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Summary

Two of the most robust markers for “special” face pro-
cessing are the behavioral face-inversion effect (FIE)—
the disproportionate drop in recognition of upside-
down (inverted) stimuli relative to upright faces—and
the face-selective fMRI response in the fusiform face
area (FFA). However, the relationship between these
two face-selective markers is unknown. Here we report
that the behavioral FIE is closely associated with the
fMRI response in the FFA, but not in other face-
selective or object-selective regions. The FFA and the
face-selective region in the superior temporal sulcus
(f_STS), but not the occipital face-selective region
(OFA), showed a higher response to upright than in-
verted faces. However, only in the FFA was this fMRI-
FIE positively correlated across subjects with the
behavioral FIE. Second, the FFA, but not the f_STS,
showed greater neural sensitivity to differences be-
tween faces when they were upright than inverted, sug-
gesting a possible neural mechanism for the behav-
ioral FIE. Although a similar trend was found in the
occipital face area (OFA), it was less robust than the
FFA. Taken together, our data suggest that among
the face-selective and object-selective regions, the
FFA is a primary neural source of the behavioral FIE.

Results and Discussion

The present study tested the role of each of the three
face-selective regions (FFA, OFA, and f_STS), plus an
object-selective region called the lateral occipital com-
plex or LOC [T 2], in the behavioral face-inversion effect.
We predicted that cortical region(s) underlying the be-
havioral FIE should show a close association between
fMRI responses and behavioral discrimination of upright
and inverted faces. In particular, our first prediction was
that the difference in fMRI response to upright and in-
verted faces (fMR-FIE) will be correlated across subjects
with the difference in performance level between upright
and inverted faces (behavioral FIE). Second, a cortical
region involved in the behavioral FIE would be expected
to show greater sensitivity to differences between faces
when they are upright than inverted. That is, a region that
is involved in the FIE will show a greater fMR-adaptation
effect [3,_4] when faces are upright than inverted.

*Gorrespondence:
2Present address: Department of Psychology, Tel Aviv University,
Tel Aviv 69978, Israel.

Behavioral and fMRI measures of the FIE were col-
lected in two experiments. In one experiment (n = 21),
we used an event-related design in which upright- and
inverted-face trials were presented randomly within
the same scan. In a second experiment (n = 14), we
used a blocked design where upright- and inverted-
face trials were presented in separate blocks.

Behavioral Results

In both experiments, subjects performed a task dur-
ing the main fMRI scans in which they were asked
whether the two sequentially presented faces in each
trial were the same or different; the two faces in each trial
were either both upright or both inverted (see Figure TA).
Behavioral data showed a significant drop in accuracy
for inverted compared to upright faces (i.e., a behavioral
FIE): event-related experiment: upright: 82%, inverted:
75%; t(15) =5.37, p <.0001; blocked-design experiment:
upright: 77%, inverted: 69%, t(13) = 4.29, p < .001.

Functional MRI Analyses

Localizer Results

Each subject participated in a blocked localizer scan
(see Figure_1B) in the same scanning session as the
main experiment, in which they viewed faces, objects,
and scrambled objects. A comparison of faces > objects
(p <1074, uncorrected) served to functionally identify in
each subject the following regions of interest (ROls)
across the two experiments: FFA (in 100% of subjects),
OFA (in 89% of subjects), and f_STS (in 74% of subjects).
The LOC was identified in 100% of subjects with a com-
parison of objects > scrambled objects (p < 10~#, uncor-
rected).

In a few of the subjects in the event-related experi-
ment, the face-selective areas that were revealed by
the localizer did not show a higher response to faces
than nonfaces (i.e., chairs) in the experimental task
(see Btimull section), which suggests that the localizer-
defined face-selective regions were not reliable. Thus,
only subjects that showed higher responses to faces
in the localizer-defined face-selective regions were in-
cluded in the analyses (n = 17 for FFA, n = 14 for OFA,
and n = 11 for f_STS). All the subjects in the blocked-
design task showed higher response to faces than non-
faces (houses) in the face-selective regions that were
defined by the localizer.

Main Experimental Task

Having identified the ROls in each subject based on the
localizer data, we then calculated the magnitude of the
BOLD response in each of these ROIs in each of the con-
ditions of the main experiments. These data were used
to test whether each of the four ROlIs is involved in gen-
erating the behavioral FIE. Analyses showed no differ-
ence in the pattern of response between the right and
left hemispheres for each of the ROls. Therefore, all
analyses are based on a pooled analysis in which right
and left hemisphere voxels are combined in each ROI.
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Figure 1. Procedure of the Main and Localizer Tasks

(A) Experimental task. In both experiments, subjects were presented with a sequential matching face task. The upright and inverted trials were
mixed in the event-related study and in separate blocks in the blocked-design study. The stimuli presented in the figure are sample stimuli from

the event-related experiment.

