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Using Functional Magnetic Resonance Imaging to Assess
Adaptation and Size Invariance of Shape Processing by

Humans and Monkeys
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Functional magnetic resonance imaging in awake monkeys and humans was used to compare object adaptation in shape-sensitive
regions of these two species under identical and different size conditions. Object adaptation was similar in humans and monkeys under
both conditions. Neither species showed complete size invariance, in agreement with single-cell studies. Both the macaque inferotem-
poral (IT) complex and human lateral occipital complex (LOC) displayed an anteroposterior gradient in object adaptation and size
invariance, with the more anterior regions being more adaptable and size invariant. The results provide additional evidence for the
homology between the macaque IT cortex and human LOC but also add to the growing list of differences between human and monkey

intraparietal sulcus regions.

Key words: functional imaging; object adaptation; size invariance; vision; cerebral cortex; human and macaque

Introduction

It is well established that magnetic resonance (MR) signals de-
crease in the human lateral occipital complex (LOC) after re-
peated presentations of images of shapes or objects (Buckner et
al., 1998; Grill-Spector et al., 1999; Kourtzi and Kanwisher,
2001). This sort of adaptation has been related to the decrease in
the responses of macaque inferotemporal (IT) neurons after re-
peated stimulation (Brown et al., 1987; Rolls et al., 1989; Riches et
al., 1991; Miller et al., 1993). In proposing such a relationship,
one is making three assumptions: (1) the functional magnetic
resonance imaging (fMRI) signals reflect neural responses; (2)
the human LOC and monkey IT cortex are homologous; and (3)
neural adaptation is similar in both species. The first assumption
has been tested directly (Logothetis et al., 2001; Kim et al., 2004)
and indirectly (Lauritzen, 2001; Heeger and Ress, 2002; Kim and
Ogawa, 2002; Devor et al., 2003) with some success. There is also
reasonable evidence that the second assumption holds (Tootell et
al., 1996; Grill-Spector et al., 1998; Tsao et al., 2003; Denys et al.,
2004a). The third assumption, however, has not yet been tested
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systematically (Tootell et al., 2003). Therefore, the first aim of the
present experiments was to compare fMRI adaptation (i.e., neu-
ral adaptation captured by fMRI) in the human LOC and monkey
IT complex.

The importance of fMRI adaptation derives mainly from sug-
gestions that it can serve as a tool for assessing neuronal selectivity
(Tootell et al., 1998; Grill-Spector and Malach, 2001; Avidan et
al., 2002; Kourtzi et al., 2003) or neuronal invariance in humans
(Grill-Spector et al., 1999; James et al., 2002; Vuilleumier et al.,
2002). In particular, it has been suggested that LOC adaptation
for object images is size invariant (Grill-Spector et al., 1999). This
is surprising because most single-cell macaque IT studies have
reported size-invariant responses to shapes in only a fraction of
the neurons (Schwartz et al., 1983; Miyashita and Chang, 1988;
Lueschow et al., 1994). Therefore, the second aim of this study
was to quantify the size invariance of fMRI adaptation in the IT
cortex and human LOC. It is noteworthy that fMRI measures size
invariance in terms of neuronal response levels, whereas most
single-cell studies have reported size invariance of stimulus
selectivity.

It has been established that shape is processed in the ventral
temporal cortex of both monkeys and humans (Gross et al., 1972;
Desimone et al., 1984; Malach et al., 1995; Grill-Spector et al.,
1998; Kourtzi and Kanwisher, 2000). Recently, however, it has
been suggested that the dorsal parietal cortex is also involved in
shape processing in both species (Kraut et al., 1997; Sereno and
Maunsell, 1998; James et al., 2002; Denys et al., 2004a) and that
ventral and dorsal human shape processing regions differ in de-
gree of stimulus invariance (James et al., 2002). Therefore, a third
aim was to evaluate the regional variation of object adaptation
and size invariance in both humans and monkeys.
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To address these questions, we used fMRI in both humans
(Belliveau et al., 1991) and awake monkeys (Vanduffel et al.,
2001). We used an adaptation procedure similar to that of Grill-
Spector et al. (1999) but tested for size invariance by varying size
in fixed steps over a fourfold range.

Materials and Methods

Subjects

Eleven right-handed human subjects (six males and five females; age,
18-32 years old) participated in the present experiments. Six subjects
participated in the adaptation experiment, and nine subjects participated
in the size invariance experiment, with four subjects taking part in both
experiments. All subjects had normal or corrected to normal vision, had
no history of neurological or psychiatric disease, and were drug free. The
study was approved by the Ethical Committee of the K.U. Leuven Med-
ical School, and subjects gave their written informed consent, in accor-
dance with the Helsinki Declaration. Human subjects viewed the stimuli
through a mirror tilted at 45° that was attached to the head coil. Subjects
were immobilized using an individually molded bite-bar. They were in-
structed to maintain fixation on a small red target (0.35 X 0.35°) in the
center of the screen. Fixation was monitored during all of the experi-
ments using an MR-compatible infrared eye movement tracking device
(Ober 2; Permobil Meditech, Timra, Sweden).

