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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 haze been made in wnderstanding the newral mech-
anisms ofyiswal object recognition (Grill-Spector and Malach,
2004; Kan gisher, 2010). So far, object recognition has been sted-
ied mainl\ wsing indiyidwal objects presented alone. Ho payer,
viswal objects rareli occer in isolation in natwral scenes. It is
common for one object to occlwde another object in natwral im-
ages. A striking abilit, of hwmanyision is the recognition of ob-
jects asen ghen the sensory information specifiing objects is

opticalli incomplete dwe to occlwsion. We haye little difficelty

completing occlwded objects and seeing Jvhole, eninterrepted
objects.

Ho g object completion is implemented in theyiswal corte x

remains elwsiye. Fyidence from hwman brain imaging stwdies
swggest that (only) high-laselyiswal areas selectiye for objects are
likel candidates to mediate the operation of object completion
effects (Doniger et al., 2000; Lerner et al.,, 2002; Stanlei and
Rebin, 2003; Hegdeé et al., 2008; Grit, ner et al., 2010). Ho payer,

psichophisical and electroph isiological stedies swggest that early, _

Rc v dhyl0,2010;. s dS f.21,2010;acc i dOct. 19,2010.

ThsW _rNasst ppg¥ dbyt#4 Nat v Natra S¢ & F;l.dat ‘4.‘fCh.a(P.z' t30870762,90920012, a4
30925014), t4 Frga mda R s azufl.ds,f.'«tht balyl st st Masty ,‘fSc <% adT caq oy ,'f
(4.2 (2005CB522800, 2004CB3181071, ag 2010(B833903), ad t4 K..iw _dq I.....‘\at ‘..PJ‘J l'rJ[h Chr
+5 Aad ,'fSc %5

(s pgll & s db addss dt FayFoy,D ptmd ‘fPsyU;'ﬂya.dK yLab cat oy ,'fMacl]...
P& oM asty ‘Edlcat ‘J.Pk .qU..} 5ty,5Y AypadR 'ad,B .q100871,P 'p_’sR pb L‘f(h.a.
E- g o] .q@ 1.4

DOI:10.1523/JNEUR0SCI.3578-10.2010
(‘M 4 “W10t4 alth,'.sr 0270-6474/10/3016692-07515.00/0

wvariows derations,
wviswal processing of occlwded faces and follo g in some detail the

viswal cortical areas also plai an important fenctional role in

object completion (Nakaama et al., 1989; Swgita, 1999; Bakin et
al., 2000; Pillo 7 and Rwbin, 2002). The discrepanc \hgovld be dwe
to slwggish temporal response of the fenctional magnetic reso-
nance imaging (fMRI) method. In the fMRI stedies by Lerner et
al. (2002) and Hegdé et al. (2008), occlwded objects gere pre-
sented for hendreds of milliseconds. This completion-related ac-
tization in object-selectire areas as detected b &'ﬂ\/IRI might haye
reflected the perceptwal conseqwence of object completion,
rather than the process of object completion.

Ps \)'c_hoph ‘Qjcal and erent-related potential (ERP) stwdies
haye sho gn that object completion is not instantaneows; instead,
it manifests its effect pithin a temporal Jvindo ! shortly after
stimwlws onset (Sekwler and Palmer, 1992; Mwtra L€t al., 2001;
Johnson and Olshawsen, 2005; Chen et al., 2009). In this sted . 4T€
attempted to inyestigate the temporal qroyyement of face com-
pletion at different lasels of theyiswal hierarch ‘.);_To circemyent
the lo g temporal resolwtion deficit of the fMRI method, e wsed
a back pard masking paradigm to present occlweded faces pith
hich rendered it possible to interrept the
temporal qrolyement of face completion (Grill-Spector et al.,
2000; Bar et al., 2001; Lamme et al., 2002).

Viswal stimeli gere constrected by presenting identical face
fragments stereoscopicall i either behind or in front of a te #wred
occlwder (Fig. 1). In the first condition, the stim#li gere percep-
teally completed and organi, ed into a coherent face. In the sec-
ond condition, they_gere perceyed as disjoint face fragments
hayering abaye the te #ered occlwder (Naka \ama et al., 1989;



Fang and He, 2005). In the ps &choph\sical e meriment and the
first fMRI e geriment, by, contrasting swbjects’ behayioral and
blood o agenation lasel- dependent (BOLD) responses in these t yo
conditions, ge measwred the psichoph sical time cowrse of the face
completion ‘and its wnderliing "cortical d, \namics. In the second
fMRI e meriment, ge inyestigated the role of attention in the face
completion. The third fMRI e geriment gas performed to rele owt
alternatyse e glanations to the data in the first e geriment.