(B) LocalizertTask. Subjects were presented with 16 s blocks of faces, objects, and scrambled images of objects (bodies and scenes were also
presented but are not included in the analysis). Each block included 20 stimuli, and subjects were instructed to press a key whenever two images
were repeated consecutively (one-back task). We localized face-selective regions (face > object) and object-selective regions (object > scram-

bled objects). For more details about the localizer, see [2T].

1. Functional MRI Face-Inversion Effect. Assessment
of the inversion effect in each ROl showed a significantly
higher response to upright than inverted faces in the FFA
[t(30) = 4.67 p <.0001] and f_STS [t(21) = 3.89, p < .001],
but not in the OFA [t(27) = .98, p > .33], and an opposite
effect of a higher response to inverted than upright faces
in LOC [t(34) = 2.31, p < .03]. ANOVA with area and orien-
tation as repeated measures showed that the inversion
effect was significantly larger in the FFA than the OFA
[F(1,26) = 6.25, p < .02] and significantly different from
the LOC [F(1,28) = 32.31 p < .00001] but not from the
f_STS (see Fupplemental Daig available with this article
online for an omnibus ANOVA).

Thus, the FFA and f_STS showed a higher overall re-
sponse to upright than inverted faces, whereas the
OFA showed no significant difference and the LOC
showed an opposite effect of a higher response to in-
verted than upright faces. These analyses might seem
to implicate the f_STS and FFA (and perhaps also the
LOC) in the behavioral face-inversion effect. However,
the mere existence of an fMRI-FIE need not imply that
it is necessarily related to the behavioral FIE. We there-
fore went on to conduct a stronger test of the relation-
ship between the fMRI-FIE and the behavioral FIE.

2. A Correlation across Subjects between fMRI and
Behavioral Measures of the Face-Inversion Effect. We
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Figure 2. The Response of Each of the Three Face-Selective Regions and the Object-Selective Region to Upright and Inverted Faces

Of the three face-selective regions (FFA, OFA, and f_STS), the FFA and f_STS showed a higher response to upright than inverted faces (fMRI-FIE).
The OFA showed no difference in response to upright and inverted faces and the object-selective region, LOC, showed an inverted fMRI-FIE, with
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tested whether the fMR-FIE was correlated across sub-
jects with the behavioral FIE as follows. We calculated
afMRI-FIE score (BOLD response for upright — inverted)
for each ROI in each subject. In addition, a behavioral
FIE score was also calculated for each subject (accuracy
for upright — inverted): in the face-matching tasks. We
then measured the correlation across subjects between
these behavioral and neural FIE scores (see Figure 3,
right column), separately for each ROI. To increase the
power of the correlation analysis, we included data
from both the event-related and the blocked-design ex-
periments in this analysis.

The correlation analyses showed that only the FFA-FIE
was positively correlated with the behavioral FIE [r(28) =
.50, p < .005]. Interestingly, the f_STS, which showed a
higher response to upright than inverted faces in mean
response, did not show a correlation between the
f_STS-FIE and the behavioral FIE [r(18) = .06, p > .79].
This finding is consistent with the hypothesis that the
f_STS is specialized for representing dynamic aspects
of facial information such as expression and gaze [5, 6],
not identity information [7], which was measured with
our behavioral task. The OFA, which showed no differ-
ence between the response to upright versus inverted
faces in group means, also failed to show a correlation
between the OFA-FIE and the behavioral FIE [r(26) =
—.004, p > .98]. These findings are consistent with a re-
cent report, which suggests that the OFA is sensitive to
physical aspects of the face stimulus rather than to
face identity [8].