Three male rhesus monkeys (M1, M5, and M7; Macaca mulatta) also
served as subjects. All animal care and experimental procedures met the
national and European guidelines and were approved by the Ethical
Committee of the K.U. Leuven Medical School. The details of the surgical
procedures, training of monkeys, image acquisition, eye monitoring, and
statistical analysis of monkey scans have been described previously (Van-
duffel et al., 2001; Fize et al., 2003; Denys et al., 2004a) and will be
described only briefly. The monkey subjects sat in a sphinx position in a
plastic monkey chair directly facing the screen. During training, they
were required to maintain fixation within a 2 X 2° window centered on a
red mark (0.35 X 0.35°) in the middle of the screen. Eye position was
monitored through the pupil position and corneal reflection (RK-
726PCI; Iscan, Cambridge, MA). During scanning, the fixation window
was slightly elongated in a vertical direction to 3°, to accommodate an
occasional artifact on the vertical eye trace induced by the scanning
sequence.

Before each monkey scanning session, a contrast agent, monocrystal-
line iron oxide nanoparticle (MION), was injected into the femoral or
external saphenous vein (4—11 mg/kg). Use of the contrast agent im-
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proved the contrast/noise ratio (by approxi-
mately fivefold) and the spatial selectivity of the
MR signal changes compared with blood oxy-
genation level-dependent (BOLD) measure-
ments (Vanduffel et al., 2001; Leite et al., 2002).
Whereas BOLD measurements depend on
three hemodynamic variables (blood flow,
blood volume, and oxygenation level), MION
measurements depend only on blood volume.
For the sake of clarity, the polarity of the MION
MR signal changes, which are opposite to those
of BOLD measurements, were inverted.

phase scramble

Stimuli

Stimuli were projected by means of a liquid
crystal display projector (Barco Reality 6300;
1280 X 1024 pixels for monkeys, 1024 X 768
pixels for humans; 60 Hz) onto a translucent
screen, positioned in the bore of the magnet at
28 cm from the human’s eyes (54 cm for mon-
keys). The experiments used block designs with
the presentation order of the conditions ran-
domized between different time series.

Object adaptation experiment. In the object
adaptation experiment, the visual stimuli (Fig.
1) were 7y-corrected, grayscale images of iso-
lated objects (average, ~4.6 X 4.6°), mostly
man-made, on a gray background in a 7 X 7°
frame [selected and modified from Rossion and Pourtois (2004 ); cour-
tesy of M. J. Tarr, Brown University, Providence, RI) and phase-
scrambled versions of these images. Phase scrambling was used because
this method conserves the Fourier power spectrum. The images of ob-
jects were presented for 600 ms, followed by a blank (empty background)
for 520 ms. The adaptation experiment included six experimental con-
ditions: repetitions of the object images 1, 4, 8, and 32 times (with the
order of images randomized in each block), phase-scrambled images
(Fig. 1 A), and no stimulus (fixation target on empty background). Each
condition lasted 36 s, corresponding to 12 functional volumes in humans
(15 for monkeys). Because conditions were repeated once in a time series
(or run), 24 images (30 for monkeys) were sampled per condition, and
144 functional images (180 for monkeys) were sampled per run.

One hundred thirty-five object images were selected from the Rossion
and Pourtois (2004) database and divided into three groups of 45 object
images. To exclude the possibility of a right—left bias in the stimuli, those
135 images were flipped about the vertical axis and again divided into
three groups. In total, six different stimuli sets (three times original/
flipped) of 45 images were prepared. These different sets were used in
different runs, and each set was divided over the different conditions
within a run in the same manner as described by Grill-Spector et al.
(1999). Thirty-two object images appeared once (“32-object” condition)
in a 36 s epoch, a set of 8 object images appeared four times (“8-object”
condition), a set of 4 objects appeared eight times (“4-object” condition),
one identical image appeared 32 times (“identical” condition), and 32
different phase-scrambled versions of the 32 object images appeared
once (“phase-scramble” condition). Thus, different object images were
used in each of the different conditions of a run. Care was taken so thatin
epochs with different objects, no stimulus was shown twice in a row,
without intervening stimuli. A cycle of six runs corresponds to the six
different stimulus sets. This cycle was repeated six times for the monkeys
and for two of the human subjects, each time with a new random selec-
tion of 45 images from the original set of 135 images. With four human
subjects, only nine runs were sampled, corresponding to the runs of the
first cycle and the first half of the second cycle used in monkeys. Thus,
across groups of monkey and human subjects, the frequency of presen-
tation of individual object images in the different conditions was very
similar.