Materials and Methods

Sylejects. Eight hwman swbjects (6 female and 2 male) participated in the
psichophigical and the first t yo fMRI e geriments. Fowr of them (3
female and 1 male) participated in the third fMRI e geriment. All of
them pere right-handed, reported normal or corrected-to-normalyi-
sion, and had no kno gn newrological oryiswal disorders. Ages ranged
from 19 to 33 Lears. The Lgare ritten, informed consent in accordance
ith the procedwres and protocols appraved by, the hwman swbjects re-
vie g committee of Peking Universiti,_
tirqy g Face stimweli in the psi choph isical and the first t go fMRI
e geriments Jvere identical, ',vhlch swbtended 10.6 X 10.6, ofyiswal

angle and gere presented against a gra\, back-
grownd. Occlwded faces gpere generated by,
masking a 5, face sideyie g gith a te #ered oc-
cleder (Fig. 1A) and gere presented stereo-
scopically by wsing red/blwe anagliphic glasses.
Appro-imately, 35% of the face area pas e x
posed to swbjects throwgh the holes of the oc-
clwder. Disparity information specified that the
occlwder cowld be either in front of or behind
the face image (or face fragments) (Fig. 1B).
Face fragments gere al gais at ero dispariti,
The occlwder gas at either +0.18 or —0.18
disparit,, When the face fragments gere ste-
reoscopicall_presented behind the ‘te #ered
occleder [face behind occleder (FBO) condi-
tion],.the befrere perceptwally completed and
organi,ed into a coherent face by _obsewsers
(Fig. 1C, left). Ho paser, ghen the same frag-
ments gere presented stereoscopicalli in front
of the {e’ wered occleder [face in front of oc-
cleder (FIO) condition], they gere perceived
as disjoint fragments floating ayer the te #ered
plane (Fig. 1C, right). The FBO and FIO stimli

ere identical in t go dimensions, the ke, dif-
gerence is the face recognition adyantage gen-
erated by _the stereoscopic occlwsion for FBO
stimwli (Nakaigma et al., 1989). In all these
three e geriments, complete faces githowt occle
sion gere also wsed [face onl &',(F{) condition]
and the\ Lfrere presented in perple ( gith only red
and blwe channels on) to match the color of the
FIO and FBO stimli (Fig. 1 B, right).

The 5 sidevie g of a face pas generated by
projecting a three-dimensional (3D) face
model gith a 5, in-depth rotation angle onto
the monitor plane gith the frontyie g as the
initial position. Both left and right rotations

vere e &cwted. The 3D face models pere gen-
crated by, FaceGen Modeller 3.1, and'a total of
40 models Jere wsed in this stedy, We gener-
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tipes (FIO, FBO, and FO). The e geriment
consisted of eight sessions, and a session con-
sisted of fiye blocks of 60 trials, one block for a

dwration condition. In each block, there gere 20 1
trials for each of the three stimwlws tipes and the —I'—l
stimelws deration gas fi- . Both the order of the ?é%%;g 0

fize blocks in a session and the order of the trials
in a block gpere randomi, ed. All data from the
eight sessions gere pooled together for analigis.

The first fMRI e geriment gas condected to
inyestigate ho g face completion asodred at dif-
ferent lasels of thewiswal hierarchi, A block
design gyasadopted. There are 12 e gerimental
conditions: foer dwrations (50, 150, 250, and
350 ms) X three stimwlws t \pes (FIO, FBO, and
FO). The e geriment consisted of si- #een 360 s
fenctional scans. Each scan consisted of t pelye
12 s stimwlws blocks (one for each condition)
interleaged pith t Jve]ue 18 s blank intexsals.
The order og the e gerimental conditions in a
scan pasrandomi, ed. A fi-ation point gas pre-
sented at, ero disparity and at the center of the
monitor. The fi-ation point became dimmer
dwring the last t yo seconds of a blank intesal to signal an wpcoming
stimwlws block. A stimwlws block contained si-# s trials. In a trial, a face
stimwlws (FIO, FBO, or FO) gas presented at the center of the gra\, screen
for a fi ad dration (50, 150, 250, or 350 ms), follo ged b 1,8 300 ms mask
and then by a blank screen. Swbjects gere asked to attend to the stimwlws
and press one of the t o response ke s to indicate theyie ! direction of
the face stimlws, either left or right.

