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In natural images, visual objects are typically occluded by other objects. A remarkable ability of our visual system is to complete occluded
objects effortlessly and see whole, uninterrupted objects. How object completion is implemented in the visual system is still largely
unknown. In this study, using a backward masking paradigm, we combined psychophysics and functional magnetic resonance imaging
to investigate the temporal evolvement of face completion at different levels of the visual processing hierarchy. Human subjects were
presented with two kinds of stimuli that were designed to elicit or not elicit the percept of a completed face, although they were physically
very similar. By contrasting subjects’ behavioral and blood oxygenation level-dependent (BOLD) responses to completed and noncom-
pleted faces, we measured the psychophysical time course of the face completion and its underlying cortical dynamics. We found that face
completion manifested its effect between 50 and 250 ms after stimulus onset. Relative to noncompleted faces, completed faces induced
weaker BOLD response at early processing phases in retinotopic visual areas V1 and V2 and stronger BOLD response at late processing
phases in occipital face area and fusiform face area. Attending away from the stimuli largely abolished these effects. These findings
suggest that face completion consists of two synergetic phases: early suppression in lower visual areas and late enhancement in higher
visual areas; moreover, attention is necessary to these neural events.

Introduction
Great strides have been made in understanding the neural mech-
anisms of visual object recognition (Grill-Spector and Malach,
2004; Kanwisher, 2010). So far, object recognition has been stud-
ied mainly using individual objects presented alone. However,
visual objects rarely occur in isolation in natural scenes. It is
common for one object to occlude another object in natural im-
ages. A striking ability of human vision is the recognition of ob-
jects even when the sensory information specifying objects is
optically incomplete due to occlusion. We have little difficulty
completing occluded objects and seeing whole, uninterrupted
objects.

How object completion is implemented in the visual cortex
remains elusive. Evidence from human brain imaging studies
suggest that (only) high-level visual areas selective for objects are
likely candidates to mediate the operation of object completion
effects (Doniger et al., 2000; Lerner et al., 2002; Stanley and
Rubin, 2003; Hegdé et al., 2008; Grützner et al., 2010). However,
psychophysical and electrophysiological studies suggest that early

visual cortical areas also play an important functional role in
object completion (Nakayama et al., 1989; Sugita, 1999; Bakin et
al., 2000; Pillow and Rubin, 2002). The discrepancy could be due
to sluggish temporal response of the functional magnetic reso-
nance imaging (fMRI) method. In the fMRI studies by Lerner et
al. (2002) and Hegdé et al. (2008), occluded objects were pre-
sented for hundreds of milliseconds. This completion-related ac-
tivation in object-selective areas as detected by fMRI might have
reflected the perceptual consequence of object completion,
rather than the process of object completion.

Psychophysical and event-related potential (ERP) studies
have shown that object completion is not instantaneous; instead,
it manifests its effect within a temporal window shortly after
stimulus onset (Sekuler and Palmer, 1992; Murray et al., 2001;
Johnson and Olshausen, 2005; Chen et al., 2009). In this study, we
attempted to investigate the temporal evolvement of face com-
pletion at different levels of the visual hierarchy. To circumvent
the low temporal resolution deficit of the fMRI method, we used
a backward masking paradigm to present occluded faces with
various durations, which rendered it possible to interrupt the
visual processing of occluded faces and follow in some detail the
temporal evolvement of face completion (Grill-Spector et al.,
2000; Bar et al., 2001; Lamme et al., 2002).

Visual stimuli were constructed by presenting identical face
fragments stereoscopically either behind or in front of a textured
occluder (Fig. 1). In the first condition, the stimuli were percep-
tually completed and organized into a coherent face. In the sec-
ond condition, they were perceived as disjoint face fragments
hovering above the textured occluder (Nakayama et al., 1989;
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Fang and He, 2005). In the psychophysical experiment and the
first fMRI experiment, by contrasting subjects’ behavioral and
blood oxygenation level-dependent (BOLD) responses in these two
conditions, we measured the psychophysical time course of the face
completion and its underlying cortical dynamics. In the second
fMRI experiment, we investigated the role of attention in the face
completion. The third fMRI experiment was performed to rule out
alternative explanations to the data in the first experiment.

Materials and Methods
Subjects. Eight human subjects (6 female and 2 male) participated in the
psychophysical and the first two fMRI experiments. Four of them (3
female and 1 male) participated in the third fMRI experiment. All of
them were right-handed, reported normal or corrected-to-normal vi-
sion, and had no known neurological or visual disorders. Ages ranged
from 19 to 33 years. They gave written, informed consent in accordance
with the procedures and protocols approved by the human subjects re-
view committee of Peking University.