Finally, previous studies suggested that the higher re-
sponse to inverted than upright faces in house-selective
areas (i.e., areas that showed higher response to houses
than faces), which may partly overlap with the ventral
part of LOC, might be the neural source of the behavioral
FIE [B_10]. In contrast to this hypothesis, we found that
the higher response to inverted than upright faces in the
object-selective LOC (LOC-FIE) was not correlated with
the behavioral FIE [r(32) = .05, p > .77]. Notably, the lack
of correlation between the behavioral FIE and the OFA-
FIE or f_STS-FIE can not be due to low reliability of the
fMRI-FIE measures from these two face-selective re-
gions: the f_STS-FIE and OFA-FIE were strongly corre-
lated with each other [r(19) =.70, p < .01], which suggest
that the FIE in these regions were highly reliable and that
their lack of correlation with the behavioral FIE reflects
lacks of association rather than low reliability. The zero
order correlations between the fMR-FIE of all face-
selective regions are reported in (see
for correlational analyses with a normalized
FIE measure and a multiple regression analysis that as-
sesses that contribution of each face-selective region to
the behavioral-FIE).

In summary, our analyses indicate that among the
face-selective and object-selective regions, only the
FFA-FIE is related to the behavioral FIE. Next, we used
event-related fMRI adaptation to test whether the fMR

Table 1. The Zero-Order Correlations between the fMRI Face-
Inversion Effects of the Three Face-Selective ROIs and the
Object-Selective ROI

FFA-FIE OFA-FIE STS-FIE LOC-FIE

FFA-FIE 0.40 0.52 0.16
n=26 n=21 n =230
p<.05 p < .02 p>.38

OFA-FIE 0.70 0.23
n=19 n=27
p <.001 p>.25

STS-FIE 0.17
n=22
p>.45

Correlation was calculated by the following formula: % signal
change_upright — % signal change_inverted.

response is more sensitive to differences between faces
when they are upright than when they are inverted.

3. Neural Discrimination of Identity Information in Up-
right and Inverted Faces. The most straightfoward ac-
count of the behavioral FIE is that neural populations
in face-processing regions discriminate individual iden-
tity of faces better when they are upright than when they
are inverted. To assess whether each ROl is more sensi-
tive to differences between faces when they are pre-
sented upright than inverted, we measured the fMR ad-
aptation to face identity for upright and inverted faces by
separately analyzing the fMRI response on trials in
which two different faces were presented from trials in
which the same face was presented twice. A higher re-
sponse on different than same trials in a given region
would indicate discrimination of the two different stimuli
by neural populations within that region [4]. An interac-
tion of orientation and adaptation (different/same),
which reflects a higher response on different than
same trials for upright faces, but not for inverted faces,
was found for the FFA [F(1,16) = 7.93, p = .01] and OFA
[F(1,13) = 11.04, p < .01], but not the f_STS or LOC (see
Eigure J). These findings are indicatative of better neural
discrimination of upright than inverted faces in the FFA
and OFA. (See Bupplemental Resullg for analyses of
simple effects within regions, interaction across regions,
and analyses based on only correct responses.)

In sum, although the OFA-FIE showed similar re-
sponse to upright and inverted faces and was not corre-
lated with the behavioral FIE, the stronger adaptation to
upright than inverted faces in the OFA suggests that it
does treat upright and inverted faces differently. Thus,
our findings with respect to the role of the OFA in the be-
havioral FIE are not conclusive. Importantly, both the
correlation and the adaptation findings clearly suggest
that the f_STS do not play a role in the behavioral FIE
in an identity discrimination task, which is consistent
with the suggestion that the f_STS is involved in dynamic
(e.g., gaze, expression), rather than static (e.g., identity)
aspects of face processing [TT]. Finally, in contrast to

a higher response to inverted than upright faces (middle column). Error bars represent the standard error of the difference between upright and
inverted faces. Note that the scale of the y axis is not the same for all three regions because the response in the OFA (~1.1) to faces is much larger
than the response of the f_STS and LOC (~.4). For each ROI, we calculated the correlation across subjects between the fMRI-FIE and the be-
havioral FIE. The correlation is represented in a scatterplot for each ROI (right column) in which each subject is represented by a point, with that
subject’s fMRI-FIE score for each ROI on the x axis and the same subject’s behavioral FIE score on the y axis. Only the FFA-FIE was correlated

with the behavioral FIE.
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Figure 3. fMR Adaptation to Upright and In-
verted Faces in Each of the Face-Selective
Regions and the Object-Selective Region