Size adaptation experiment. Stimuli in the size adaptation experiment
consisted of grayscale images of objects similar to those in the adaptation
experiment, but presented in a 14 X 14° frame (Fig. 1 B). Object images,
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different from those used in the first experiment, were again drawn from
the modified Snoddgrass and Vanderwart image set prepared by Rossion
and Pourtois (2004). These images were very carefully selected so that
image details, such as texture, visible in any given image remained visible
in all sizes presented. Five different grayscale objects were rendered at five
different sizes in logarithmic steps: 2.3 X 2.3,3.2 X 3.2,4.6 X 4.6, 6.4 X
6.4, and 9.2 X 9.2 visual degrees (Fig. 1 B), yielding a total of 25 images.
The stimuli were presented for 800 ms, followed by a blank (empty
background) of 700 ms. The test included four conditions: one object at
a fixed size (identical or “same size”), the same object at five different
sizes (“different sizes”), five different objects at the same size (“different
objects”), and five phase-scrambled images, created from the images of
the largest object size (9.2 X 9.2 visual degree). The epoch duration was
48 s, corresponding to 16 volumes per epoch in humans and 20 in the
monkey. Each of the four conditions was repeated once in a time series
(runs), and 128 functional volumes (160 for monkeys) were collected per
run. In this experiment, one cycle included 25 such time series (or runs),
because only one of the 25 images of the set could be presented in the
identical conditions of any given run. By repeating the stimuli from the
other conditions in 5 of the 25 runs, stimulus frequency was equated in
the identical, different size, and different object conditions of a cycle. All
possible sequence orders of four different conditions yield 24 different
sequences, each of which was used once in the cycle of 25 time series, with
the 25th sequence being the same as 19th sequence.

For each of the three monkeys, the 25 run cycle was repeated three
times with different sets of object images, but within each of the three
scanning sessions, runs from the three cycles alternated. Each of the nine
human subjects was tested with only 25 runs, divided over three scanning
sessions, but runs were alternated in the three different cycles, so that
three humans were presented with the same total stimuli (presented in 75
runs) as a single monkey. Thus, the same three sets of stimuli were pre-
sented the same number of times to the groups of subjects of both species.

Motion localizer and LOC localizer tests were performed on all of the
human subjects. For the LOC localizer scans, we used grayscale images
(12 X 12 visual degrees) of familiar and nonfamiliar objects as well as
scrambled versions of each set (Kourtzi and Kanwisher, 2000; Denys et
al., 2004a). Motion localizer scans contrasted a moving with a static
random texture pattern [7° diameter (Sunaert et al., 1999)]. Similar tests
were also performed on the three monkeys, as described by Denys et al.
(2004a) and Vanduftel et al. (2001). In these monkeys, retinotopic orga-
nization was charted in previous experiments (Fize et al., 2003). In hu-
man subjects, no retinotopic mapping was performed, but the identifi-
cation of V3A as a shape-sensitive region was validated in the previous
study by Denys et al. (2004a). Therefore, in the present study, we identi-
fied V3A indirectly, by the coordinates of its shape and motion response.

Tasks

Most experiments were performed under conditions of passive fixation.
Humans made a few saccades during scanning (seven per block, on av-
erage, in the object adaptation and size adaptation experiments), but the
number of saccades (>1.5° amplitude) did not differ significantly among
conditions in the object adaptation experiment (one-way ANOVA; p >
0.5) or in the size adaptation experiment (one-way ANOVA; p > 0.8). In
both monkey experiments, the runs in which monkeys fixated for <80%
of the time were aborted and scanned again using that stimuli set in the
next scanning session. Therefore, the percentage of fixation exceeded
80% in all of the runs completed, and all completed runs were analyzed.
All three monkeys spent =90% of the run in the fixation window: M1
spent, on average, 98 and 99% of the time in the fixation window in the
adaptation and size experiments, respectively; M5 spent, on average, 90%
of the time in both experiments; and M7 spent, on average, 96 and 97% of
the time in the adaptation and size experiments, respectively.

Four human subjects and all three monkeys also performed a high-
acuity task (Vanduffel et al., 2001) while being scanned in the object
adaptation experiment. They were required to interrupt an infrared
beam with one hand (monkeys) or the index finger (humans) when a
small (0.45 X 0.15°) green bar, presented in the center of the screen,
changed orientation from horizontal to vertical. The order of testing for
the passive and active conditions alternated between subjects. In these
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Figure2. Psychophysical testing in the scanner of the acuity tasks in monkey subject M5 (4,
B) and four human subjects (C, D). A, C, Percentage correct as a function of bar size. B, D,
Reaction time as a function of bar size. Error bars indicate SE across trialsin Aand Band SD across
subjects in Cand D. Asterisks indicate significant differences on post hoc testing (Bonferroni's
test; p << 0.05); in A, the smallest size was significantly different from all other sizes.

initial control experiments, the bar size was adjusted in such a way that
performance levels were high, averaging 90% in humans and 93% in
monkeys. To demonstrate that attention could be controlled by this
paradigm, we systematized our informal observations that the bar size
allowed us to control the difficulty of the acuity task and hence the
attention subjects were allocating to the central bar. In four human sub-
jects and one monkey subject (M5), tested in the scanning conditions, we
were able to show that performance level, in terms of percentage of
correct detection, decreased significantly with decreasing bar size in both
species (repeated-measures ANOVA; p < 10 ¥ in monkeys; p < 10 ~*in
humans) (Fig. 2). Reaction times increased significantly with decreasing
bar size in the monkey (ANOVA; p < 10 ~®) but not in humans (Fig. 2).
These data allowed us to select a bar size for which performance would be
a sensitive indicator of the subjects’ attentional state. Two of the four
human subjects as well as monkey M5 were therefore rescanned in the
object adaptation experiment while performing the acuity task with a bar
size 0f 0.20 X 0.05°.