The second fMRI e geriment gas condwected to inyestigate the role of
attention in face completion in theyiswal corte adts design pas identical
to that of the first fMRI e geriment e &ept that swbjects performed a
highly attention-demanding rapid serialyiswal presentation (RSVP) task
at fi- ation in stimwlws blocks, rather than jwdged the faceyie g direction.
In a stimwlws block, this attention task reqwired swbjects to cownt the
nember of targets (Xs) in a stream of rapidly presented distractor letters
(Z, L, N, and T). Each letter swbtended 0.27, ofyiswal angle and jas
presented for 150 ms. Swbjects needed to report the nwmber of targets
obsewed at the end of each stimwlws block by, pressing one of fowr re-
sponse keis corresponding to the nwmber of target Xs presented (1 4).

In the third fMRI e geriment, eight e gerimental conditions gere
inclwded: fowr dwrations (50, 150, 250, and 350 ms) X t go stimelwes t \pes
(near occlwder and far occlwder). The design gas similar to the first t go
fMRI e geriments. The e geriment consisted of t gelye 240 s fenctional
scans. Each scan consisted of eight 12 s stimwlws blocks (one for each
condition) interleayed gith eight 18 s blank intewsals. The order of the
e gerimental conditions in a scan pas randomi, ed. A fi-ation point gas
presented at, ero dispariti and at the center of the monitor. The fi-ation
point became dimmer dring the last t yo seconds of a blank inteyyal to
signal an wpcoming stimwlws block. A stimwlws block contained si-a2 s
trials. In a trial, a stimwlws (near occlwder or far occleder) gas presented
for a fi-&d dwration (50, 150, 250, or 350 ms), follo yed b 1,2300 ms mask
and then by a blank screen. The position of the stimwlws yas shift to the
left or right of the fi ation point b1, 0.18, . Swbjects pere asked to attend to
the stimelws and press one of the t 7o response kes to indicate the shift
direction of the stimwlws, either lefi or right.

Retinotopicyiswal areas (V1, V2, and V3) gpere defined by a standard
phase-encoded method daseloped by Sereno ctal. (1995) and Engel et al.
(1997), in ghich swbjectsyrie Jved rotating {vedge and e ganding ring
stimli that created trageling yases of newral actiit " inyiswal corte ®A
block-design scan gas wsed to define the regions of interest (ROIs), in-
clwding face-selectiye areas and responsiye areas in V1, V2, and V3. Swb-
jects yie yed images of faces, non-face objects, and te #wre patterns
(scrambled faces), ghich had the same siZe as the stimwli wsed in owr
main e geriments and gere presented at the center of the screen. Images
appeared at a rate of 2 H  in blocks of 12 s, interleayed gith 12 s blank
blocks. Each image 7 presented for 300 ms, follo 4’6d b1 2200 ms blank
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intexral. Each block tipe gas repeated 5 times in the scan, ghich lasted
360 s. Swbjects performed'a one-back task dering scanning.

MRI, ata acéyisition. In the scanner, the stimwli gere back-projected
via avigeo projector (refresh rate, 60 H, ; spatial resolwtion, 1024 X 768)
onto a translwcent screen placed inside the scanner bore. Swbjectsyie ged
the stimwli throwgh a mirror located abaye their eies. Thewie ging dis-
tance gas 83 cm. Fenctional MRI data gere collected wsing a 3T Siemens
Trio scanner gith a 12-channel phase-array coil. BOLD signals gere
measwred pith'an echoplanar imaging seqwence (echo time, 30 ms; repeti-
tion time, 2000 ms; field ofyrie g, 196 X 196 mm? matri- 364 X 64; flip angle,
90; slice thickness, 3 mm; gap, 0 mm; nwmber of slices, 33; slice orientation,
a aal). The bottom slice pas positioned at the bottom of the temporal lobes.
A high-resolwtion 3D strecteral dataset (3D magneti, ation-prepared rapid-
acqeisition gradient echo; 1 X 1 X 1 mm? resolwtion) gas collected in the
same session before the fenctional rens. All the swbjects wnder gent fise
sessions, one for retinotopic mapping and locali, ing face-selectise areas, t {0
for the first e geriment and t go for the second e geriment. Fowr of the
swbjects wnder gent an e #a session for the third e geriment.

