institutional Review Board of the National Institutes of

Mental Health, Bethesda, MD.

Figure 1. Stimuli. (a) Stimuli were male faces seen from 2 different views and with 2 different lightings. The lower left and upper right faces are counterlit (incongruent view and
lighting). (b) Averaged histograms for red, green, and blue (RGB) color channels that were imposed on each image. As a consequence of the color histogram equalization, the
images have the same light and spatial-signal energy. (c) Face familiarity was systematically varied, resulting in new, seen, and known faces. The 7 new faces that are shown are
a subset of a total of 180 new faces that were used in this study. The 4 familiar faces are the 4 right-most faces.
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Stimuli

Stimuli

We took colored photographs of male faces and used FaceGen

Modeller 3.1 (Singular Inversions, Vancouver, Canada) to generate 3D

face models from these static frontal and profile face photographs. This

software uses a morphable face model consisting of a vector space

representation of the shape and texture of several 3D face model

examples (Blanz and Vetter 1999). Snapshots of the 3D face models

were extracted, using combinations of 2 different views (–30 and

30 degrees relative to the sagittal plane) and 2 different lightings

(perspective projection, –60 and 60 degrees relative to the sagittal

plane, elevation of 30 degrees relative to the center of the head).

Subsequently, the snapshots were masked with a soft-faded circular

aperture and color histogram equalized, so that the distribution of

intensity values in each color channel (red, green, and blue [RGB]) was

identical across stimuli (Fig. 1b). This procedure resulted in 24-bit RGB

images of 701 3 701 pixels, including the face and part of the neck

(Fig. 1a). No hair or ears were shown. All processing steps on the

snapshots of the 3D face models were performed using Matlab 7.0 (The

MathWorks Inc, Natick, MA). Four male identities were chosen to

function as familiar faces (2 seen and 2 known faces). New faces were

generated using photographs of males other than the 4 chosen ones

and by manipulating 3D face models in FaceGen to create new face

identities (Fig. 1c).

Stimulus Presentation

Stimuli were presented using Presentation 9.81 (Neurobehavioral

Systems Inc, Albany, CA) and projected onto a translucent screen

positioned at the foot of the scanner (at the participants’ feet), using

a liquid-crystal display projector. A mirror fixated on the head

reception coil enabled participants to see the screen. Face images

subtended a vertical visual angle of ~4 degrees.

Experimental Design and Task (Face Experiment)

Prescanning Training

The participants were familiarized with the stimuli and task 1 or

2 days before scanning. The prescanning training consisted of one

30-min session during which the participants were familiarized with

frontal and ±30-degree views of the 4 familiar faces, 2 of which were

accompanied by biographical information that needed to be

memorized (Fig. 1c). The biographical information was fictive, but

realistic, and consisted of name, age, profession, and personal

background. The 2 descriptions were matched for information

density. In order to ensure that effects were not due to the particular

face images used in the different familiarity conditions, half of the

participants received the biographical information with one pair of

faces and the other half with the other pair. Participants were

instructed to closely examine the 4 familiar faces and memorize the

biographical information associated with 2 of them. In order to

equilibrate visual exposure to seen and known faces, we explicitly

asked the subjects to spend an equal amount of time inspecting each

of the 4 face images. After a learning period of 10 min, the participants

received 18 5-option multiple-choice items and a perceptual face-

familiarity test (see Supplementary Material) to check whether their

perceptual and conceptual knowledge levels were at a sufficient and

stable level (accuracy > 85% per test). Participants that had not

reached a sufficient level of familiarity after the first learning period

examined the 4 familiar faces again and were then re-tested. Errors

made during the tests were reviewed and correct answers were

provided. The last 10 min of the prescanning training were used to

practice the task to be performed in the scanner (see Task). At the

beginning of each subsequent scanning session, participants per-

formed another brief learning session and face-familiarity test to

refresh their memories.

Face Experiment

A rapid event-related design was used with a stimulus duration of 1 s

and interstimulus interval (ISI) of 3 s. A single scanning session

consisted of 6 functional runs of 126 trials each (8 min and 24 s per

run). These 126 trials consisted of 48 known, 48 seen, and 10 new face

trials and 20 baseline trials where no stimulus was shown. The

contrasts between the different face types were our main contrasts of

interest and were assumed to be smaller than the contrast between

faces and baseline. Therefore, we included more face trials than

baseline trials. Stimuli were presented in pseudorandom order. Each of

16 different familiar face images (the 4 familiar faces * 2 views * 2

lightings) was repeated 6 times during one run. This resulted in 24

presentations of each face-identity per run (6 repetitions * 2 views * 2

lightings). Thirty percent of these presentations were consecutive face-

identity repetitions, that is, they were directly preceded by an image of

the same face identity. These consecutive face-identity repetitions

were mostly the second same face-identity in a row (first consecutive

repetition), but the stimulus sequences also contained instances of

more than 2 images of the same face-identity in a row (up to 5 in

a row). About half of these consecutive face-identity repetitions were

different-image repetitions (different view and/or lighting), the other

half were exact-image repetitions (same view and lighting; see

Supplementary Table). Each run contained 16 exact-image repetitions,

one for each familiar face image. The sequence started and ended with

4 baseline trials. A new pseudorandom sequence was used for each run

in the experiment. Participants were scanned 2 or 3 times, resulting in

a total of up to 18 runs per participant (with at least 11 good runs per

subject, see fMRI Data Preprocessing). Stimuli were presented on

a black background while participants fixated a white cross that was

displayed close to the bridge of the nose of each face image (see

Supplementary Fig. 1).

Task

Participants were instructed to distinguish learned faces from new

faces, responding with a right-thumb button-press for a familiar face

(either seen or known) and a left-thumb button-press for a new face.

Localization of OFA, FFA, and Parahippocampal Place Area
(Functional Localizer Experiment)
Stimuli for the independent functional localizer experiment were gray-

scale photographs (252 3 252 pixels) of faces, places and objects

masked with a circular aperture. Face identities shown during this

experiment were different from the ones used in the face experiment.

The stimuli subtended a visual angle of ~6 3 6 degrees.

Images of the different stimulus categories were presented in 30-s

blocks (stimulus duration 700 ms; ISI 300 ms), intermixed with 20-s

fixation blocks. Three blocks were presented for each stimulus

category, resulting in a total run time of approximately 8 min. Stimuli

were presented on a black background, centered with respect to

a white cross that participants fixated on during the run. Participants

performed a one-back repetition detection task on the images,

responding with a left-thumb button-press for each consecutive

repetition (3--5 repetitions per block).

Magnetic Resonance Imaging

Functional Measurements

Blood-oxygen level--dependent (BOLD) fMRI was performed using

a 3-Tesla General Electric VH/3 MRI scanner, equipped with

a custom-built 16-channel MRI digital receiver (Bodurka et al.