Data collection

The data were collected with a 1.5 T MR scanner (Sonata; Siemens,
Erlangen, Germany). Each functional volume consisted of gradient-
echo-planar whole-brain images [repetition time (TR), 3.01 s in humans
(2.4 sin monkey); echo time (TE), 50 ms in humans (27 ms in monkeys);
flip angle, 90°% 64 X 64 matrix; 32 sagittal slices (3 X 3 X 4.5 mm in
humans, 2 X 2 X 2 mm in monkeys)]. In total, 81,360 functional vol-
umes were sampled in monkeys and 51,976 volumes were sampled in
humans. For each subject, a high-resolution anatomical image (3D-
MPRAGE) was acquired (TR, 1950 ms; TE, 3.9 ms; inversion time, 800
ms; 240 X 256 matrix; 1 X1 X1 mm voxels; 160 sagittal slices).

Data analysis

Human data were analyzed with SPM99 software (Wellcome Depart-
ment of Cognitive Neurology, London, UK). Preprocessing steps in-
cluded realignment, coregistration of the anatomical images to the func-
tional scans, and spatial normalization into a standard space. The
functional volumes were subsampled to 3 X 3 X 3 mm for the group
analysis and 2 X 2 X 2 mm for the single-subject analysis and spatially
smoothed with a Gaussian kernel [full-width at half-height (FWHH) for
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Table 1. Statistical analysis in shape-sensitive regions of monkeys
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Adaptation experiment

Size experiment

32versus 1 8 versus 1 4versus 1 DO versus SS DO versus DS DS versus SS

Region Coordinates (x, y, 2) tscores # subj tscores # subj tscores # subj #subgr #subgr # subgr
1 Vav L (—23,—6,15) 13.24 3 9.47 3 6.85 3 4 2 2
R (23, —6,14) 12.88 3 5.73 3 335 2 1 1 0
2 vad L (=26, —5,18) 13.54 3 9.4 3 6.14 2 3 1 3
R (28, —3,18) 17.39 3 11.68 3 9.29 3 5 3 3
3 TEO L (—27,0,14) 17.18 3 14.34 3 9.83 3 6 4 5
R (27,2,15) 16.91 3 1.7 3 8.57 3 6 4 5
4 TEdp L (—24,5,7) 10.75 3 7.67 3 5.53 3 4 2 3
R (27,5,10) 10.76 3 7.37 3 6.28 2 6 4 4
5 TEwp L (—23,8,3) 8.64 3 428 3 3.42 2 6 3 3
R (24,12,6) 8.7 3 6.6 3 3.41 3 6 3 2
6 TEda L (—17,18,—1) 5.84 3 4.83 3 347 2 5 5 4
R (20,18,3) 9.93 3 4.89 2 4.94 2 6 3 3
7 LP L (—14,-2,30) 9.04 3 5.16 3 5.17 3 5 3 1
R (16,1,27) 8.4 3 4.92 3 3.83 2 6 3 2
irAS L (—20,23,24) 10.22 3 339 2 3.92 2 3 1 1
R (17,24,25) 15.04 3 8.02 3 5.69 3 5 2 3
PS R (15,33,24) 7.34 3 5.88 2 3.21 1 4 2 5

Bold values indicate t scores at p > 0.05 corrected. # subj, Number of single subjects (of 3) reaching p << 0.001 uncorrected; # subgr, number of subgroups (of 6) reaching p << 0.001 uncorrected; D

same size; V4d, V4 dorsal; V4v, V4 ventral.