MRI, ata processias ag, ana xsis. The anatomical yoleme for each
swbject in the retinot%pic mapping session gas transformed into the
AC-PC (anterior commissere posterior commissere) space and then
inflated wsing BrainVoiager QX. Fenctionalyolwmes in all the sessions
for each swbject pere preprocessed, incleding 3D motion correction,
linear trend remayal, and high-pass (0.015 HZ) (Smith et al., 1999) fil-
tering wsing BrainVoiager QX. Head motion githin ani fMRI session

as <2 mm for all sebjects. The images gere then aligned to the anatom-
icalyoleme in the retinotopic mapping session and transformed into the
AC-PC space. The first 6 s of BOLD signals Jere discarded to minimi, e
transient magnetic sateration effects.

A general linear model (GLM) procedwere pas wsed for ROI anal sis.
The ROIs in V1, V2, and V3 gere defined as areas that responded more
strongl Lo the te #red patterns (scrambled faces) than blank screen
(p < 1078, wncorrected) and confined b‘»the V1/V2/V3 bowendaries
defined by the retinotopic mapping scan. Face-selectiyze areas gere de-
fined as areas that responded more strongly, to faces than non-face ob-
jects (p < 10 % wncorrected). Fise face-selectire areas [ gith their
Talairach coordinates (x, y, z)] Ivere foend in all swbjects [right fesiform
facearea (rFFA):36 = 1, —46 * 1, — 15 * 1; right occipital face area (rOFA):
37 £1,—71 = 1, =7 £ 12; left occipital face area (IOFA): —37 + 2, —69 =
3, —7 % 13; right seperior temporal swlcws (rSTS): 47 = 1, —50 £ 2,10 = 2;
ISTS: —46 £2,—53 = 2,7 * 3], ghile[FFA (—41*1,—-45*1,—-17* 1)
72 fownd in 7 (of 8) swbjects, according to the abaye criterion.

The BOLD signals indwced by, the stimwlws blocks pere calcwlated
separatel, for each ROI and each swbject. For each fMRI ren, the time
cowrse of MRI signal intensity,_gas first e #racted by, averaging the data
across all theyo s pithin the predefined ROI and then normalj ed by, _
the ayerage of the last t 7o time points of all 18 s blank intesyals in that
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ren. The peak response in an ROI pas e #acted by ayeraging the re-
sponse githina 7 12 s intesyal after the start of the stimwlws block and
then ayeraged according to different e gerimental conditions.

Results
Psychophysical results
Swbjects’ performance ofyie g direction jedgment gas plotted as
a fenction of stimwlws deration for the FIO, FBO, and FO stimli,
respectivel (Fig. 2B). For the FO stimwlws, sebjects had no dif-
ficwlty jedging thewie g direction of a face at all dwrations. ven
vith only 50 ms e goswre, their performance cowld reach 92%.
I{"or the FIO and FBO, stimwli, swbjects’ performance imprayed as
the stimwlws dwration increased, bwt their ayerall performance
significantly dropped do yn, compared ',vith the FO stimwlws. A
repeated-measweres ANOVA of percentage correct gas performed
vith stimwles tipe and dwration as Jvithin-svbjec factors. Both
the main effects of stimwlws tipe (F(;,14) = 357.01,p < 0.001) and
dwration (F, 5¢) = 81.84, p < 0.001) fere significant, Jvhich Jere
consistent gith owr obsesration.

To rqueal the time cowrse of face completion, je took a close
look at the performance in the FIO and FBO conditions and their
difference. The performance in the FBO condition, compared

vith the FIO condition, can be taken as a measwre of face com-
pletion. When the performance in the FBO condition is better
than that in the FIO condition, ge attribwte this to face comple-
tion. When the performance in the FBO condition is no better
than that in the FIO condition, gpe take this to mean that face
completion has not occerred. The e #ent of face completion as a
fenction of stimwlws deration jas measwred and defined as the
time cowrse of face completion (Mwrra e al., 2001). At 50 ms
dwration, there gas no significant difference bet geen the FIO and
FBO stimli (¢, = 0.83, p = 0.44). At longer dwrations, swbjects
performed significantly better for the FBO stimwli than for the
FIO stimwli (150 ms: ¢,y = 5.91, p < 0.001; 250 ms: ¢, = 18.49,
P <0.001; 350 ms: £, = 6.73, p < 0.001; 450 ms: £,y = 5.43,p <
0.001). In other gords, the performance fenctions for the FIO
and FBO stimwli diyerged after 50 ms, ghich swggested that the
face completion started to manifest its effect after 50 ms.