Stimuli. Face stimuli in the psychophysical and the first two fMRI
experiments were identical, which subtended 10.6° � 10.6° of visual

angle and were presented against a gray back-
ground. Occluded faces were generated by
masking a 5° face side view with a textured oc-
cluder (Fig. 1 A) and were presented stereo-
scopically by using red/blue anaglyphic glasses.
Approximately 35% of the face area was ex-
posed to subjects through the holes of the oc-
cluder. Disparity information specified that the
occluder could be either in front of or behind
the face image (or face fragments) (Fig. 1 B).
Face fragments were always at zero disparity.
The occluder was at either �0.18° or �0.18°
disparity. When the face fragments were ste-
reoscopically presented behind the textured
occluder [face behind occluder (FBO) condi-
tion], they were perceptually completed and
organized into a coherent face by observers
(Fig. 1C, left). However, when the same frag-
ments were presented stereoscopically in front
of the textured occluder [face in front of oc-
cluder (FIO) condition], they were perceived
as disjoint fragments floating over the textured
plane (Fig. 1C, right). The FBO and FIO stimuli
were identical in two dimensions, the key dif-
ference is the face recognition advantage gen-
erated by the stereoscopic occlusion for FBO
stimuli (Nakayama et al., 1989). In all these
three experiments, complete faces without occlu-
sion were also used [face only (FO) condition]
and they were presented in purple (with only red
and blue channels on) to match the color of the
FIO and FBO stimuli (Fig. 1B, right).

The 5° side view of a face was generated by
projecting a three-dimensional (3D) face
model with a 5° in-depth rotation angle onto
the monitor plane with the front view as the
initial position. Both left and right rotations
were executed. The 3D face models were gen-
erated by FaceGen Modeller 3.1, and a total of
40 models were used in this study. We gener-
ated 80 occluders, each of which had holes with
random shapes and positions. Any combina-
tion of face models and occluders was used for
both the FBO and FIO stimuli.

In the third fMRI experiment, only the tex-
tured occluder was presented stereoscopically
at a near (near occluder condition) or far (far
occluder condition) depth. Their disparities
(�0.18°) were the same as those in other exper-

iments. No face fragments were presented.
In all the experiments, backward masks were used to control stimulus

duration. The masks were generated by convolving a random noise pat-
tern (pixel size � 0.23° � 0.23°) with a two-dimensional Gaussian func-
tion (� � 0.23°). They also subtended 10.6° � 10.6° of visual angle.

Designs. In the psychophysical experiment, we adopted the perfor-
mance-based measure developed by Murray et al. (2001) to unfold the
psychophysical time course of face completion. FIO, FBO, and FO stim-
uli were presented on an Iiyama HM204DT 22 inch monitor, with a
spatial resolution of 1024 � 768 and a refresh rate of 75 Hz. The viewing
distance was 74 cm. Their head position was stabilized using a chin rest
and a head rest. Throughout the experiment, subjects were asked to fixate
a small dot presented at zero disparity and at the center of the monitor.
Each trial started with a 1000 ms blank interval. Then a face stimulus
(FIO, FBO, or FO) was presented at the center of the monitor with
duration of 50, 150, 250, 350, or 450 ms, followed by a 300 ms mask.
Subjects pressed one of the two response keys to indicate the view direc-
tion of the face stimulus, either left or right (Fig. 2 A).

There were 15 experimental conditions in the psychophysical experi-
ment: five durations (50, 150, 250, 350, and 450 ms) � three stimulus

Figure 1. Stimuli. A, Sample images used to construct stimuli in the psychophysical and fMRI experiments. The left and the
middle images are 5° side views of a face, which tilt to left or right, respectively. The right image is a textured occluder with irregular
holes. B, Sample stimuli in the psychophysical and fMRI experiments. They were generated by masking a face image with a
textured occluder and were presented stereoscopically by using red/blue anaglyphic glasses. Disparity information specified that
the face image could be either behind (FBO, left) or in front of (FIO, middle) the occluder. An isolated purple face (FO, right) was also
presented in the experiments. C, Perceptual effects of FBO and FIO stimuli. FBO stimulus is perceptually completed and organized
into a coherent face (left), while FIO stimulus is perceived as disjoint fragments floating over a textured plane (right).
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types (FIO, FBO, and FO). The experiment
consisted of eight sessions, and a session con-
sisted of five blocks of 60 trials, one block for a
duration condition. In each block, there were 20
trials for each of the three stimulus types and the
stimulus duration was fixed. Both the order of the
five blocks in a session and the order of the trials
in a block were randomized. All data from the
eight sessions were pooled together for analysis.