The fMRI response of each of the face-selec-
tive (FFA, OFA, and f_STS) and object-selec-
tive (LOC) regions to pairs of different versus
same faces that were presented upright or in-
verted. A higher response to different than
same pairs indicates neural discrimination
between faces. The FFA and OFA showed
better discrimination between upright than
between inverted faces. The f_STS and LOC
did not discriminate either upright or inverted
faces. Error bars represent the standard error
of the difference between the response to dif-
ferent and same trials. Note that the scale of
the y axis is not the same for all three regions
because the response in the OFA (~.8) to
faces is much larger than the response of
the f_STS and LOC (~.3).
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prior claims [, 10] that the higher response to inverted Conclusion
than upright faces in the LOC might be related to the be- Our findings indicate that among the face-selective and
havioral FIE [9,10], both the correlation and the adapta- object-selective regions, the FFA is a primary neural
tion data in our study suggest that the LOC plays no role source of the behavioral FIE. First, the FFA showed

in the behavioral FIE. a higher response to upright than inverted faces (FFA-
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FIE) that was positively correlated with the behavioral
FIE across subjects. Second, the FFA was more sensi-
tive to differences between faces when they were pre-
sented upright then when presented upside-down.

These findings are important for three reasons. First,
they resolve a long-standing mystery of the relationship
between the two most well-established markers of face
processing, the behavioral FIE and the FFA, providing
strong evidence that it is neural representations in the
FFA that are read out when subjects perform discrimina-
tions on upright faces [8,12] but not inverted faces. Sec-
ond, our findings provide a possible explanation of the
behavioral FIE in neural terms: the lower behavioral sen-
sitivity to differences between inverted faces compared
to upright faces apparently results at least in part from
sharper neural tuning for upright than inverted faces.
Third, our results show clear functional dissociations
between the FFA and other cortical regions engaged in
face and object perception.

Four previous reports that examined the fMRI re-

sponse to upright and inverted faces reported either
no FIE in the FFA or a weak effect, whereas our study re-
vealed arobust FIE in the FFA. Although the precise rea-
sons for these varying results are not yet clear, we spec-
ulate that the fMRI-FIE is larger and more robust for
tasks that generate a strong behavioral face inversion
effect, which was not included in most previous reports.
What Is the Nature of the Representation
of Upright Faces?
By linking the FFA to the classic behavioral hallmark of
special face processing, the behavioral FIE, the present
results open the door to a deeper investigation of the na-
ture of the representations underlying face recognition.
Here again behavioral work provides important clues.
Numerous behavioral studies have indicated that what
is “special” about the processing of upright but not in-
verted faces is that only upright faces are processed
“holistically,” such that face parts are processed inter-
actively rather than independently (for review, see
[T3). Indeed, arecent fMRI study that used the compos-
ite face task [T4], which provides a behavioral measure
of holistic processing, found a neural correlate of this ef-
fect in the FFA (C. Schiltz and B. Rossion, 2005, Vision
Sci. Soc., abstract).

However, fMRI investigations are of course severely
limited in both their spatial and temporal resolution,
leaving open many questions about the neural mecha-
nisms responsible for the differences in the FFA re-
sponse to upright and inverted faces. Do the inversion
effects reported here reflect the operation of a single
neural population in which most neurons respond
more strongly to upright than inverted faces [15, 16], or
does the FFA contain distinct neural populations, one
responsive only to upright faces and another responsive
only to inverted faces? Evidence for at least partly sep-
arate representations for upright and inverted faces
comes from a behavioral study that found opposite fig-
ural aftereffects simultaneously induced on upright and
inverted faces [T7]. Another important dimension of the
FIE unaddressed here concerns the temporal profile of
the processing of upright and inverted faces. Event-
related potential studies in humans [T8] and single-cell
recordings in macaques [T9] have found that latencies
of neural responses to inverted faces are delayed

compared to upright faces. It will be important for future
studies to test whether the fMRI signature of the FIE re-
ported here is associated with the differences in re-
sponse to upright and inverted faces that are found in
electrophysiological studies.

To sum up, the present findings have advanced our
understanding of the neural basis of face processing
by clearly linking fMRI and behavioral markers of spe-
cialized face processing (namely, the FFA and the be-
havioral FIE), by functionally dissociating the FFA from
the OFA, F_STS, and LOC, and by suggesting a possible
neural mechanism underlying the behavioral FIE
(namely, sharper neural tuning for upright than inverted
faces). Continued progress in understanding how faces
are represented in the brain is likely to result from further
fMRI investigations motivated by the rich behavioral lit-
erature on face processing.