To inyestigate ghen face completion terminated, ge ren ml-
tiple paired ¢ tests to compare the performance at difi:erent dwera-
tion conditions for the FBO stimw#li. Significant performance
difference gas obsesred bet geen 50 ms and 150 ms conditions
(t;y = 11.65, p < 0.001) and bet geen 150 ms and 250 ms condi-
tions (t;, = 4.51, p < 0.01), bwt not bet geen 250 ms and 350 ms
conditions (f, = 1.20, p = 0.27) or bet geen 350 ms and 450 ms
conditions (t;) = 1.82, p = 0.11). These res#lts sho g that swb-
jects’ performance gith the FBO stimli saterated at 250 ms and
swggest that face completion terminated before 250 ms. Gyerall
psichophisical data swggested that face completion took effect
bet geen 50 and 250 ms after stimwlws onset.

fMRI results
The first fMRI e geriment gpas designed to inyestigate ho g face
completion qroyred in the yriswal processing hierarch v In other
',vords, Jve attempted to rqzeal ho g lo g-lgsel (V1, V2, and V3) and
high-lasel (OFA, STS, and FFA)ysiswal areas responded dwring the
process of face completion. Since there pas no qwalitatize difference
inthe fMRI databet geen the t 7o hemispheres, ge collapsed the data
fromthet go hemispileres for ferther anal ses. BOLD responses inISTS
and rSTS pereyery geak (<0.1% signal change) to both FIO and FBO
stimeeli at all derations. The i gere not incleded in this sted e

BOLD responses in V1, V2, V3, OFA, and FFA pere plotted as
a fenction of stimles deration for the FIO, FBO, and FO stimli,
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respectively, (Fig. 3, left colwmn). Statistical analises focesed on
the comparison bet geen the FIO and the FBO conditions. For
each area, a repeated-measweres ANOVA of BOLD response gas
performed gith stimwlws type (FBO and FIO) and dwration (50,
150, 250, and 350 ms) as pithin-swbject factors. The main effect
of dwration gassignificantin all theareas (V1: F; ;) = 25.04,p <
0.001; V2: B, ,,) = 38.39, p < 0.001; V3: Fps ) = 41.52, p <
0.001; OFA: F(,,) = 36.46, p < 0.001; FFA: F;,,, = 62.45
p < 0.001). BOLD responses to the FIO and FBO stim+li gener-
all increased Jvith stimwlws deration. A significant increase gas
foend in the follo ging comparisons: 50 msys 150 ms for FBO in
V1; 150 msys 256 ms for FBO in V1; 50 msys 150 ms for FIO
in V1; 50 msys 150 ms for FBO in V2; 150 msys 250 ms for FBO
in V2; 50 msys 150 ms for FIO in V2; 250 msys 350 ms for FIO in
V2; 50 msys 150 ms for FBO in V3; 150 msys 250 ms for FBO in
V3; 50 msys 150 ms for FIO in V3; 250 msys 350 ms for FIO
in V3; 50 msys 150 ms for FBO in OFA; 150 msys 250 ms for FBO
in OFA; 250 msys 350 ms for FBO in OFA; 50 msys 150 ms for
FIO in OFA; 150 msys 250 ms for FIO in OFA; 250 msys 350 ms
for FIO in OFA; 50 msys 150 ms for FBO in FFA; 150 msys 250



ms for FBO in FFA; 50 msys 150 ms for FIO in FFA; 150 msys 250
ms for FIO in FFA; 250 msys 350 ms for FIO in FFA (all ¢, >
2.51,p < 0.05).

The main effect of stimwlws t\ \pe gras significant in V1, V2,
OFA, and FFA (V1: F, ) = 5.09, p = §.05,v2: Fiip) =663,p<
0.05; OFA: F,, ,, = 11.26, p < 0.05; FFA: F, ,, = 8.28, p < 0.05),
bt notin V3 (F, 7y = 3.074, p = 0.12). Post hoc anal iges sho ged
that V1 and V2 responded stronger to the FIO stimli than to'the
FBO stimli at short dwrations (50 and 150 ms) (V1: 50 ms: ¢, =
4.34,p < 0.01; 150 ms: t;y = 2.36,p < 0.05; V2: 50 ms: ¢, = 4.11,
p < 0.01; 150 ms: t;) = 2.75, p < 0.05), ghile OFA and FFA
responded stronger to the FBO stimli than to the FIO stimli at
long dwrations (250 and 350 ms) (OFA: 250 ms: ¢,y = 4.01, p <
0.01; 350 ms: ¢, = 3.05, p < 0.05; FFA: 250 ms: t,, = 3.46, p <
0.05; 350 ms: ;) = 4.18, p < 0.01). No significant response
difference pas foend in other conditions. These findings swggest
that both lo g- and high-larelyiswal areas gere inyoysed in the
process of face completion, bwt the| responded at different tem-
poral phases pith opposite actization patterns. When the FIO
stimwli gere presented longer than 50 ms, swbjects’ performance

vas significantl, abaye chance lasel (all ¢,y > 5.73, p < 0.001).
ﬂ]ote that swbjects’ behayioral data in the magnet cowld replicate
their psichoph sical reswits described abave.