The first fMRI experiment was conducted to
investigate how face completion evolved at dif-
ferent levels of the visual hierarchy. A block
design was adopted. There are 12 experimental
conditions: four durations (50, 150, 250, and
350 ms) � three stimulus types (FIO, FBO, and
FO). The experiment consisted of sixteen 360 s
functional scans. Each scan consisted of twelve
12 s stimulus blocks (one for each condition)
interleaved with twelve 18 s blank intervals.
The order of the experimental conditions in a
scan was randomized. A fixation point was pre-
sented at zero disparity and at the center of the
monitor. The fixation point became dimmer
during the last two seconds of a blank interval to signal an upcoming
stimulus block. A stimulus block contained six 2 s trials. In a trial, a face
stimulus (FIO, FBO, or FO) was presented at the center of the gray screen
for a fixed duration (50, 150, 250, or 350 ms), followed by a 300 ms mask
and then by a blank screen. Subjects were asked to attend to the stimulus
and press one of the two response keys to indicate the view direction of
the face stimulus, either left or right.

The second fMRI experiment was conducted to investigate the role of
attention in face completion in the visual cortex. Its design was identical
to that of the first fMRI experiment except that subjects performed a
highly attention-demanding rapid serial visual presentation (RSVP) task
at fixation in stimulus blocks, rather than judged the face view direction.
In a stimulus block, this attention task required subjects to count the
number of targets (Xs) in a stream of rapidly presented distractor letters
(Z, L, N, and T). Each letter subtended 0.27° of visual angle and was
presented for 150 ms. Subjects needed to report the number of targets
observed at the end of each stimulus block by pressing one of four re-
sponse keys corresponding to the number of target Xs presented (1– 4).

In the third fMRI experiment, eight experimental conditions were
included: four durations (50, 150, 250, and 350 ms) � two stimulus types
(near occluder and far occluder). The design was similar to the first two
fMRI experiments. The experiment consisted of twelve 240 s functional
scans. Each scan consisted of eight 12 s stimulus blocks (one for each
condition) interleaved with eight 18 s blank intervals. The order of the
experimental conditions in a scan was randomized. A fixation point was
presented at zero disparity and at the center of the monitor. The fixation
point became dimmer during the last two seconds of a blank interval to
signal an upcoming stimulus block. A stimulus block contained six 2 s
trials. In a trial, a stimulus (near occluder or far occluder) was presented
for a fixed duration (50, 150, 250, or 350 ms), followed by a 300 ms mask
and then by a blank screen. The position of the stimulus was shift to the
left or right of the fixation point by 0.18°. Subjects were asked to attend to
the stimulus and press one of the two response keys to indicate the shift
direction of the stimulus, either left or right.

Retinotopic visual areas (V1, V2, and V3) were defined by a standard
phase-encoded method developed by Sereno et al. (1995) and Engel et al.
(1997), in which subjects viewed rotating wedge and expanding ring
stimuli that created traveling waves of neural activity in visual cortex. A
block-design scan was used to define the regions of interest (ROIs), in-
cluding face-selective areas and responsive areas in V1, V2, and V3. Sub-
jects viewed images of faces, non-face objects, and texture patterns
(scrambled faces), which had the same size as the stimuli used in our
main experiments and were presented at the center of the screen. Images
appeared at a rate of 2 Hz in blocks of 12 s, interleaved with 12 s blank
blocks. Each image was presented for 300 ms, followed by a 200 ms blank

interval. Each block type was repeated 5 times in the scan, which lasted
360 s. Subjects performed a one-back task during scanning.

MRI data acquisition. In the scanner, the stimuli were back-projected
via a video projector (refresh rate, 60 Hz; spatial resolution, 1024 � 768)
onto a translucent screen placed inside the scanner bore. Subjects viewed
the stimuli through a mirror located above their eyes. The viewing dis-
tance was 83 cm. Functional MRI data were collected using a 3T Siemens
Trio scanner with a 12-channel phase-array coil. BOLD signals were
measured with an echoplanar imaging sequence (echo time, 30 ms; repeti-
tion time, 2000 ms; field of view, 196 � 196 mm2; matrix, 64 � 64; flip angle,
90; slice thickness, 3 mm; gap, 0 mm; number of slices, 33; slice orientation,
axial). The bottom slice was positioned at the bottom of the temporal lobes.
A high-resolution 3D structural dataset (3D magnetization-prepared rapid-
acquisition gradient echo; 1 � 1 � 1 mm3 resolution) was collected in the
same session before the functional runs. All the subjects underwent five
sessions, one for retinotopic mapping and localizing face-selective areas, two
for the first experiment and two for the second experiment. Four of the
subjects underwent an extra session for the third experiment.