2004). A receive-only whole-brain 16-element surface-coil array

(NOVA Medical Inc, Wilmington, MA) was used to achieve high

spatial resolution for functional studies with good sensitivities to

small BOLD signal changes (Bodurka et al. 2007). Twenty 2-mm axial

slices (no gap) were acquired, covering the occipital and temporal

lobes including the anterior pole, using single-shot full k-space

gradient-recalled echo planar imaging (EPI). EPI parameters were as

follows: interleaved slice order, EPI matrix size = 128 3 96 pixels,

voxel volume = 1.95 3 1.95 3 2 mm3, echo time (TE) = 42 ms,

repetition time (TR) = 2 s. Each functional run consisted of 252

volumes (8 min and 24 s per run). The total amount of data acquired

for the face experiment was equivalent to 12 h, 25 min, and 4 s of

scanning (8 subjects, 11 runs per subject).
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Anatomical Measurements

Functional scans were superimposed on high-resolution T1-weighted

whole-brain anatomical scans (voxel volume = 0.98 3 0.98 31.2 mm3),

acquired with a fast spoiled gradient echo recalled (FSPGR) sequence.

Statistical Analysis

Behavioral Data

Reaction time data were analyzed using SPSS 15.0 (SPSS Inc, Chicago,

IL). Reaction times of incorrect responses and reaction times that were

more than 3 standard deviations from the mean were discarded. We

performed a random-effects analysis of variance (ANOVA) for repeated

measures including factors for face-identity repetition and familiarity.

Face-identity repetition effects were tested up to the second

consecutive repetition and compared for seen and known faces

(reaction times for new faces could not be included because these

faces were not repeated throughout the experiment). Reaction times

for the third, fourth, and fifth consecutive repetition were not included

in this analysis because there were only few trials for these conditions

(see Supplementary Table). Reaction times for the first consecutive

repetition were split into a different-image and an exact-image

repetition condition. An additional random-effects ANOVA for repeated

measures was used to test for effects of familiarity (including new

faces), view, and lighting. Insignificant interaction terms were stepwise

removed from the models. Post-hoc paired t-tests were performed to

investigate significant main effects in more detail.

fMRI Data Preprocessing

MRI data preprocessing and analysis were performed using BrainVoy-

ager QX 1.8 (Brain Innovation, Maastricht, the Netherlands). The first

4 data volumes of each scan were discarded to allow the fMRI signal to

reach a steady state. Runs with excessive head-motion or imaging

artifacts were excluded from analysis, leaving at least 11 runs per

subject. To ensure that each subject-specific data set contributed

equally to the results, we used exactly 11 runs per subject for analysis.

For the subjects that had more than 11 runs, we randomly chose

11 runs from the whole set. Preprocessing steps performed on the

functional data volumes were as follows: slice scan time correction,

motion correction (first nondiscarded volume of run as reference

volume), temporal high-pass filtering with a filter of 3 cycles per run for

the face experiment (corresponding to a cut-off frequency of 0.006 Hz)

and 2 cycles per run for the functional localizer experiment

(corresponding to a cut-off frequency of 0.004 Hz), and spatial

smoothing by convolution with a Gaussian kernel of 6-mm full width

at half maximum (FWHM) for the face experiment and 4 mm FWHM for

the functional localizer experiment. Spatial smoothing was performed

to increase sensitivity to extended activations (activation blobs) and

improve intersubject correspondence for group analysis (mapping). In

the functional localizer approach, intersubject correspondency is

determined by means of individual ROI definitions; therefore a slightly

smaller smoothing kernel (4 mm FWHM) was chosen, allowing for

a more precise definition of the shape of the region in each subject.

Functional data were manually aligned to same-session high-resolution

structural whole-brain scans and transformed into Talairach stereotac-

tic space. If no same-session structural scan was available (30% of

sessions), functional data were manually aligned to a structural scan

from a different session for that subject. Visual comparison of activation

loci before and after alignment indicated good alignment quality. All

time courses were converted to percent signal change.

Multiple Linear Regression

We performed a fixed-effects group analysis by multiple linear

regression of the time course at each voxel. Cognitive predictors were

created using the Boynton hemodynamic impulse response function

(Boynton et al. 1996), assuming an instantaneous rectangular neuronal

response to the 1-s stimulus presentations. In order to keep the number

of predictors reasonable (especially given the amount of data to be

analyzed simultaneously), we constructed 4 slightly different models

(Supplementary Fig. 1). These models investigated the effects of face-

identity repetition, face familiarity, face-identity, and view and lighting.

The first 2 models will be described below. A description of the other 2

models and associated results can be found in the Supplementary

Methods and Results.

The first model was used to test for effects of face-identity repetition.

The first consecutive repetition of a specific face identity (one of the

4 familiar faces) was named rep1, the second consecutive repetition of

that same face identity was named rep2, and so forth, up to rep5. As

described before, these repetitions could be either different-image

repetitions (different view and/or lighting) or exact-image repetitions

(same view and lighting). The rep1 trials were most frequent and

contained a relatively large proportion (0.62) of exact-image repetitions

(see Supplementary Table). We therefore split rep1 into 2 predictors to

separately investigate the effects of different-image and exact-image face-

identity repetition. Any familiar face stimulus that was not a consecutive

face-identity repetition was named rep0 (identity change). New faces

were never repeated throughout the experiment and were therefore

modeled by a separate predictor. The face-identity repetition model

consisted of subject-specific predictors for rep0, rep1_different,

rep1_exact, rep2, rep3, rep4, rep5 and new faces, and confound-mean

predictors for each subject and run (Supplementary Fig. 1a). Contrasts of

interest were the following: 1) rep0 versus rep1_different, 2) rep0 versus

rep1_exact, 3) rep1_different versus rep1_exact, 4) rep1_different

versus rep2, and 5) rep1_exact versus rep2. The first contrast compared

face-identity change with first consecutive different-image face-identity

repetition, the second compared face-identity change with first

consecutive exact-image face-identity repetition, the third compared

different-image repetition with exact-image repetition, the fourth

compared first consecutive different-image face-identity repetition with

second consecutive face-identity repetition, and the fifth compared first

consecutive exact-image face-identity repetition with second consecu-

tive face-identity repetition. We did not test contrasts comparing brain

responses to more than 2 consecutive repetitions because there were

only few trials for rep3, rep4, and rep5 (see Supplementary Table). In

addition, we investigated face-identity repetition effects separately for

seen and known faces and tested for an interaction between face-

identity repetition and familiarity.

The second model was used to test directly for face familiarity effects

and consisted of subject-specific predictors for new faces, seen faces

and known faces, and confound-mean predictors for each subject and

run (Supplementary Fig. 1b). The following 2 contrasts were performed

using t-tests: 1) new versus seen faces and 2) seen versus known faces.

The first contrast searched for effects of face novelty and perceptual

face familiarity, whereas the second isolated effects of added

conceptual familiarity.

Results were corrected for serial autocorrelation in the temporal

domain. Maps were thresholded to control the average false-discovery

rate (FDR) to be <0.05. For both models, one contrast map was a priori

chosen as reference and thresholded at FDR < 0.05. The other contrast

maps were then thresholded using the t-value associated with that FDR.

This created consistent thresholding across maps independent of

differences across maps in the number of activated voxels. The

reference contrast maps were those maps that focused on our main

questions. For face-identity repetition, face-identity change versus first

consecutive different-image face-identity repetition (rep0 vs. rep1_dif-

ferent) was chosen as reference contrast map. For face familiarity, seen

versus known faces was chosen as reference contrast map.