To e amine the link bet geen psichophisical data (Fig. 2B)
and fMRI data (Fig. 3, left colwmn), for each cortical area, ge
pooled all swbjects’ data in all the 12 conditions and calcwlated tﬂ
correlation coefficient bet geen their psichophisical and fMRI
data. The correlation gas significant at OFA (a = 96, r = 0.47,
p < 0.01) and FFA (# = 96, r = 0.68, p < 0.01), and the correla-
tion difference bet yeen OFA and FFA pas significant (z = 2.17,
p <0.05) (Fig. 4). £nce the anal \’S'_IS abaye wsed data across both
dwerations and swbjects, it is not clear therefore ghether the cor-
relation reflects differences across swbjects or across derations or
both. To address this isswe, ge performed an additional analisis.
For each of eight swbjects, ge calcwlated correlation coefficients
across all 12 e gerimental conditions bet geen psichophsical
data and BOLD signals in FFA and OFA, respectyel xA_Thvs,
got eight coefficients for FFA and OFA, respectiveli, We then

transformed all these 16 coefficients to Fisher Z scores so that the, _

follo ged a normal distribwtion and cowld be compared gith a ¢
test (Fischer and Whitnei, 2009). Paired ¢ test sho ged that the
correlation in FFA is significantl higher than thatin OFA (t;) =
2.74, p = 0.014), ghich swggests that FFA actyiti is more corre-
lated Jvith psichophisical data than OFA actiiti, Note that each
point in Figere 4 is not independent of the other becawse the
effect of face completion accemwlated gyer time, it is possible that
the correlations might not be so significant as calcwlated.

In the second fMRI e geriment, swbjects’ attention gpas di-
rected to ayer ‘;_demanding RSVP task at fi-—ation, instea({ of the

face stimwli. To inyestigate the role of attention in face comple-
tion, je performed similar repeated-measwres ANOVAs as those
in the first fMRI e geriment. This attentional manipwlation
largel\, abolished differential responses to the FIO and the FBO
stim#li as obsewsed in the first fMRI e geriment (Fig. 3, right
colemn). The main effect of stimwlws type pas not significant in
any of cortical areas (all F(; ;) < 4.62 and p > 0.07), ghich indi-
cates that attention J3s necessar o the cortical dynamics wnder-
liing face completion.
The third fMRI e geriment gas performed to e amine
thether the differential responses to the FIO and FBO stimwli in
1 and V2 gas dwe to the absolwte disparit, difference bet yeen
the near an(f far occlwders. We ren paired ¢ tests to compare the
BOLD responses to the FIO and the FBO stimli. In both V1 and
V2, there pas no significant difference for all stimwlws derations
(allt<1.28and p >0.29), ghich reles owt disparit difference as
an alternatiye e glanation f'l r the first fMRI e perlment (Fig. 5).
Finall\, to e amine ghether the actiyration pattern obseyred in
the first fMRI e geriment can be generali ed to another task,
performed an additional e geriment and collected data from fyre
swbjects. In this e perlrnent, ve wsed a ne g set of face images and
occlwders. Occlwders gere generated int {:e same pa\ as before.
Face images gere generated b\ rotating front faceyie ' githa 3
in-plane angf (left or right). Then, FBO and FIO si1mvh rere
constrected similarli as before and gere presented gith d'ra-
tions of 50, 150, 250, and 350 ms. Swbjects pere asked to jwdge the
in-plane orientations of the faces (left or right tilted). Note that,
in the first fMRI e geriment, swbjects pere asked to report the
vie y directions of faces (i.e., in-depth orientation). We foend
tha{, vith the ne g stimwli and the ne y task, V1 and V2 re-
sponded stronger to the FIO stimwli than to the FBO stimwli at
short dwrations (50 and 150 ms) (all # > 3.24, p < 0.05), ghile
OFA and FFA responded stronger to the FBO stimli than to
the FIO stimwli at long derations (250 and 350 ms) (all ¢ >
4.45,p <0.05), ghichreplicated the basic pattern foend in the
first fMRI e geriment.