MRI data processing and analysis. The anatomical volume for each
subject in the retinotopic mapping session was transformed into the
AC-PC (anterior commissure–posterior commissure) space and then
inflated using BrainVoyager QX. Functional volumes in all the sessions
for each subject were preprocessed, including 3D motion correction,
linear trend removal, and high-pass (0.015 Hz) (Smith et al., 1999) fil-
tering using BrainVoyager QX. Head motion within any fMRI session
was �2 mm for all subjects. The images were then aligned to the anatom-
ical volume in the retinotopic mapping session and transformed into the
AC-PC space. The first 6 s of BOLD signals were discarded to minimize
transient magnetic saturation effects.

A general linear model (GLM) procedure was used for ROI analysis.
The ROIs in V1, V2, and V3 were defined as areas that responded more
strongly to the textured patterns (scrambled faces) than blank screen
( p � 10 �8, uncorrected) and confined by the V1/V2/V3 boundaries
defined by the retinotopic mapping scan. Face-selective areas were de-
fined as areas that responded more strongly to faces than non-face ob-
jects ( p � 10 �4, uncorrected). Five face-selective areas [with their
Talairach coordinates (x, y, z)] were found in all subjects [right fusiform
face area (rFFA): 36 � 1, �46 � 1, �15 � 1; right occipital face area (rOFA):
37 � 1, �71 � 1, �7 � 12; left occipital face area (lOFA): �37 � 2, �69 �
3, �7 � 13; right superior temporal sulcus (rSTS): 47 � 1, �50 � 2, 10 � 2;
lSTS: �46 � 2, �53 � 2, 7 � 3], while lFFA (�41 � 1, �45 � 1, �17 � 1)
was found in 7 (of 8) subjects, according to the above criterion.

The BOLD signals induced by the stimulus blocks were calculated
separately for each ROI and each subject. For each fMRI run, the time
course of fMRI signal intensity was first extracted by averaging the data
across all the voxels within the predefined ROI and then normalized by
the average of the last two time points of all 18 s blank intervals in that

Figure 2. Design and psychophysical result. A, Schematic description of a trial in psychophysical and fMRI experiments. A face
stimulus (FIO, FBO, or FO) was presented with a duration of 50, 150, 250, 350, and 450 ms, followed by a 300 ms mask. Subjects
were asked to judge the view direction of the face stimulus, either left or right. B, Psychophysical result. The performance of view
direction judgment was plotted as a function of stimulus duration for FIO, FBO, and FO stimuli. Error bars denote 1 SEM calculated
across subjects.
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run. The peak response in an ROI was extracted by averaging the re-
sponse within a 7–12 s interval after the start of the stimulus block and
then averaged according to different experimental conditions.

Results
Psychophysical results
Subjects’ performance of view direction judgment was plotted as
a function of stimulus duration for the FIO, FBO, and FO stimuli,
respectively (Fig. 2B). For the FO stimulus, subjects had no dif-
ficulty judging the view direction of a face at all durations. Even
with only 50 ms exposure, their performance could reach 92%.
For the FIO and FBO, stimuli, subjects’ performance improved as
the stimulus duration increased, but their overall performance
significantly dropped down, compared with the FO stimulus. A
repeated-measures ANOVA of percentage correct was performed
with stimulus type and duration as within-subject factors. Both
the main effects of stimulus type (F(2,14) � 357.01, p � 0.001) and
duration (F(4,28) � 81.84, p � 0.001) were significant, which were
consistent with our observation.