ROI Definition

Six ROIs were defined in each hemisphere, based on 1) the block

localizer experiment (OFA, FFA, and parahippocampal place area

[PPA]), 2) the contrast faces > baseline performed on even runs of

the face experiment (hippocampus and aIT), and 3) anatomical

landmarks (early visual cortex [EVC]). OFA and FFA were defined for

each subject by the contrast faces > objects and places, and PPA was

defined by places > objects and faces. Maps were thresholded using

FDR < 0.01 and a cluster threshold of 200 voxels. Hippocampus and aIT

were each defined at 2 different sizes using fixed-effect group results

for faces > baseline in the face experiment. Half of the data from the

face experiment was used to define hippocampus and aIT, the other

half was used to test for effects of interest (see ROI Analysis). The large-

sized regions were defined first, using a threshold that resulted in

a contiguous set of voxels well separated from other nearby clusters of
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activation (uncorrected P values were 8.0 3 10
–15 for hippocampus and

1.6 3 10
–4 for aIT). Then, in order to define the small-sized regions, the

threshold was increased until the above regions were reduced by half.

We only report ROI results for the large-sized hippocampus and aIT

because results for the small-sized regions were qualitatively similar. In

each subject, we used high-resolution anatomical data to manually

define the calcarine sulcus. EVC was defined by centering ellipsoids

(radii were 12 3 5 3 5 mm) on 11 consecutive points along the

calcarine sulcus. The resulting ROI included V1 and likely portions of

V2 and V3.

ROI Analysis

Data from each ROI were averaged across voxels to obtain an average

time course per subject. These time courses were concatenated and

used for a fixed-effects group analysis. The above models for face-

identity repetition and familiarity were fit to the ROI average time

course using multiple linear regression. Results were corrected for

serial autocorrelation in the temporal domain. Contrasts of interest

identical to the ones used for mapping (see Multiple Linear Regression)

were computed.

To investigate whether face-identity repetition effect sizes differed

across regions, we performed paired t-tests on subject-specific contrast

values (random-effects analysis) for all possible pairs of ROIs that

showed significant face-identity repetition effects. For each region,

subject-specific contrast values were computed by subtracting subject-

specific beta-values for one condition (e.g., rep1_different) from

subject-specific beta-values for the other condition (e.g., rep0). We

performed region comparisons for the following 2 contrasts: face-

identity change versus first consecutive different-image face-identity

repetition (rep0 vs. rep1_different) and face-identity change versus first

consecutive exact-image repetition (rep0 vs. rep1_exact).

Results

Behavioral Results

Subjects performed a binary classification task, in which they

responded with a button press to indicate whether the

presented face was ‘‘new’’ or ‘‘familiar.’’ (The familiar faces

could be either ‘‘seen’’ or ‘‘known,’’ but the task did not require

distinguishing between them.) Accuracy across subjects was

95% or higher in all conditions. In order to investigate the

effects of face-identity repetition on reaction time and the

influence of face familiarity on these effects, we performed

a 2-way ANOVA for repeated measures. Reaction times for new

faces were not included in this analysis. The analysis showed

a significant main effect of face-identity repetition (F (3) =
24.537, P < 0.01). Paired t-tests showed that reaction times

for face-identity change trials (rep0) were higher than for first

consecutive different-image face-identity repetition trials

(rep1_different) (t (7) = 6.355, P < 0.01), which in turn were

higher than for first consecutive exact-image face-identity

repetition trials (rep1_exact) (t (7) = 4.732, P < 0.01) (Fig. 2).

Reaction times for second consecutive face-identity repetition

trials (rep2) were higher than for first consecutive exact-image

face-identity repetition trials (rep1_exact) (t (7) = 3.758,

P < 0.01, Fig. 2). Note that second consecutive face-identity

repetition trials were mainly different-image repetitions. Face-

identity repetition effects were not significantly different for

seen and known faces. A separate paired t-test showed that

reaction times for new faces were significantly higher than

those for identity-change trials (t (7) = 4.905, P < 0.01, Fig. 2).

We performed an additional 3-way ANOVA for repeated

measures to investigate the influence of familiarity (including

new faces), view, and lighting on reaction time. This analysis

yielded a significant main effect of familiarity (F (1.148,

Greenhouse-Geisser corrected for nonsphericity) = 23.110,

P < 0.01), attributable to significantly higher reaction times for

new than seen, and new than known faces (P < 0.01 for both

contrasts). There was no significant difference in reaction

times for seen as compared with known faces. This suggests

that the seen and known faces were equally perceptually

familiar, consistent with the purpose of our familiarity

manipulation. We also found a significant interaction effect

between view and lighting (F(1) = 9.398, P < 0.05), due to

higher reaction times for faces with incongruent as compared

with congruent view and lighting.

fMRI Results

Face-Identity Change Versus Consecutive Face-Identity

Repetition: Identity Change Elicited More Activation Than

Repetition Across Early Visual and Posterior Inferior

Temporal Cortex

To investigate the effects of face-identity repetition, we

contrasted face-identity change trials with face-identity repe-

tition trials. In order to distinguish the effects of different-

image face-identity repetition from the effects of exact-image

repetition, we separately contrasted face-identity change

(rep0) with different-image repetition (rep1_different) and

with exact-image repetition (rep1_exact). Both contrasts

showed a larger response for identity-change trials than

identity-repetition trials across early visual and posterior

Figure 2. Reaction times for face-identity change (rep0) were higher than for face-
identity repetition. The upper panel shows mean reaction times across subjects and
associated error bars (random-effects standard error of the mean) for new faces,
face-identity change trials, and face-identity consecutive repetition trials. Values for
the rep3, rep4, and rep5 predictors are not shown because these were based on only
few trials. Four relevant contrasts (new vs. rep0, rep0 vs. rep1_different (rep1d),
rep1_different vs. rep1_exact (rep1e), and rep1_exact vs. rep2) were tested for
significance using paired t-tests. Significant contrasts are shown and denoted with
**(P\0.01). The lower panel shows the reaction times of each individual subject for
the conditions shown in the upper panel, in order to give a more detailed picture of
the between-subject variation.
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inferior temporal cortex (Fig. 3) (thresholded using FDR < 0.05

for the contrast rep0 vs. rep1_different, corresponding to

a t-value of |3.01|). This face-identity change effect was less

widespread and more left-lateralized for the different-image

contrast (Fig. 3a) than for the exact-image contrast (Fig. 3b).

The regions that were activated more strongly for face-identity

change than different-image face-identity repetition (Fig. 3a)

overlapped with anterior parts of EVC, posterior parts of OFA

Figure 3. Face-identity change (rep0) elicited more activation than face-identity repetition across early visual and posterior inferior temporal cortex (including regions that are not
face-selective). Effects were more widespread for exact-image than different-image repetition. (a) Face-identity change (rep0) versus first consecutive different-image face-
identity repetition (rep1_different) (FDR\ 0.05). (b) Face-identity change (rep0) versus first consecutive exact-image face-identity repetition (rep1_exact). In both panels, fixed-
effects group results are displayed on single-subject high-resolution anatomical slices. The position of the measured slab is indicated by transparent masks overlaid on sagittal and
coronal slices. Slices along different points on the x-, y-, and z-axes show stronger activation for rep0 than rep1 (orange/yellow) in EVC as well as in inferior temporal regions,
overlapping with OFA, FFA, and PPA. More activation for rep1 than rep0 is shown in blue/green. The most superior slice along the z-axis shows activation based on only three-
quarters of the data (data with very low slab position were removed).
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(little overlap), inferior medial parts of FFA, and inferior parts of

PPA. A small additional cluster in anterior inferior temporal

cortex (Talairach coordinates: 19, 2, –18) also responded more

strongly to change than different-image repetition (Fig. 3a).