Table 2. Statistical analysis in shape-sensitive regions of humans

k=

different objects; DS, different size; SS,

Adaptation experiment Size experiment
32versus 1 8versus 1 4versus 1 DO versus SS DO versus DS DS Versus SS
Region Coordinates (x, y, 2) tscores #subj tscores # subj tscores #subj #subgr #subgr #subgr
1 midfG L (—33,—42,-21) 15.9 5 11.25 5 6.91 5 6 5 2
R (36, —45, —24) 20.65 6 14 5 736 5 6 5 5
2 postlTG L (—45,—78,—6) 15.33 6 9.3 5 7.1 5 6 3 4
R (45, —66, —12) 19.33 6 11.87 5 6.59 5 6 5 6
3 L0S L (—45,—78,9) 6.79 5 6.67 5 3.24 5 6 1 3
R (42, —84,0) 15.27 6 10.14 5 5.59 4 5 3 3
4 \V3A L (—33,—-87,21) 9.02 5 4.72 4 332 3 - - -
R (30, —87,12) 8.07 5 5.04 2 3.18 2 - - -
5 VIPS L (—27,-175,36) 6.24 4 5.27 3 3.84 2 5 - 3
R (27, —69,36) 8.99 5 6.22 4 3.13 2 3 - 4
6 DIPSMs L (—21,—63,63) 7.14 3 5.25 3 4,98 3 3 1 3
R (30, —60, 60) 7.58 4 5.34 3 3.52 2 1 - 5
7 DIPSAs L (—39, —48,57) 5.21 3 3.55 2 3.34 2 4 1 4
R (36, —51,60) 5.27 3 35 3 3.29 3 3 - 3

Bold values indicate ¢ scores at p > 0.05 corrected. # subj, Number of single subjects (of 6) reaching p << 0.001 uncorrected; # subgr, number of subgroups (of 6) reaching p << 0.001 uncorrected; DO, different objects; DS, different size; SS,

same size.

group analysis, 8 mm; FWHH for single-subject analysis, 6 mm]| before
statistical analysis. A fixed-effects analysis was performed on the group
data of the adaptation experiment. The small number of subjects and the
need to use similar analysis in both species prevented us from using
random-effects analysis in humans. Also, single-subject analyses were
performed for the comparisons across tasks and number of runs. The
amount of data collected in the size invariance experiment exceeded
software (Matlab) limitations in attempts to perform a group analysis.
Therefore, the data were divided into six sets (four runs of each subject),
each of which was analyzed as a subgroup. Runs were selected in such a
way that the number of runs per subjects, per scanning session, and per
time series cycle and the stimulus sizes in the identical condition were
equalized among the six subgroups.

Monkey data were analyzed using the SPM99 and Match software. In
these analyses, eye movement parameters and, in the size invariance
experiment, realignment parameters were included as covariates of no
interest to remove eye movement and brain motion artifacts. The mon-
key functional volumes were realigned and non-rigidly coregistered with
the anatomy of M3 as a template in the group and single-subject analyses
using a customized volume-based registration algorithm, implemented

in the Match software (Chef d’Hotel et al., 2002). The algorithm com-
puted a dense deformation field by composing small displacements min-
imizing a local correlation criterion. Regularization of the deformation
field was obtained by low-pass filtering. The monkey functional volumes
were then subsampled to 1 mm? and smoothed with an isotropic Gauss-
ian kernel (FWHH, 1.5 mm). Each stimulus epoch was represented as a
box-car model convoluted by the MION response function as defined by
Vanduffel et al. (2001). The same analyses were performed as in humans:
fixed-effects group analysis of the adaptation experiment (first half of the
data), single-subject analysis for the comparison between passive fixation
and high-acuity task, and subgroup analysis of the size invariance exper-
iment. In this latter analysis, exactly the same partition into six subgroups
was used as in humans, but here each subgroup included 12 runs per
subject.

The threshold of the #-score maps was set at p < 0.05 corrected for
multiple comparisons, corresponding to a t score >4.89 for group anal-
yses in monkeys (>4.69 in humans). In the single-subject and subgroup
analyses, p << 0.001 uncorrected for multiple comparisons was used as
threshold. The #-score maps were combined and projected onto the flat-
tened cortical reconstruction (at the level of layer 4) of the monkey brain
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of M3 using the Freesurfer software. This pro-
gram was also used to project the human #-score
maps onto the flattened average brain of the
nine subjects participating in the size invariance
experiment.

Activity profiles plotting MR signal change
relative to the fixation condition were obtained
for a number of functional regions from the
group analyses (object adaptation experiment).
In the case of subgroup analyses (size adapta-
tion experiment), profiles from the six sub-
groups were averaged and SDs were calculated.
We considered the presumptive shape-related
regions in each species as defined by Denys et al.
(2004a). Activity profiles were calculated for a
small region of interest (ROI) surrounding the
local maximum of a shape-sensitive region and
defined by the most significant voxel in the sub-
traction intact shapes (average of the identical,
4-object, 8-object, and 32-object conditions)
minus the phase-scramble (adaptation experi-
ment) and six of its neighboring voxels in both
hemispheres (Tables 1, 2).