To reveal the time course of face completion, we took a close
look at the performance in the FIO and FBO conditions and their
difference. The performance in the FBO condition, compared
with the FIO condition, can be taken as a measure of face com-
pletion. When the performance in the FBO condition is better
than that in the FIO condition, we attribute this to face comple-
tion. When the performance in the FBO condition is no better
than that in the FIO condition, we take this to mean that face
completion has not occurred. The extent of face completion as a
function of stimulus duration was measured and defined as the
time course of face completion (Murray et al., 2001). At 50 ms
duration, there was no significant difference between the FIO and
FBO stimuli (t(7) � 0.83, p � 0.44). At longer durations, subjects
performed significantly better for the FBO stimuli than for the
FIO stimuli (150 ms: t(7) � 5.91, p � 0.001; 250 ms: t(7) � 18.49,
p � 0.001; 350 ms: t(7) � 6.73, p � 0.001; 450 ms: t(7) � 5.43, p �
0.001). In other words, the performance functions for the FIO
and FBO stimuli diverged after 50 ms, which suggested that the
face completion started to manifest its effect after 50 ms.

To investigate when face completion terminated, we run mul-
tiple paired t tests to compare the performance at different dura-
tion conditions for the FBO stimuli. Significant performance
difference was observed between 50 ms and 150 ms conditions
(t(7) � 11.65, p � 0.001) and between 150 ms and 250 ms condi-
tions (t(7) � 4.51, p � 0.01), but not between 250 ms and 350 ms
conditions (t(7) � 1.20, p � 0.27) or between 350 ms and 450 ms
conditions (t(7) � 1.82, p � 0.11). These results show that sub-
jects’ performance with the FBO stimuli saturated at 250 ms and
suggest that face completion terminated before 250 ms. Overall
psychophysical data suggested that face completion took effect
between 50 and 250 ms after stimulus onset.

fMRI results
The first fMRI experiment was designed to investigate how face
completion evolved in the visual processing hierarchy. In other
words, we attempted to reveal how low-level (V1, V2, and V3) and
high-level (OFA, STS, and FFA) visual areas responded during the
process of face completion. Since there was no qualitative difference
in the fMRI data between the two hemispheres, we collapsed the data
fromthetwohemispheres for furtheranalyses.BOLDresponses in lSTS
and rSTS were very weak (�0.1% signal change) to both FIO and FBO
stimuli at all durations. They were not included in this study.

BOLD responses in V1, V2, V3, OFA, and FFA were plotted as
a function of stimulus duration for the FIO, FBO, and FO stimuli,

respectively (Fig. 3, left column). Statistical analyses focused on
the comparison between the FIO and the FBO conditions. For
each area, a repeated-measures ANOVA of BOLD response was
performed with stimulus type (FBO and FIO) and duration (50,
150, 250, and 350 ms) as within-subject factors. The main effect
of duration was significant in all the areas (V1: F(3,21) � 25.04, p �
0.001; V2: F(3,21) � 38.39, p � 0.001; V3: F(3,21) � 41.52, p �
0.001; OFA: F(3,21) � 36.46, p � 0.001; FFA: F(3,21) � 62.45
p � 0.001). BOLD responses to the FIO and FBO stimuli gener-
ally increased with stimulus duration. A significant increase was
found in the following comparisons: 50 ms vs 150 ms for FBO in
V1; 150 ms vs 250 ms for FBO in V1; 50 ms vs 150 ms for FIO
in V1; 50 ms vs 150 ms for FBO in V2; 150 ms vs 250 ms for FBO
in V2; 50 ms vs 150 ms for FIO in V2; 250 ms vs 350 ms for FIO in
V2; 50 ms vs 150 ms for FBO in V3; 150 ms vs 250 ms for FBO in
V3; 50 ms vs 150 ms for FIO in V3; 250 ms vs 350 ms for FIO
in V3; 50 ms vs 150 ms for FBO in OFA; 150 ms vs 250 ms for FBO
in OFA; 250 ms vs 350 ms for FBO in OFA; 50 ms vs 150 ms for
FIO in OFA; 150 ms vs 250 ms for FIO in OFA; 250 ms vs 350 ms
for FIO in OFA; 50 ms vs 150 ms for FBO in FFA; 150 ms vs 250

Figure 3. Results in the first (left column) and the second (right column) fMRI experiments.
For each cortical area, BOLD responses to FIO, FBO, and FO stimuli were plotted as a function of
stimulus duration. Asterisks indicate a statistically significant difference between BOLD re-
sponses to FBO and FIO stimuli (*p � 0.05, **p � 0.01). Error bars denote 1 SEM calculated
across subjects for each condition.
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ms for FBO in FFA; 50 ms vs 150 ms for FIO in FFA; 150 ms vs 250
ms for FIO in FFA; 250 ms vs 350 ms for FIO in FFA (all t(7) �
2.51, p � 0.05).