Almost complete overlap was found between ROIs (EVC, OFA,

FFA, PPA) and regions showing stronger responses to face-

identity change than exact-image repetition. Several small

clusters in inferior frontal regions also responded more strongly

to change than exact-image repetition (Fig. 3b). Three small

clusters ( <100 voxels) in left amygdala (–20, –8, –12), left middle

temporal gyrus (–55, –34, –8), and left anterior middle temporal

gyrus (–37, 16, –22) showed a smaller response to face-identity

change trials than to exact-image repetition trials (Fig. 3b).

Contrasting activation to the first consecutive face-identity

repetition (either rep1_different or rep1_exact) with activa-

tion to the second consecutive face-identity repetition (rep2)

yielded several clusters in early visual and posterior inferior

temporal cortex that showed less activation to the second than

to the first consecutive face-identity repetition (map thresholds

identical to the threshold for the contrast rep0 vs. rep1_differ-

ent: t = |3.01|). Clusters found in the different-image contrast

overlapped with clusters found in the exact-image contrast.

Several additional clusters were found in the different-image

contrast as compared with the exact-image contrast. These

additional clusters were located in right EVC and right

posterior inferior temporal cortex.

ROI results were consistent with the mapping results and

indicated decreased responses with face-identity repetition in

EVC, OFA, FFA, and PPA (Fig. 4). All these regions showed

a decreased response to exact-image repetition as compared

with face-identity change. Bilateral face-selective regions (OFA,

FFA) and left EVC and PPA also showed a decreased response to

different-image face-identity repetition as compared with face-

identity change. A smaller response to second consecutive

face-identity repetition than first consecutive face-identity

repetition was found in right EVC for the exact-image

repetition contrast (rep1_exact > rep2) (Fig. 4) and in bilateral

EVC and right OFA, FFA, and PPA for the different-image

contrast (rep1_different > rep2) (significance not shown).

Our EVC ROI did not include cortex that represents the

central visual field (foveal confluence of retinotopic areas V1/

2/3), which is where we presented our stimuli. In order to

investigate the effects of face-identity repetition in this region,

we created 2 additional ROIs located at the left and right foveal

confluence (FOV). These ROIs were centered at Talairach

coordinates –29, –78, –11 and 25, –80, –9 (spherical ROIs with

a volume of 1437 mm3 each, center Talairach coordinates

taken from Dougherty et al. 2003). These ROIs as well showed

a decreased response to face-identity repetition (both exact-

image and different-image repetition) as compared with face-

identity change (Supplementary Fig. 2). Hippocampus and aIT

did not show significant face-identity repetition effects (Fig. 4).

Different-Image Face-Identity Repetition Elicited More

Activation Than Exact-Image Repetition in Right Posterior

Inferior Temporal Cortex

Contrasting activation to different-image face-identity repeti-

tion (rep1_different) with activation to exact-image repetition

(rep1_exact) resulted in several clusters in posterior inferior

temporal cortex that showed more activation for different-

image than exact-image repetition (map threshold identical to

the threshold for the contrast rep0 vs. rep1_different: t = |3.01|,

not shown). These clusters were mainly right-lateralized. Parts

of these clusters overlapped with FFA and PPA. Exact-image

repetition elicited more activation than different-image repe-

tition in right amygdala (15, –4, –17) and left parahippocampal

gyrus (–16, –26, –27) (map threshold: t = |3.01|).

ROI results were consistent with the mapping results. Right

FFA and PPA showed more activation to different-image face-

identity repetition than exact-image repetition; activation to

these 2 conditions was statistically indistinguishable in other

regions (Fig. 4).

Differences in Strength of Face-Identity Change Effects Across

Regions

We reported face-identity change effects in EVC, OFA, FFA, and

PPA. Previous studies have consistently reported face-identity

change effects in face-selective regions (OFA, FFA), but not non--

face-selective regions (EVC, PPA) (see Discussion). Could this

discrepancy be explained by differences in the strength of the

effect across regions? Related to that, could our widespread

findings be explained by increased sensitivity due to the large

amount of data we analyzed? In order to investigate these

questions, we performed the following 2 analyses: 1) comparison

of effect sizes across regions and 2) analysis of a subset of our data

(6 runs per subject instead of 11; we analyzed odd runs only).

(1) Effect-size comparison across regions. We performed

effect-size comparisons for face-identity change versus first

consecutive different-image face-identity repetition (rep 0 vs.

rep1_different, ‘‘different-image contrast’’) and for face-identity

change versus first consecutive exact-image repetition (rep0 vs.

rep1_exact, ‘‘exact-image contrast’’). Different-image effect sizes

were significantly smaller in right PPA than bilateral FFA (P < 0.05
for both comparisons) and left PPA (P < 0.01). Exact-image effect

sizes were significantly larger in right FFA than in bilateral PPA,

right EVC and right OFA (P < 0.01 for all comparisons). In

addition, exact-image effect sizes were significantly smaller in

bilateral PPA than in right OFA (P < 0.05 for both comparisons).

These findings suggest that there are some differences in effect

size across regions. In particular, face-identity change effects in

(right) PPA seem to be smaller than face-identity change effects

in face-selective regions. In addition, the strongest face-identity

change effects are found in (right) FFA.

(2) Face-identity change analysis on subset of data. We

repeated the face-identity change analysis on a subset of our

data to investigate the robustness of our effects. We used 6 runs

per subject (odd runs only), which corresponds to about half of

the data. As for the effect-size comparisons, we investigated the

different-image contrast (rep0 vs. rep1_different) and the exact-

image contrast (rep0 vs. rep1_exact). Contrast maps were

thresholded using the FDR method to account for multiple

testing (FDR < 0.05 for the contrast rep0 vs. rep1_different,

corresponding to a t-value of |3.86|). As for the full data set, face-

identity change elicited more activity in early visual and

posterior inferior temporal cortex. Nevertheless, the spatial

extent of effects was noticeably smaller, especially for the

different-image contrast (Supplementary Fig. 3). This reduction

in spatial extent of the effects was less, but still noticeable,

when the threshold was set to the threshold used for the full

data set maps: t = |3.01| (not shown). Reducing the amount of

data affected different-image repetition effects in both face-

selective and non--face-selective regions (see Supplementary

Fig. 4, ROI analysis). Different-image repetition effects for OFA,
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Figure 4. ROI analysis for face-identity repetition effects. Face-selective regions (OFA, FFA) as well regions that are not face-selective (EVC, PPA) showed more activation for
face-identity change (rep0) than repetition. These regions (including left EVC and PPA) showed these effects for both exact-image and different-image repetition. Approximate ROI
locations are shown (in green) on a ventral view of the cortex (shown here: MNI template colin27). Graphs show beta-values and associated standard errors for the new (red),
rep0 (i.e. identity change; light blue), rep1_different (blue), rep1_exact (blue gray), and rep2 (dark blue) predictors, averaged across subjects. Values for the rep3, rep4, and rep5
predictors are not shown because these were based on only few trials. Six relevant contrasts (new vs. rep0, rep0 vs. rep1_different, rep0 vs. rep1_exact, rep1_different vs.
rep1_exact, rep1_different vs. rep2, and rep1_exact vs. rep2) were tested for significance. The new versus rep0 contrast was significant for all tested regions (P\ 0.01) (not
shown). The rep1_different versus rep2 contrast was significant for bilateral EVC and right OFA, FFA, and PPA (P\0.05) (not shown). For the other 4 tested contrasts, significant
contrasts are shown and denoted with **(P\ 0.01) or *(P\ 0.05). ROIs were defined using independent data. See Table 1 for abbreviations and ROI details (including ROI-
defining contrasts).
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FFA, and PPA showed a reduction in significance or even

disappeared (left PPA), while they appeared or increased in

significance for EVC. Exact-image repetition effects were of

similar significance as for the full data set.