Two indices were derived from the activity pro-
files. The object adaptation index (AI) was calcu-
lated as follows: (%MR signal change in 32-object
epochs — %MR signal change in identical ep-
ochs)/%MR signal change in 32-object epochs.
The %MR signal change is defined relative to the
fixation-only conditions. The index ranges from 0
to 1, with 1 indicating complete adaptation and 0
indicating no adaptation at all. The size invariance
index (SI) was calculated as follows: (%MR signal
change in different sizes epochs — %MR signal
change in identical epochs)/(%MR signal change
in different objects epochs — %MR signal change
inidentical epochs). According to this formula, an
index of 1 indicates no size invariance, whereas an
index of 0 corresponds to complete size invari-
ance. Note that this index does not depend on the
baseline condition, here scrambled condition,
from which the percentage of signal change is de-
fined. Note also that this index requires the adap-
tation to be large enough to obtain reliable values.
To meet this condition, we introduced two arbi-
trary criteria: the difference between the percent-
age of MR signal change in the different objects
and identical epochs has to exceed 0.1% of the MR
signal in the scrambled condition in monkeys
(0.03% in humans, given the difference between
MION and BOLD signals) and 20% of the signal
change between different objects and scrambled
conditions.

The percentage of overlap between two acti-
vation patterns was calculated as the ratio of the
intersection over the union of activated regions.
These intersections and unions were outlined
on the Freesurfer maps, but the calculation was
based on the number of voxels in the native
three-dimensional volume, given the distor-
tions of cortical surface introduced by the flat-
tening. Therefore, the percentage of overlap
calculated this way may not always correspond

to the visual impression derived from inspection of the flatmaps.

Results

Object adaptation-sensitive regions in monkeys and humans
Object adaptation-sensitive regions were defined as those show-
ing significantly ( p < 0.05; corrected) larger activation for view-
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Figure 3.  Adaptation-sensitive regions. A, Statistical parametric map (group; n = 3) showing voxels significant ( p << 0.05;
corrected) in the subtraction 32-object condition minus identical condition superimposed on coronal sections of M3's brain
through the local maxima of TEdp (top) and LIP (arrows; bottom). B, Activity profiles (group; n = 3) plotting MR signal changes compared
with the fixation condition in the scrambled (S), identical (1), 4-object (4), 8-object (8), and 32-object (32) conditions of left and right TEdp
and LIP. €, Activity profiles (group; n = 6) of the left and right midFG and DIPSAs regions. In A, y indicates the anteroposterior level
compared with the interaural plane. In Band C, error bars indicate SEs, and the ratio (¢ — b)/a indicates the Al.
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Figure 4.  Adaptation-sensitive regions in the monkey. 4, B, Statistical parametric maps (group; n = 3) showing voxels
significant ( p << 0.05; corrected) in the subtraction 32-object minus identical condition superimposed on the posterior part of the
flattened left (A) and right (B) hemisphere of M3. The borders of shape-sensitive regions [i.e., voxels significant ( p << 0.05;
corrected) in the subtractions intact vs scrambled images] obtained with the small grayscale images of the present experiment
(black lines) and in the study by Denys et al. (2004a) (light blue lines) are shown. The numbers indicate the local maxima of
shape-sensitive regions obtained with small grayscale stimuli (see Table 1). Black dotted lines and asterisks indicate the central
visual field (1.5 eccentricity), and thick and dashed white lines indicate the projection of horizontal and vertical meridians. U and
L, Upper and lower field, respectively (Fize et al., 2003).
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ing 32-object stimuli compared with viewing identical object
stimuli (Fig. 3A). These regions, obtained in the group analysis of
the three monkeys, were superimposed onto the flatmaps of the
posterior parts of both hemispheres and are displayed as a col-
ored (yellow to red) map in Figure 4. The black solid lines indi-
cate the borders of the “object shape-sensitive” regions defined as
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Voxels showing significant adaptation without significant shape sensitivity.

regions significantly ( p < 0.05; corrected) more activated by the
object stimuli than by their phase-scrambled counterparts (i.e.,
regions showing a significant scrambling effect). In both hemi-
spheres, the object adaptation-sensitive regions and shape-
sensitive regions overlap to a great extent. The overlap averaged
(over hemispheres) 71% in the occipital and temporal part of the
activation (numbers 1-6) and 82% in the intraparietal sulcus
(IPS) (number 7)

Shape-sensitive regions were identified previously (Denys et
al., 2004a) using a different stimulus set (Kourtzi and Kanwisher,
2000), and the borders of these regions are also shown in Figure 4
with light-blue lines. Shape processing regions obtained with the
present grayscale object images, which were smaller in size (4.6 X
4.6°) than the Kourtzi and Kanwisher (2000) stimuli (15 X 15°),
matched those obtained by Denys et al. (2004a) relatively well in
the IT cortex (on average, 48% overlap). The most notable dif-
ference between the two experiments is a more extensive activa-
tion of the early regions in the present experiment, including
dorsal and ventral V3 and V4, as well as small parts of V1/V2.
Also, activation is fairly equal in the dorsal and ventral parts of V3
and V4 in the present experiment, whereas most V3 and V4 acti-
vation was located dorsally in the previous experiment. Such
early-level activity probably reflects a reduced activation in these
regions by the phase-scrambled stimuli that were used as control
stimuli in the present experiment, compared with the mosaic
scrambled stimuli of Kourtzi and Kanwisher (2000). Indeed the
mosaic scrambled images of Kourtzi and Kanwisher (2000) con-
served local edges, absent in the phase-scrambled stimuli. This
view is supported by the scrambling effect documented by Rainer
et al. (2002) in the near extrastriate areas of the anesthetized