The main effect of stimulus type was significant in V1, V2,
OFA, and FFA (V1: F(1,7) � 5.09, p � 0.05; V2: F(1,7) � 6.63, p �
0.05; OFA: F(1,7) � 11.26, p � 0.05; FFA: F(1,7) � 8.28, p � 0.05),
but not in V3 (F(1,7) � 3.074, p � 0.12). Post hoc analyses showed
that V1 and V2 responded stronger to the FIO stimuli than to the
FBO stimuli at short durations (50 and 150 ms) (V1: 50 ms: t(7) �
4.34, p � 0.01; 150 ms: t(7) � 2.36, p � 0.05; V2: 50 ms: t(7) � 4.11,
p � 0.01; 150 ms: t(7) � 2.75, p � 0.05), while OFA and FFA
responded stronger to the FBO stimuli than to the FIO stimuli at
long durations (250 and 350 ms) (OFA: 250 ms: t(7) � 4.01, p �
0.01; 350 ms: t(7) � 3.05, p � 0.05; FFA: 250 ms: t(7) � 3.46, p �
0.05; 350 ms: t(7) � 4.18, p � 0.01). No significant response
difference was found in other conditions. These findings suggest
that both low- and high-level visual areas were involved in the
process of face completion, but they responded at different tem-
poral phases with opposite activation patterns. When the FIO
stimuli were presented longer than 50 ms, subjects’ performance
was significantly above chance level (all t(7) � 5.73, p � 0.001).
Note that subjects’ behavioral data in the magnet could replicate
their psychophysical results described above.

To examine the link between psychophysical data (Fig. 2B)
and fMRI data (Fig. 3, left column), for each cortical area, we
pooled all subjects’ data in all the 12 conditions and calculated the
correlation coefficient between their psychophysical and fMRI
data. The correlation was significant at OFA (n � 96, r � 0.47,
p � 0.01) and FFA (n � 96, r � 0.68, p � 0.01), and the correla-
tion difference between OFA and FFA was significant (z � 2.17,
p � 0.05) (Fig. 4). Since the analysis above used data across both
durations and subjects, it is not clear therefore whether the cor-
relation reflects differences across subjects or across durations or
both. To address this issue, we performed an additional analysis.
For each of eight subjects, we calculated correlation coefficients
across all 12 experimental conditions between psychophysical
data and BOLD signals in FFA and OFA, respectively. Thus, we
got eight coefficients for FFA and OFA, respectively. We then
transformed all these 16 coefficients to Fisher Z scores so that they
followed a normal distribution and could be compared with a t
test (Fischer and Whitney, 2009). Paired t test showed that the
correlation in FFA is significantly higher than that in OFA (t(7) �
2.74, p � 0.014), which suggests that FFA activity is more corre-
lated with psychophysical data than OFA activity. Note that each
point in Figure 4 is not independent of the other because the
effect of face completion accumulated over time, it is possible that
the correlations might not be so significant as calculated.

In the second fMRI experiment, subjects’ attention was di-
rected to a very demanding RSVP task at fixation, instead of the

face stimuli. To investigate the role of attention in face comple-
tion, we performed similar repeated-measures ANOVAs as those
in the first fMRI experiment. This attentional manipulation
largely abolished differential responses to the FIO and the FBO
stimuli as observed in the first fMRI experiment (Fig. 3, right
column). The main effect of stimulus type was not significant in
any of cortical areas (all F(1,7) � 4.62 and p � 0.07), which indi-
cates that attention was necessary to the cortical dynamics under-
lying face completion.

The third fMRI experiment was performed to examine
whether the differential responses to the FIO and FBO stimuli in
V1 and V2 was due to the absolute disparity difference between
the near and far occluders. We run paired t tests to compare the
BOLD responses to the FIO and the FBO stimuli. In both V1 and
V2, there was no significant difference for all stimulus durations
(all t � 1.28 and p � 0.29), which rules out disparity difference as
an alternative explanation for the first fMRI experiment (Fig. 5).