Effect-size comparisons between regions on the reduced data

set showed that effect sizes in PPA were overall smaller than in

OFA and FFA. In particular, different-image effect sizes were

significantly smaller in right PPA than bilateral EVC, bilateral FFA,

left OFA and left PPA (P < 0.01 for the comparison with right

FFA, P < 0.05 for all other comparisons). Exact-image effect sizes

were significantly smaller in bilateral PPA than bilateral OFA and

right FFA (P < 0.01 for the comparisons with left OFA and right

FFA, P < 0.05 for the comparison with right OFA). These effect-

size comparison results are consistent with the results of the full

data set. In addition, they suggest that effect sizes in EVC are

similar to effect sizes in face-selective regions.

Face-Identity Repetition Effects Were Similar for Seen and

Known Faces

To test whether face familiarity would influence face-identity

repetition effects, we compared face-identity repetition effects

for seen and known faces. This comparison wasmade for each of

the 5 contrasts that were investigated for main effects of face-

identity repetition. These contrasts were: 1) rep0 versus

rep1_different, 2) rep0 versus rep1_exact, 3) rep1_different

versus rep1_exact, 4) rep1_different versus rep2, and 5)

rep1_exact versus rep2. Mapping did not show significant

differences in face-identity repetition effects between seen

and known faces, except for the contrast between face-

identity change (rep0) and first consecutive exact-image face-

identity repetition (rep1_exact). Three small regions, located in

posterior occipital cortex and cerebellum, showed the following

interaction effect: for seen faces, activation for face-identity

change was stronger than for exact-image repetition (rep0 >

rep1_exact), whereas for known faces, the opposite pattern of

response was found (rep0 < rep1_exact). One of these small

clusters was located within our right EVC ROI. Maps were

thresholded at a t-value of |3.65|, corresponding to FDR < 0.05 for
the interaction contrast that compared the difference between

rep0 and rep1_different for seen with that for known faces. ROI

analysis indicated that right EVC, right aIT, and right hippocam-

pus showed differential face-identity repetition effects for seen

as compared with known faces for either one (EVC, FFA) or 2

(hippocampus) of the above contrasts comparing consecutive

identity repetitions (P < 0.05 for each contrast). There was no

clear pattern to these results: in some cases, seen faces showed

a decrease in activation with repetition, whereas known faces

showed the opposite trend, and vice versa in others.

New Versus Seen: New Faces Elicited More Activation Than

Seen Faces Across Early Visual and Inferior Temporal Cortex

To investigate the influence of face novelty and perceptual face

familiarity on face-related activation, we compared activation

to new and seen faces. New faces (i.e., faces never seen before)

elicited a larger response than seen faces across a large portion

of occipital and inferior temporal cortex, including EVC, OFA,

FFA, PPA, hippocampus, and aIT (thresholded at FDR < 0.05 for

the contrast seen vs. known, corresponding to a t-value of

|4.36|) (Fig. 5). There were no regions that showed a larger

response to seen than new faces. Consistent with these

findings, all ROIs (see Table 1) showed an increased response

to new as compared with seen faces (Fig. 6).

Seen Versus Known: Known and Unknown Familiar Faces

Elicited Equal Activation

To localize activation associated with conceptual face in-

formation, we contrasted activation to seen (i.e., unknown

familiar faces) with activation to known faces. Mapping did not

yield regions activated significantly differently by seen than

known faces (thresholded at FDR < 0.05 for the contrast seen

vs. known, corresponding to a t-value of |4.36|). The more

powerful ROI analysis also did not reveal activation differences

between seen and known faces (Fig. 6).

Discussion

We investigated the effects of face-identity repetition and face

familiarity on activation in human inferior temporal cortex. We

observed a decreased BOLD response to repeated faces in OFA

and FFA, as expected based on previous literature. However,

these effects were not confined to face-selective regions: other

regions in occipital and inferior temporal cortex, including EVC

and PPA, displayed a similar effect. These face-identity

repetition effects in face-selective and non--face-selective

regions were present for both different-image and exact-image

face-identity repetition but were clearly reduced in spatial

extent for different-image repetition. Previous studies have

interpreted face-identity repetition effects in face-selective

regions as an indication of the existence of specialized face-

identity representations. Following this logic, our results could

be taken as evidence for the presence of face-identity

representations outside of face-selective regions. However,

this interpretation is not plausible for EVC and PPA given their

known response properties. Alternative interpretations include

residual attentional effects (despite our task control) and

carryover of activation from face-identity regions to other

visual regions. These alternative explanations, which are

discussed below, could also apply to the identity-change effects

in face-selective regions, including FFA.

Face-identity repetition effects were similar for seen and

known faces. A direct comparison of activation to seen and

known faces did not yield significant results. The infrequent

new faces (never seen before), which were excluded from the

identity-repetition analysis, elicited a stronger response across

a large portion of occipital and inferior temporal cortex than

the 4 familiar faces (see Supplementary Discussion for a more

detailed discussion on our face-familiarity findings).

Face-Identity Repetition Effects in Inferior Temporal
Cortex

Consistent with previous studies, we found a greater response to

face-identity change than repetition in face-selective regions

(Gauthier et al. 2000; Andrews and Ewbank 2004; Winston et al.

2004; Pourtois et al. 2005, but see Epstein et al. 1999).

Interestingly, we observed similar face-identity repetition

effects in non--face-selective regions in inferior temporal

cortex (including PPA). Face-identity repetition effects outside

of face-selective regions have been reported in several previous

studies (Sugiura et al. 2001; Pourtois et al. 2005; Ng et al. 2006;

Dricot et al., 2008a, 2008b). Widespread repetition-related

response decreases have also been found using stimuli other

than faces (Epstein et al. 2003) and using designs that blocked

stimuli by category (Avidan et al. 2002; Chao et al. 2002). Other

studies did not find face-identity repetition effects in non--face-

selective inferior temporal cortex (Gauthier et al. 2000; Henson
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et al. 2002; Andrews and Ewbank 2004; Rotshtein et al. 2005;

Henson and Mouchlianitis 2007; Summerfield et al. 2008) or did

not investigate activity in these regions (Winston et al. 2004;

Eger et al. 2005; Loffler et al. 2005). Possible explanations of

differences between studies in spatial extent of repetition

effects will be discussed below.