Experimental Procedures

Event-Related FIE Experiment

Stimuli

Eighteen different faces were generated by FACE 3.0 software.
There were six sets of three faces that shared the same hair but dif-
fered in internal facial information and face outline. In each trial, the
pairs of face stimuli shared the same hair, to assure that subjects use
facial information, rather than hair per se, to identify the stimuli. The
face stimuli subtended 4.5° (width) x 7° (length) of visual angle. Chair
stimuli were also included in the experimental task, which allowed us
to determine for each subject whether the experimental task showed
selectivity to faces (faces > chairs) in the voxels that were identified
as face selective by the localizer (see [ocalizer Resultg).
Procedure

The experiment consisted of five runs of the experimental task and
five runs of the localizer, which were presented interleaved with
the experimental task.

Experimental Task. Pairs of face or chair stimuli were presented
sequentially either upright or inverted in a randomized order that
was optimized for the extraction of the hemodynamic response in
an event-related fast presentation design. Each trial lasted 2 s.
The first and second stimuli were presented for 250 ms, with an in-
terstimulus interval of 500 ms. The next trial was presented 1 s after
the disappearance of the second stimulus. Five runs of the experi-
mental task were included. Each run included 24 trials of each con-
dition. In half of the trials, the stimuli were identical, and in the other
half, they were different. Each stimulus was presented equally often
in the identical and different conditions, so any difference in the fMRI
response between conditions must be due to the relationship be-
tween the two stimuli in a pair, not the individual stimuli themselves.
Same-different responses were made with a key press. Twenty-four
blank trials were presented intermixed with the experimental trials.
Each scan lasted 240 s. Subjects made a same/different response
on each trial. Behavioral responses were collected to obtain abehav-
ioral measure of the face-inversion effect. For information about the
localizer scan, see Figure 1B and [2T].
fMRI Data Acquisition
Scanning was done on a 3T Allegra scanner at the MGH/MIT/HMS
Athinoula A. Martinos Center for Biomedical research in Charles-
town, MA. A head coil and a Gradient Echo pulse sequence with
TR 2 s, TE 30 ms: flip angle 90° were used. Twenty-eight 4 mm thick
slices that covered the entire brain were oriented parallel to the tem-
poral lobe.
fMRI Data Analysis
Data were analyzed separately for each subject with FS-fast (Affp:74
Eurfer.-nmr.mgh-harvard.eduj). Motion correction was conducted
prior to data analysis with the AFNI motion correction algorithm
[20] to align all the images to the first time image of the first run.

Blocked Design (Localizer). Data from the localizer were spatially
smoothed with a Gaussian filter (full width half maximum = 5 mm)
and were used to define the ROIs separately for each subject. A y
function with delta = 2.25 and tau = 1.25 was used to estimate the
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hemodynamic response (HDR) for each condition in the localizer
scans.

Event-Related Design (Experimental Task). A deconvolution anal-
ysis was used for the analysis of the event-related experimental task
to extract the HDR for each same and different pair of stimuli in the
event-related adaptation task, and no assumption was made on the
shape of the HDR. The data from the experimental runs were not
smoothed. Statistical analysis was performed on the peak of the he-
modynamic response. The time points used as the peak were deter-
mined in a hypothesis-neutral fashion based on the shape of the re-
sponse in each area in each subject to the average of all the stimulus
conditions; the peak time points included either the 4™ TR (6-8 s) or
the average of the 4™ and 5™ TRs, when the peak lasted more than
one TR.

Blocked FIE Experiment

Stimuli

The experimental task included upright and inverted face stimuli and
upright house stimuli. Here we focus only on the face stimuli. The
face stimuli subtended 2.5° (width) x 4° (length) of visual angle.
The face stimuli differed by either spacing among the parts or the
shape of parts and were presented in different blocks in upright or
inverted orientation (the mean response of the FFA across subjects
to the part and spacing condition for upright and inverted faces are
reported in [2T]). Our findings showed no difference in fMRI re-
sponse and in fMRI-FIE to the spacing and part face stimuli. There-
fore, for the purpose of the investigation of the FIE, we averaged the
response across the two face sets.

Procedure

The experiment included five runs of a localizer (see Figure 1B) and
six runs of the experimental task. Upright and inverted face stimuli
were presented in separate blocks. Each block included 10 trials
in which a pair of faces that were either identical (on 50% of trials)
or different were presented sequentially. Subjects performed
asame-different discrimination task on each pair of stimuli by press-
ing one key for a “same” response and another key for a “different”
response. The order of the upright and inverted blocks was counter-
balanced across scans.

fMRI Data Acquisition and Analysis
See methods for event-related experiment.

Supplemental Data

Supplemental Data include one table and Supplemental Results and
can be found with this article online at fffpzZ7www.current-biolody]
Com/cqi/content/Tull/T15/2472256/DCT].
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