Finally, to examine whether the activation pattern observed in
the first fMRI experiment can be generalized to another task, we
performed an additional experiment and collected data from five
subjects. In this experiment, we used a new set of face images and
occluders. Occluders were generated in the same way as before.
Face images were generated by rotating front face views with a 3°
in-plane angle (left or right). Then, FBO and FIO stimuli were
constructed similarly as before and were presented with dura-
tions of 50, 150, 250, and 350 ms. Subjects were asked to judge the
in-plane orientations of the faces (left or right tilted). Note that,
in the first fMRI experiment, subjects were asked to report the
view directions of faces (i.e., in-depth orientation). We found
that, with the new stimuli and the new task, V1 and V2 re-
sponded stronger to the FIO stimuli than to the FBO stimuli at
short durations (50 and 150 ms) (all t � 3.24, p � 0.05), while
OFA and FFA responded stronger to the FBO stimuli than to
the FIO stimuli at long durations (250 and 350 ms) (all t �
4.45, p � 0.05), which replicated the basic pattern found in the
first fMRI experiment.

Discussion
Using a backward masking paradigm, we examined the cortical
dynamics underlying face completion with fMRI and psycho-
physics. Our data provide evidence that both early visual cortical
areas (V1 and V2) and high-level face-selective areas (OFA and
FFA) were involved in face completion, but they responded at
different temporal phases with opposite activation patterns. We
also show that attention was necessary to these neural events.

The psychophysical experiment showed that face completion
manifested its effect between 50 and 250 ms after stimulus onset,
which replicated our previous finding (Chen et al., 2009). It

Figure 4. Correlations between psychophysical data and BOLD signals at OFA and FFA. Data
from all eight subjects in all 12 experimental conditions were pooled together for computing
correlation coefficients. Four durations are marked with different symbols.

Figure 5. Results in the third fMRI experiment. BOLD responses to near and far occluders in
V1 and V2 were plotted as a function of stimulus duration. Error bars denote 1 SEM calculated
across subjects for each condition.
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should be noted that the time course for perceptual completion
varies across different studies. For example, the completion in
Murray et al. (2001) took place before 50 ms. The discrepancy
could be attributed to task and stimulus differences. For example,
completion time was found to depend on how much of the stim-
ulus occluded - the more areas occluded, the longer time course
needed (Shore and Enns, 1997). Here, we emphasizes that the
time course measured in the current study might be specific to
our task and stimuli. Based on the psychophysical measures, in
the fMRI experiments, stimuli were presented with several dura-
tions that were designed to elicit face completion to various de-
grees. We found that BOLD responses in OFA and FFA were
closely correlated with the psychophysical measures. Specifically,
completed faces elicited significantly stronger BOLD responses
than noncompleted faces when they were presented for 250 and
350 ms, but not for 50 and 150 ms. These results are consistent
with previous fMRI studies by Lerner et al. (2002) and Hegdé et
al. (2008). They presented occluded objects for hundreds of mil-
liseconds without backward masking. Object completion related
activation was found in object-selective cortical areas in both the
ventral and the dorsal processing streams. Here we extended pre-
vious findings by showing that face completion was implemented
progressively in the high-level visual cortex. The correlation be-
tween the psychophysical and the fMRI data in FFA was signifi-
cantly higher than that in OFA. OFA is selective for face parts (i.e.,
eyes, nose, mouth) (Pitcher et al., 2007) and is thought to be at a
lower position in the face processing hierarchy than FFA (Haxby
et al., 2000). It is likely that OFA was responsible for completing
face parts and FFA took a step forward to complete face configu-
ration. Note that face configure could provide more reliable in-
formation for computing face orientation and determining
subjects’ behavioral performance. Harris and Aguirre (2008) did
not find face completion effect in face-selective regions. A possi-
ble explanation for this discrepancy is that the perceptual con-
trast between the FBO and FIO stimuli in our study seems to be
greater than that in their study since we used randomly posi-
tioned and irregular holes that made the perceptual grouping of
face fragments much more difficult.

In addition to the activation by completed faces in OFA and
FFA, we also found that completed faces induced weaker BOLD
signals in V1 and V2 than noncompleted faces, only with stimu-
lus durations of 50 and 150 ms. How was this decrease related to
face completion? Murray et al. (2004) have suggested that percep-
tual grouping involves increases in activity in high-level visual
areas that code for spatial patterns (e.g., objects, surfaces, and
textures) along with decreases in activity in early visual areas that
code for local, individual elements of the pattern (e.g., local ori-
entation or direction of motion). They proposed that this inverse
relationship in neural activity between high-level and early visual
areas reflects an ‘efficient code’ of visual information. As high-
level visual areas converge on a single, global hypothesis for the
individual elements in a visual scene, early visual areas no longer
need to represent the individual elements. Their view is consis-
tent with predictive coding models (Mumford, 1992; Rao and
Ballard, 1999) and has received support from fMRI and MEG
studies (Murray et al., 2002; Summerfield et al., 2006; Furl et al.,
2007; Harrison et al., 2007; Fang et al., 2008). In our study, per-
ceptual grouping of face fragments into a coherent face (the FBO
condition) increased activity in high-level visual areas and de-
creased activity in early visual areas. Can predictive coding mod-
els provide a good explanation of this response pattern? It should
be noted that predictive coding models suggest that feedback
from higher areas operates to reduce activity in lower areas. Pre-