Face identity need not be represented in face-selective

regions. In line with this thought, face-identity repetition

effects in inferior temporal regions that are not face-selective

have often been interpreted as evidence for the existence of

neuronal face-identity representations in these regions

(e.g., Avidan et al. 2002; Dricot et al. 2008a, 2008b). Pattern-

information analysis as well has suggested the existence of

face-identity representations in a region that did not show

a clear face-selective response (i.e., right anterior temporal

cortex; Kriegeskorte et al. 2007). PPA could theoretically

contain small subsets of ‘‘face-identity neurons’’ that give rise to

face-identity change effects (as suggested by Avidan et al.

2002). However, to our knowledge, there is currently no direct

evidence for this possibility; it has merely been used as an

interpretation of fMRI-adaptation findings. Based on its

functional response properties, PPA is an unlikely candidate

for representing face-identity. PPA responds strongly to scenes

of the local visual environment and only weakly to faces

(Epstein et al. 1998). Consistent with this, a large proportion of

parahippocampal neurons in macaque prefers eccentric

stimulus positions, and only a small proportion responds to

complex object images (Sato and Nakamura 2003). Further-

more, the most prominent consequence of parahippocampal

lesions is loss of the ability to navigate through spatial

environments (Aguirre and D’Esposito 1999). These response

properties suggest that PPA is involved in processing spatial

environments, not face-identity recognition.

Face-Identity Repetition Effects in EVC

We found face-identity repetition effects even in EVC

(including V1 and possibly portions of V2/3). Such effects

have not previously been discussed to our knowledge. It

appears unlikely that these effects reflect a domain-specific

face-identity representation in EVC. Face identity is a high-

level stimulus feature, and EVC is known to be sensitive to

Figure 5. New faces elicited more activation than seen faces across early visual and inferior temporal cortex (t5 |4.36|, associated with FDR\ 0.05 for seen-known contrast,
not shown). Fixed-effects group results are displayed on single-subject high-resolution anatomical slices. Position of the measured slab is indicated by transparent masks overlaid
on sagittal and coronal slices. Slices along different points on the x-, y- and z-axes show stronger activation for new than seen faces (orange/yellow) in EVC as well as in (anterior)
inferior temporal regions, including OFA, FFA, PPA, hippocampus, and aIT. There were no regions showing more activation for seen than new faces. Note that the most superior
slice along the z-axis shows activation based on only three-quarters of the data (data with very low slab position were removed).

Table 1
ROI details

ROI Definition Hemisphere Mean Talairach
(x, y, z)

Mean size
(mm3)

EVC Calcarine Left �5, �87, �6 1817
Sulcus Right 5, �87, �6 1817

OFA Faces[ places and objects Left �43, �75, �12 1315
Right 42, �72, �12 1835

FFA Faces[ places and objects Left �37, �46, �18 1858
Right 38, �43, �18 2034

PPA Places[ faces and objects Left �24, �43, �10 3169
Right 23, �42, �10 3552

Hippocampus Faces[ baseline Left �21, �22, �9 131
Right 23, �20, �9 142

aIT Faces[ baseline Left �26, �6, �27 382
Right 35, �3, �25 427

Mean Talairach coordinates denote the center of gravity of the ROIs. EVC was defined using

anatomical landmarks; OFA, FFA, and PPA were defined using independent data from a separate

block localizer experiment; and hippocampus and aIT were defined using independent data from

the face experiment (even runs).

2036 Face-Identity Change Activation Outside the Face System d Mur et al.



low-level stimulus properties. Activity in V1, V2, and V3 is

modulated by varying low-level stimulus properties, including

orientation, spatial frequency, and direction of motion (e.g.,

Hubel and Wiesel 1968; Levitt et al. 1994; Gegenfurtner et al.

1997). Sensitivity to low-level stimulus properties could

underlie exact-image face-identity repetition effects. How-

ever, the different-image face-identity repetition effects we

found are hard to explain in terms of sensitivity to low-level

Figure 6. ROI analysis for face-familiarity effects. All ROIs showed more activation to new than seen and known faces. Seen and known faces elicited equal activation.
Approximate ROI locations are shown (in green) on a ventral view of the cortex (shown here: MNI template colin27). Graphs show percent signal change and associated standard
errors for the new (red), seen (blue), and known (green) predictors, averaged across subjects. All possible contrasts (new vs. seen, new vs. known, and seen vs. known) were
tested for significance. Significant contrasts are shown and denoted with **(P\ 0.01). ROIs were defined using independent data. See Table 1 for abbreviations and ROI details
(including ROI-defining contrasts).
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stimulus properties: identity change was not confounded with

low-level feature change because view and lighting changes

(associated with large low-level feature changes) occurred on

identity-change as well as on different-image identity-repeti-

tion trials. Nevertheless, considerable proportions of neurons

in V2 and V3 have been shown to also respond to more

complex stimulus features, including combinations of orien-

tations and (moving) gratings (Gegenfurtner et al. 1997;

Hegdé and Van Essen 2000; Anzai et al. 2007). However, it

appears unlikely that these response characteristics produce

sensitivity to face features with invariance across view or

lighting changes.

Our study is not the first to report fMRI-adaptation effects

that are inconsistent with known functional properties of early

visual areas (in particular V1). Boynton and Finney (2003) failed

to find orientation-sensitive fMRI-adaptation effects in V1 (but

see Tootell et al. 1998) despite neurophysiological evidence for

sensitivity to orientation and spatial frequency in V1 (Hubel

and Wiesel 1968; Movshon and Lennie 1979; Mueller et al.

1999), possibly attributable to the short adaptation duration

that was used (Fang et al. 2005). Similar discrepancies between

short-term fMRI-adaptation effects and known sensitivity to

orientation were found for area V2 (Boynton and Finney 2003;

Fang et al. 2005). Another discrepancy can be found in Chao

et al. (2002), who reported long-term repetition effects in EVC

for complex object stimuli (animals and tools). It would not be

in line with known response properties of EVC to interpret

these findings in terms of invariant object representations. A

more likely explanation of these findings would be that Chao

et al. (2002) used exact-image repetitions: object changes were

associated with low-level feature changes, whereas object

repetitions were not. These reports, as well as the face-identity

repetition effects in EVC that we report here, indicate that

fMRI-adaptation results might 1) not accurately reflect neuro-

nal sensitivity profiles in early visual areas and 2) reflect

sensitivity to stimulus properties other than the stimulus

property of interest (particularly when exact-image repetitions

are used).

Alternative Explanations for Stimulus-Change Responses

The fMRI-adaptation paradigm is based on the logic that

stimulus-change fMRI effects in a specific brain region can be

interpreted to indicate that the region contains neurons that

are sensitive to the changed stimulus property (for a review,

see Grill-Spector et al. 2006). Sensitivity to a stimulus property

is taken to indicate that the brain region represents that

stimulus property (e.g., face identity). However, the findings

from EVC and PPA suggest that some caution is needed when

interpreting fMRI stimulus-change effects in any brain region in

terms of neuronal sensitivity for the changed stimulus property.