Adaptation-sensitive regions in humans. 4, B, Statistical parametric maps (group; n = 6) showing voxels significant
((p < 0.05; corrected) in the subtraction 32-object minus identical condition superimposed on the posterior part of the flattened
left (4) and right (B) hemisphere of the average of nine brains. The borders of shape-sensitive regions [i.e., voxels significant ( p <
0.05; corrected) in the subtractions intact vs scrambled images] obtained with the small grayscale images of the present experi-
ment (black lines) and with the stimuli of Denys et al. (2004a) (light blue lines) are shown. The numbers indicate the local maxima
of shape-sensitive regions obtained with small grayscale stimuli (see Table 2). The shape-sensitive regions (Denys et al., 2004a)
include the following: mid FG (or LOa, 1); post ITG (or LO proper, 2); LOS, 3; V3A, human V3A, 4; VIPS, ventral IPS, 5; DIPSMs, 6;
DIPSAs, 7. The white outlines indicate motion-sensitive voxels [significant in subtraction motion minus stationary at p << 0.05
corrected (solid lines) or p << 10 ~* corrected (dotted lines)]. The black and white arrows point to regions differing in shape
sensitivity in the present experiment compared with previous experiments (Denys et al., 2004a) (see Results). Green arrows,
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monkey. In contrast, the scrambling effect
was larger in the IPS for the Kourtzi and
Kanwisher (2000) stimuli than for the
stimuli of the present experiment. Only an
anterior region, located close to the central
visual field representation in the lateral in-
traparietal region (LIP) (Fize et al., 2003),
exhibited a scrambling effect with the
present stimuli. For consistency with the
previous study, we refer to this region as
LIP, but given its location (Fig. 4), it may
include a part of anterior intraparietal
(AIP) (Luppino et al., 1999; Murata et al.,
2000).

Because of the similarity of the two
shape-related activation patterns, most
shape-sensitive regions defined by Denys
et al. (2004a) could also be identified with
the present stimuli (Table 1), except for
the region in the posterior IPS. Another
exception was the middle superior tempo-
ral sulcus (STS) region for which no local
maximum could be obtained, the activa-
tion being rather uniform over that part of
the STS. In monkeys, object adaptation
was observed in the prefrontal cortex, cor-
responding to the shape-related regions
that have been reported previously in the
prefrontal cortex of monkeys but not in
humans (Denys et al., 2004b). In agree-
ment with the latter study, shape-sensitive
regions included the anterior bank of the
inferior ramus of the arcuate sulcus (irAS)
and the lateral bank of the principal sulcus (PS), at least in the
right hemisphere (Table 1). As indicated in Table 1, the subtrac-
tion 32-object minus identical condition reached significance
(p < 0.05; corrected for multiple comparisons) for the group in
each of the shape-sensitive regions defined as described above.
This subtraction reached p < 0.001 uncorrected in all three single
subjects. In most of the single subjects, the subtractions in which
the 8-object and 4-object conditions were compared with the
identical condition also reached p < 0.001 uncorrected in these
regions (Table 1).

Figure 5 illustrates human object adaptation-sensitive re-
gions, obtained from the group-averaged results of six subjects
and displayed on flatmaps of the posterior parts of the two hemi-
spheres of the average brain of the nine subjects who participated
in the size experiment. As was the case in the monkey, there is a
good match between the regions showing object adaptation and
the shape-sensitive regions (Fig. 5, black outlines) in humans,
although the adaptation effect extended more medially in the
ventral cortex (Fig. 5, green arrows). The overlap between the two
sets of regions averaged 80% over hemispheres. Again, in agree-
ment with what was observed in monkeys (see above), the shape-
sensitive regions defined by the stimuli of the present experiment
(Fig. 5, black outlines) and those defined by the Kourtzi and
Kanwisher (2000) stimuli (Fig. 5, blue outlines) in these human
subjects matched relatively well, especially in the LOC (on aver-
age, 75% overlap). The match was reduced in the human IPS,
reminiscent of what we described above for monkeys. Compared
with the shape-sensitive regions defined by Kourtzi and Kan-
wisher (2000) stimuli, the present stimuli produced more exten-
sive activation in the anterior/dorsal IPS, whereas activation was
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somewhat reduced in the posterior/ventral IPS. The more pe-
ripheral, dorsal parts of area V3A (Fig. 5, black arrows) exhibited
a scrambling effect for the Kourtzi and Kanwisher (2000) stimuli
but not for the smaller stimuli of the present experiment. The
reverse is true in small regions posterior to the lateral occipital
sulcus (LOS) shape-sensitive region (Fig. 5, white arrows). Thus,
except for the dorsal part of the human IPS (numbers 7 and 6),
the scrambling effects overlap relatively well in humans.