Discussion
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showld be noted that the time cowrse for perceptwal completion
varies across different stwdies. For e ample, the completion in

Merray et al. (2001) took place before 50 ms. The discrepanc -

cowld be attribwted to task and stimelws differences. For e ample,
completion time yas foend to depend on ho y mch of the stim-
wlws occlweded - the more areas occlwded, the longer time cowrse
needed (Shore and Enns, 1997). Here, ge emphasi es that the
time cowrse measwred in the cerrent stwd might be specific to
owr task and stimwli. Based on the psichophisical measwres, in
the fMRI e geriments, stimwli gere presented pith sqreral dera-
tions that pere designed to elicit face completion toyariows de-
grees. We foend that BOLD responses in OFA and FFA pere
closeli correlated gith the psichophsical measwres. Specificall i,
completed faces eficited significantly stronger BOLD responses
than noncompleted faces ghen thei gere presented for 250 and
350 ms, bt not for 50 and 150 ms. These reswlts are consistent

ith praziows fMRI stedies b \ Lerner et al. (2002) and Hegdé et
al. (2008). The presented occlwded objects for hwndreds of mil-
liseconds Jvithovt back gard masking. Object completion related
actization’ gas foend in'object-selectire cortical areas in both the
wentral andl the dorsal processing streams. Here ge e sended pre-
viows findings by sho ping that face completion gasimplemented
progressiel ‘ﬁin the high-laselyiswal corte #The correlation be-
t geen the psichophisical and the fMRI data in FFA pas signifi-
cantl N higher than that in OFA. OFA is selectiye for face parts (i.e.,
eies, nose, movwth) (Pitcher et al., 2007) and is thowght to be at a

lo ger position in the face processing hierarchy than FFA (Ha ¥

etal., 2000). It is likel, that OFA yas responsible for completing
face parts and FFA took a step for yard to complete face confige~
ration. Note that face configere cowld prayide more reliable in-
formation for compwting face orientation and determining
swbjects’ behayioral performance. Harris and Agwirre (2008) did
not find face completion effect in face-selectire regions. A possi-
ble e glanation for this discrepancy, js that the perceptwal con-
trast bet geen the FBO and FIO stim#li in owr stwd seems to be
greater than that in their stedy since ge wsed randomli posi-
tioned and irregelar holes that made the perceptwal groeping of
face fragments mech more difficelt.

In addition to the activation by completed faces in OFA and
FFA, ye also foend that completed faces indeced geaker BOLD
signals in V1 and V2 than noncompleted faces, onﬁ vith stimwe~
lws dwerations of 50 and 150 ms. Ho as this decrease related to
face completion? Mwrray etal. (2001; haye swggested that percep-
twal growping inyoyses increases in actirit L, in high-larelyiswal
areas that code for spatial patterns (e.g., objects, swrfaces, and
te #wres) along gith decreases in actiyit . m earl \ysiswal areas that
code for local, indyidwal elements of the pattern (e.g., local ori-
entation or direction of motion). The x,proposed that this ingerse
relationship in newral actiyit N bet feen high-lasel and earl wisval
areas reflects an ‘efficient code’ ofyiswal information. As high-
laselyiswal areas conyerge on a single, global hipothesis for the
indiridwal elements in ayiswal scene, earl wisval areas no longer
need to represent the indiyidwal elements. Theiryie g is consis-
tent gith predictire coding models (Memford, 1992; Rao and
Ballard, 1999) and has receyed sepport from fMRI and MEG
stwdies (Mwrra L et al., 2002; Semmerfield et al., 2006; Ferl et al.,
2007; Harrison et al., 2007; Fang et al., 2008). In owr sted \p.per-
ceptwal growping of face fragments into a coherent face (the FBO
condition) increased actisiti in high-laselyiswal areas and de-
creased actiiti [n earlyyiswal areas. Can predictye coding mod-
els prayide a good e glanation of this response pattern? It showld
be noted that predictyye coding models swggest that feedback
from higher areas operates to redwce actiity in lo Jer areas. Pre-
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dictyye coding models wswall xhposit a swbtractyye comparison be-
tgeen hipotheses generated in higher areas and incoming
sensori_inpwt in lo ger areas. In these models, redwced actyit -
occers glvhen the predictions of higher areas match incoming sen-
SOri ] information. Ho payer, J'e foend that the decreased actiyit -
in V1 and V2 occwrred before the increased actiyit L in OFA and
FFA, phich means that the actiit . redwection in lo yer areas can-
not be attribwted to feedback from higher areas and renders the
e planation from predictie coding models wnlikel i,