Additional support for this assertion can be found in 2 studies

that directly investigated the relationship between neuronal

selectivity as measured by classical electrophysiological meth-

ods and neuronal adaptation measured using an adaptation

paradigm in higher-order visual cortex (Tolias et al. 2005;

Sawamura et al. 2006; see also Krekelberg et al. 2006). Results

from these studies indicated that selectivity inferred from

adaptation does not consistently match directly measured

neuronal selectivity. These considerations render an interpre-

tation of fMRI-adaptation findings in terms of local neuronal

sensitivity for the changed stimulus property no more likely

than other possible interpretations. We will discuss 3 alterna-

tive explanations for stimulus-change responses.

Automatic Attention

At the cognitive level of description, a plausible alternative

interpretation of our effects is that a change in face identity

detected by the subject results in an attentional response. Such

a response could activate a wider network within the visual

system. Our task drew attention away from differences among

the 4 familiar faces. However, the attentional response to face

changes could be automatic and task-independent. Under

natural conditions, a new face implies the presence of a new

person to be recognized, and recognition will typically be

followed by more general memory access, and a host of other

processes required for appropriate behavior. Attention has

been shown to enhance responses to preferred stimuli in

object-selective cortex (Wojciulik et al. 1998; O’Craven et al.

1999; Murray and Wojciulik 2004) as well as early visual regions

(Liu et al. 2005). In addition, attention has been shown to

modulate repetition effects (Eger et al. 2004; Murray and

Wojciulik 2004; Henson and Mouchlianitis 2007), as indicated

by decreased or abolished repetition effects for ignored as

compared with attended stimuli. Task manipulations that affect

the amount of attention allocated to a stimulus can also

influence the strength of repetition effects (e.g., see Henson

et al. 2002). Together, these results suggest that attention plays

an important role in repetition-related brain responses. If

a face-identity change triggered attention automatically, it

could give rise to increases in activity that surpass the location

where face identities are distinguished. Although the strong

response to the infrequent ‘‘new’’ faces can be accounted for as

an oddball effect, our face-identity change findings among the

4 familiar faces cannot be explained as an oddball effect

because identity-change trials were much more frequent than

identity-repetition trials (70% and 30% of all presented familiar

faces, respectively). An automatic attentional response to face

changes (even when they occur on most trials) is a more

plausible explanation.

Carryover of Activation

At the neuronal level of description, a possible cause of face-

identity change responses outside of face-identity regions is

activation carryover: the region distinguishing the identities and

therefore exhibiting release from adaptation might activate

connected regions. An example of carryover in the visual system

can be found in Tolias et al. (2005). They showed by cell

recording that neurons in macaque area V4, which are not

generally selective for direction of visual motion, nevertheless

respond to ‘‘changes’’ of the direction of motion. They interpret

this finding in terms of activation carryover from area MT/V5,

whose neurons are strongly selective for direction of motion. A

V4 cell pooling outputs from MT/V5 cells across all directions

would not be sensitive to direction per se but it would reflect

a release from adaptation occurring in MT/V5 after a direction

change. Carryover of activation, thus, need not imply carryover

of neuronal tuning properties. In other words, carryover could

be unspecific: activation could be passed on without relaying

stimulus information. Alternatively, stimulus information

(e.g., face-identity information) could truly be passed on from

one region to connected regions (specific carryover). In either

case, face-identity change could activate regions not primarily

involved in representing face identity. Carryover may explain
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our face-identity change effects in early visual regions. Feedback,

which can be seen as a form of carryover, from higher-order

visual regions involved in face-identity representation could have

activated EVC (see also Williams et al. 2008). Such spreading (or

carryover) of activation could be functionally interpreted as an

attentional effect, but carryover could also occur in the absence

of an attentional effect. Carryover could, for example, activate

a specialized network (e.g., the face network) to initiate a more

comprehensive cognitive process (e.g., recognition, memory

access, and response selection).

Neuronal Sensitivity to Stimulus Changes

Another way in which changing a specific stimulus property

could elicit effects that might not reflect neuronal sensitivity to

this property is if these effects instead reflect processing of the

change itself. For example, an abrupt change of stimulus

position can elicit an apparent motion percept, activating the

motion-sensitive human middle temporal region (hMT/V5+)
(e.g., Muckli et al. 2005). By the logic of fMRI adaptation,

a position-change effect in hMT/V5+ could be interpreted as

indicating that the region represents the spatial location of

static visual objects. However, this would not be consistent

with what is known about hMT/V5+. Instead hMT/V5+
responds to visual motion, that is, the change of spatial location.

A change-detection explanation is most compelling when

the change in question occurs under natural conditions. This is

not the case for our study, because faces do not naturally

morph from one identity to another. However, change

detection is central to visual perception. The involvement of

a more general change-detection mechanism cannot be ruled

out. Note that neuronal adaptation provides one possible

mechanism for change detection, but other mechanisms,

including the Reichardt motion detector (Reichardt 1969),

can serve this purpose as well.

The above face-identity change explanations could account

for neuroimaging findings associated with the behavioral face-

inversion effect (Yovel and Kanwisher 2005; Mazard et al.

2006): face-identity change might not be detected with equal

sensitivity for upside--down faces, and therefore fail to engage

general attentional or carryover mechanisms, resulting in

comparable activation for face-identity change and repetition.

Similar reasoning would explain the absence of face-identity

change effects for upright faces in patients with acquired

prosopagnosia or developmental prosopamnesia (Schiltz et al.

2006; Williams et al. 2007): if face-identity repetition is

perceptually indistinguishable from face-identity change, then

change and repetition will elicit equal activation. Interestingly,

Avidan et al. (2005) reported intact face-identity change effects

in congenital prosopagnosic patients. This finding seems

inconsistent with the above face-identity change interpreta-

tions; however, it can be explained by an effect of stimulus

change (face-identity change was associated with physical

stimulus change whereas face-identity repetition was not).

Why Did Several Previous Studies Fail to Report
Widespread Face-Identity Change Effects?

Several previous studies reported widespread face-identity

change effects consistent with our present results (Sugiura

et al. 2001; Pourtois et al. 2005; Ng et al. 2006). Other studies,

however, have found effects restricted to face-selective regions.

This discrepancy suggests that features of the experimental

design might influence the strength and spatial extent of

repetition effects. We consider 6 different features in turn.

Different-Image Repetition Versus Exact-Image Repetition

Most studies that reported face-identity change effects outside

of face-selective regions included exact-image repetitions

(e.g., Sugiura et al. 2001; Pourtois et al. 2005; Ng et al. 2006),

but so did most studies that reported face-identity change

effects confined to face-selective regions (e.g., Gauthier et al.

2000; Henson et al. 2002; Andrews and Ewbank 2004). In our

study, we could directly compare the effects of different-image

face-identity repetition to the effects of exact-image face-

identity repetition. Face-identity change effects involving

exact-image repetition were clearly more widespread than

face-identity change effects involving different-image repeti-

tion (consistent with Pourtois et al. 2005). Non--face-selective

regions in the right hemisphere did not respond more strongly

to face-identity changes than to different-image face-identity

repetitions, but did respond more strongly to face-identity

changes than to exact-image face-identity repetitions (see

Vuilleumier et al. 2002, for a similar laterality effect). A likely

explanation for these findings is that face-identity change trials

are confounded with stimulus change for the exact-image

comparison, but not for the different-image comparison. This

could elicit adaptation effects in any region with sensitivity to

any of the changed stimulus properties. Alternatively, this could

result in a larger attentional response to face-identity change

for the exact-image than the different-image comparison.