dictive coding models usually posit a subtractive comparison be-
tween hypotheses generated in higher areas and incoming
sensory input in lower areas. In these models, reduced activity
occurs when the predictions of higher areas match incoming sen-
sory information. However, we found that the decreased activity
in V1 and V2 occurred before the increased activity in OFA and
FFA, which means that the activity reduction in lower areas can-
not be attributed to feedback from higher areas and renders the
explanation from predictive coding models unlikely.

A more likely explanation to the completion-related response
reduction in V1 and V2 is figure-ground segmentation in early
visual processing phase. Zipser et al. (1996) and Marcus and Van
Essen (2002) showed that responses of neurons in V1 and V2
could be enhanced by a small figure presented against a large
background. The figural enhancement could occur as early as at
the onset peak of neuronal response with latency of 40 – 80 ms
(Marcus and Van Essen, 2002). In our study, the FIO stimuli
contained many small figures presented against a large textured
ground, but the FBO stimuli did not have such a clear figure-
ground configuration (Fig. 1C). This difference could explain
why the FIO stimuli induced a stronger response in V1 and V2
than the FBO stimuli. Indeed, the data presented by Zipser et al.
(1996), their Figure 8, confirmed our postulation. The suppres-
sion effect in V1 and V2 suggests an important role of early visual
cortical areas in face completion (Nakayama et al., 1989; Sugita,
1999; Bakin et al., 2000; Pillow and Rubin, 2002). Once V1 and
V2 segmented figures from background in the FIO stimuli in the
early processing phase, the segregated figures would be treated as
independent objects and would not be further processed in the
late phase for grouping or completion. On the other hand, the
FBO stimuli did not suffer from such a processing constraint.

The completion-related response reduction in V1 and V2 only
occurred with short stimulus durations. Lerner et al. (2002) and
Hegdé et al. (2008) presented occluded objects for hundreds of
milliseconds and did not find such a reduction. In another study
by Lerner et al. (2004), they presented occluded objects as short as
60 ms, but no reduction was found in early cortical areas. It
should be noted that their study differed from ours in a number
of important respects, including the type of objects (objects vs
faces), occluders (pictorial vs stereoscopic, vertical bas vs random
holes), and so on. The most important difference is the extent of
face completion with brief stimulus presentations. In the study by
Lerner et al. (2004), a significant amount of completion has been
done with 60 ms stimulus duration. But in our study, face com-
pletion manifested little effect at 50 ms. These evidence further
suggests that the response reduction in early visual cortical areas
is associated with the very early phase of face completion.

In the second fMRI experiment, we show that attention was
necessary to the cortical dynamics underlying face completion.
When subjects attended away from the face stimuli, both re-
sponse suppression in the early visual areas and response en-
hancement in the high visual areas elicited by face completion
were almost completely abolished. An fMRI study by Kouider et
al. (2009) showed that attention could modulate the processing
of backward masked face in high-level visual areas, even when the
face was presented too brief (50 ms) to be aware. Here, we showed
that early visual processing in early visual areas could also be
modulated by attention, which resonates with the finding that
ERPs could be modulated by spatial attention as early as at 70 – 80
ms after stimulus onset (Martínez et al., 1999; Frey et al., 2010).
Note that attending away from the face stimuli might affect not
only face completion, but also face perception itself. It is worth-
while to separate these two effects in future. The third experiment
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rules out disparity difference as an alternative explanation for the
neural events found in the first fMRI experiment. Indeed, to the
best of our knowledge, no existing electrophysiological evidence
would predict differential responses in early visual areas to the
near and the far occluders (Cumming and DeAngelis, 2001;
Parker, 2007).

In summary, the present study combined psychophysics and
fMRI to examine the spatiotemporal dynamics of face comple-
tion in the visual processing hierarchy. We found that face com-
pletion involved early suppression in V1 and V2 and late
enhancement in OFA and FFA. We also showed that attention is
necessary to this response pattern. In future research, it will be of
great interest to examine whether this pattern is also the neural
substrate of other kinds of perceptual completion.
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