A more likel | ¢ glanation to the completion-related response
redwction in V1 and V2 is figere-grownd segmentation in early

viswal processing phase. Zipser et al. (1996) and Marcws and Van

Essen (2002) sho ged that responses of newrons in V1 and V2
covld be enhanced b a small figwre presented against a large
backgrownd. The figwral enhancement cowld occer as early as at
the onset peak of newronal response yith latency of 40 80 ms
(Marcws and Van Essen, 2002). In oer sted ‘y’_the FIO stimwli
contained mant small figeres presented against a large te #wred
groend, bwt the FBO stim+li did not hage swch a clear figere-
grownd configeration (Fig. 1C). This difference cowld e glain
vhy the FIO stimeli indwced a stronger response in V1 and V2
than the FBO stim#li. Indeed, the data presented by, Zipser et al.
(1996), their Figere 8, confirmed owr postelation. The swppres-
sion effectin V1 and V2 swggests an important role of earl jyiswal
cortical areas in face completion (Naka Lama et al,, 1989; Swgita,
1999; Bakin et al., 2000; Pillo y and Rwbin, 2002). Once V1 and
V2 segmented figwres from backgrownd in the FIO stimli in the
earl| processing phase, the segregated figwres yowld be treated as
independent objects and gowld not be ferther processed in the
late phase for growping or completion. On the other hand, the
FBO stim+li did not swffer from swech a processing constraint.

The completion-related response redectionin V1 and V2 onl
occerred pith short stimwlwes dwrations. Lerner et al. (2002) and
Hegdé et al. (2008) presented occlwded objects for hendreds of
milliseconds and did not find swch a redwction. In another sted .
b N Lerner etal. (2004), the upresented occlwded objects as shortas
60 ms, bwt no redwction gas foend in early cortical areas. It
showld be noted that their sted X differed from owrs in a nwmber
of important respects, incleding the tipe of objects (objectsws
faces), occleders (pictorialys stereoscopic,yertical basys random
holes), and so on. The most important difference is the e sent of
face completion gith brief stimwlws presentations. In the sted by _
Lerner et al. (2004), a significant amoent of completion has been
done gith 60 ms stimwlws deration. Bt in owr sted \g_face com-
pletion manifested little effect at 50 ms. These qridence ferther
swggests that the response redwction in earliyiswal cortical areas
is associated pith theyer &'_earl whase of face completion.

In the second fMRI e geriment, ge sho g that attention gas
necessar\ fo the cortical dinamics wnderliing face completion.
When swbjects attended a ga L, from the face stim+li, both re-
sponse seppression in the earl yiswal areas and response en-
hancement in the highviswal areas elicited by face completion
fere almost completel abolished. An fMRI sted by Kowider et
al. (2009) sho ged that attention cowld mod-wlate the processing
of back gard masked face in high-lqrelyiswal areas, a7en ghen the
face paspresented too brief (50 ms) to be a pare. Here, gesho fed
that earl\ yiswal processing in earliyiswal areas cowld also be
modwlated by attention, ghich resonates pith the finding that
ERPs cowld be modwlated by spatial attention as earl  gsat 70 80
ms after stimwlws onset (Marti ne, et al., 1999; Fre Let al., 2010).
Note that attending a ga| from the face stimwli might affect not
only face completion,‘!bvt also face perception itself. It is gorth-
',vhile to separate these t 7o effects in fetwre. The third e geriment



reles owt disparity difference as an alternatiye e glanation for the
newral gzents foend in the first fMRI e geriment. Indeed, to the
best of owr kno gledge, no e ting electrophsiological asidence

owld predict ({ifferential responses in earlyyiswal areas to the
near and the far occleders (Cemming and DeAngelis, 2001;
Parker, 2007).

In semmar, the present sted combined psichoph sics and
fMRI to e amine the spatiotemporal dynamics of face comple-
tion in theyiswal processing hierarchi, We foend that face com-
pletion inyolred early _swppression in V1 and V2 and late
enhancement in OFA and FFA. We also sho ged that attention is
necessar to this response pattern. In fwtwre research, it gill be of
great interest to e amine ghether this pattern is also the newral
swhbstrate of other kinds 0! perceptwal completion.
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