Nevertheless, face-identity change effects involving different-

image repetition were still quite widespread, that is, these

effects were found in face-selective regions as well as outside

face-selective regions (e.g., left EVC and PPA). These results

suggest that the use of exact-image repetitions contributes to

widespread face-identity change effects but cannot by itself

explain the existence of face-identity change effects outside of

face-selective regions.

Temporal Lag Between Presentations

Another factor that has been shown to influence repetition

effects is the temporal lag between the first and second

presentation of a stimulus. Immediate repetition (i.e., no

intervening stimuli) and delayed repetition (i.e., other stimuli

intervening) are associated with qualitatively different behav-

ioral and neuronal effects (Bentin and Moscovitch 1988; Bentin

and Peled 1990; Epstein et al. 2008). The effects of immediate

repetition reported in Epstein et al. (2008) seem to be more

widespread than those of delayed repetition, especially in

posterior visual cortex. This finding seems consistent with our

data and interpretation: the attentional response to change

might be stronger in immediate-repetition designs than in

delayed-repetition designs. Repetition-lag by itself cannot

account for the differences in spatial extent of repetition

effects between studies: Andrews and Ewbank (2004) used

immediate repetition and found effects confined to face-

selective regions; Pourtois et al. (2005) used delayed repetition

and found more widespread repetition effects (their Fig. 2).

Repetition Frequency Versus Change Frequency

A third factor that has been shown to modulate repetition

effects is frequency of repetition. Repetition frequency

influences the subject’s expectations and can affect the
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strength of repetition effects (Summerfield et al. 2008): effects

are reduced when repetitions occur with relatively low

probability. This modulation of effect strength is consistent

with an attentional interpretation: infrequent changes are

‘‘oddballs’’ and will trigger a larger attentional response. The

spatial extent of repetition effects did not seem to be

influenced by probability of repetition (Summerfield et al.

2008). Note that changes were frequent in our study (70% of

the trials were face-identity change trials), thus the oddball

explanation cannot account for our findings.

Stimulus Variety

All previous studies reporting widespread repetition effects

used stimuli from one category only (Sugiura et al. 2001;

Epstein et al. 2003; Pourtois et al. 2005; Ng et al. 2006) or

blocked stimuli by category (Avidan et al. 2002; Chao et al.

2002). However, other studies with limited stimulus variety did

not report widespread effects (Henson et al. 2002; Andrews

and Ewbank 2004).

Number of Distinct Stimuli

Our study used a relatively small stimulus set (16 different

familiar face images: 4 identities, 2 views, 2 lightings), which

could have led to automatic stimulus--response binding

(Dobbins et al. 2004). This could possibly have resulted in

repetition effects in regions that are not primarily involved

in representing face-identity. However, it is important to note

that both immediate face-identity change and repetition trials

can be considered delayed repetitions of the 16 specific face

images. In our study, automatic stimulus--response binding

would therefore apply equally to repetitions and changes.

Statistical Power

Our study had a larger amount of data than most previous

studies. This might have provided us with increased power to

detect widespread face-identity change effects. In order to test

this possibility, we repeated our face-identity change analysis

on only half of our data. This control analysis showed an overall

reduction in the spatial extent of our face-identity change

effects, especially for face-identity change effects involving

different-image repetition. Consistent with this, ROI

analysis indicated that reducing the amount of data did not

significantly affect exact-image repetition effects but did affect

different-image repetition effects in both face-selective and

non--face-selective regions. The strongest different-image effect

reduction was seen in left PPA: the effect disappeared, resulting

in an absence of the different-image effect in bilateral PPA. In

contrast to the other regions, different-image repetition effects

in EVC became stronger. These differences between regions

suggested by our control analysis are consistent with results of

effect-size comparisons between regions. These comparisons

showed that face-identity change effects overall were smaller

in PPA (but not EVC) than in face-selective regions. This was

true for the full as well as the reduced data set and for face-

identity change effects involving different-image as well as

exact-image repetition. In conclusion, our different-image

effects reported for left PPA might indeed be due to increased

statistical power. This does not mean that there are no face-

identity change effects in PPA; it does indicate that face-

identity change effects in PPA are weaker than in face-selective

regions and EVC.

Our findings indicate several possible causes of widespread

face-identity change effects. In the literature, similar wide-

spread effects have sometimes, but not always, been reported.

No single design feature has consistently been associated with

widespread face-identity change effects. Combinations of

design features might explain the discrepancies between

studies in spatial extent of stimulus-change effects. For

example, frequent, immediate, exact-image repetitions of

stimuli from one object category could be associated with

attentional effects and elicit more widespread repetition

effects. Some of these features apply to our design. However,

it is important to note that our study is not special in this

regard: most fMRI-adaptation studies use designs that include

several of these features. Finally, even if widespread effects can

be avoided by means of particular repetition designs, this

would not prove that repetition-related effects indicate

neuronal tuning.

Implications for the Interpretation of FFA Results

Our findings question the interpretation of face-identity change

effects as conclusive evidence for the presence of neurons tuned

to face identity. The alternative explanations are likely to hold

for the non--face-selective regions EVC and PPA. They might also

hold for FFA. Direct evidence for face-identity tuning could be

provided by fMRI or cell recording of responses to single face-

image presentations. In the macaque, single-unit recordings

from the middle face patch, a possible homologue of the human

FFA, suggested that the face-category effect is dominant, but that

the region does carry some amount of face-identity information

in its population response as well (Tsao et al. 2006). Using high-

resolution fMRI and pattern-information analysis, we have

previously attempted and failed to detect face-identity in-

formation in the FFA or its vicinity, although we did detect

such information in right aIT (Kriegeskorte et al. 2007). Current

evidence strongly suggests that the FFA serves a key role in face

recognition. Consistent with such a role, the strongest face-

identity change effects in our study were found in right FFA.

However, the evidence that its role consists in distinguishing

individual faces is not conclusive.

Conclusion

We reported widespread effects of face-identity change despite

well-controlled stimuli. Effects were found in face-selective and

non--face-selective regions in inferior temporal cortex and in

EVC. These effects were found for exact-image face-identity

repetition as well as for different-image face-identity repetition,

although exact-image repetition was associated with more

widespread effects than different-image repetition. Face-

identity-change effects found in previous fMRI-adaptation

studies have commonly been interpreted to indicate the

existence of face-identity representations. However, alternative

interpretations, including general attentional and activation

carryover effects, are plausible as well and better account for

our widespread effects. These alternative interpretations might

also contribute to face-identity change effects in face-selective

regions, including FFA whose fMRI activity patterns do not

strongly distinguish individual faces (Kriegeskorte et al. 2007).

More generally, fMRI stimulus-change effects are widely

interpreted in terms of neuronal sensitivity. This interpretation

promises to reveal information represented in fine-grained
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patterns of activity even within a single voxel. However, our

findings add to the evidence (Tolias et al. 2005; Sawamura et al.

2006) that stimulus-change effects do not provide conclusive

evidence for neuronal tuning to the changed stimulus property.
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