As a consequence of the similarity of scrambling effects with
these two types of stimuli, local maxima could be defined with
stimuli of the present experiment for all shape-sensitive regions
described in humans by Denys et al. (2004a), with the exception
of the parieto-occipital IPS (POIPS) region (Table 2). The sub-
traction 32-object minus identical condition reached significance
(p < 0.05) for the group analysis in each of the shape-sensitive
regions. The same subtraction also reached p < 0.001 uncor-
rected in these regions for most single subjects (Table 2).

From these results, we conclude that in both species, object
adaptation was essentially confined to the shape-sensitive regions
in both humans and monkeys.

Adaptation level in monkey and human

shape-sensitive regions

Figure 3, Band C, displays the activity profiles occipito-temporal
and IPS regions of the human and monkey. These profiles show
that MR signals (relative to fixation condition) decrease regularly
as a function of repetition rate (Tables 1, 2). Therefore, the effect
of adaptation deepens as the repetition rate increases and maxi-
mum adaptation is reached for 100% repetition in the identical
condition. This maximum is captured by the object Al The ac-
tivity profiles also show that the MR signals measured in shape-
sensitive regions are stronger in the monkey than in humans,
likely because of the use of a contrast agent [see Denys et al.
(2004b) for discussion]. They also indicate that for the small
grayscale stimuli used here, the parietal activation levels in both
species are 60—70% less than those obtained in the ventral cortex
(IT complex and LOC).

The values of the object Al in the shape-sensitive regions of
monkeys and humans are compared in Figure 6. Using the
fixation-only condition as the reference, as is standard in single-
cell studies, the Al [ratio (a — b)/a in Fig. 3] ranges from 0.35 to
0.83 in monkeys, which is very similar to the human range of
adaptation indices (0.45—0.87). In two humans, in which 36 runs
were sampled, we verified that differences in the numbers of runs
sampled had no significant effect on the Al values (Mann—Whit-
ney U test; p > 0.4 comparing 9 and 36 runs).

In both species, the Al values were relatively similar in the
different regions, except for somewhat lower values in early re-
gions (V4v in the monkey, V3A in humans). Notice that although
adaptation indices were similar in the ventral and dorsal regions
of both species, the subtractions comparing 32-object, 8-object,
and 4-object conditions to identical conditions were more signif-
icant in ventral compared with dorsal shape-sensitive regions
(Tables 1, 2).

To test for differences in the AI between monkeys and hu-
mans, we compared the four regions of the monkey IT complex
[TEO, TE dorsal posterior (TEdp), TE ventral posterior (TEvp),
and TE dorsal anterior (TEda)] with the two regions of the hu-
man LOC [post-inferior temporal gyrus (ITG) and middle fusi-
form gyrus (midFG)] and monkey LIP with the three human IPS
regions [ventral IPS (VIPS), dorsal IPS medial shape part
(DIPSMs), and dorsal IPS anterior shape part (DIPSAs)]. A two-
way ANOVA on the single subject results with regional com-
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Figure 6.  Object Al in shape-sensitive regions of monkey (group; n = 3; A) and human
(group; n = 6; B). Dots connected by bars indicate the values of the left and right hemispheres
(for PS-only right hemisphere). For coordinates of the different regions, see Tables 1and 2. V3A,
Human V3A; V4d, V4 dorsal; V4v, V4 ventral.

plexes (temporal, parietal) and species (monkey, human) as fac-
tors yielded no significant effects (regional complex, p > 0.3;
species, p > 0.9; interaction, p > 0.05).

Adaptation levels in passive and task conditions

The Al was measured in three monkeys and four human subjects
while the subjects were performing a demanding high-acuity task
in central vision (Vanduffel et al., 2001). The aim was to equalize
attention among conditions within and between species, because
it could be argued that subjects pay less attention to repeated
stimuli or that monkeys were more concerned by the fixation
target and less concerned by the background stimuli than hu-
mans. Given the small number of subjects tested, single-subject
analysis was performed, and Figure 7 plots the Al averaged over
subjects, for both the passive fixation and active task conditions.
In general, the indices obtained in these two conditions were very
similar. The results shown in Figure 7 were analyzed with a
repeated-measures ANOVA. The main effect of task was signifi-
cant in neither monkeys nor humans ( p > 0.75 in monkeys; p >
0.95 in humans), nor in the effect of region ( p > 0.15 in monkeys
and humans).

Given the importance of controlling attention in adaptation
experiments (Eger et al., 2004), we repeated the assessment of
object adaptation while the subject performed the acuity task
with a smaller bar size, assuming that the performance level and
reaction time were sensitive indicators of the subjects’ attentional
state (see Materials and Methods). Rescanning of monkey M5
yielded Al values very similar to those in the initial, less controlled
acuity task experiment (Fig. 8A). Yet, during rescanning, we ob-
served close to 86% correct in all conditions and, although one-
way ANOVA indicated differences in the percentage correct
among conditions, post hoc testing (Bonferroni’s test) revealed no
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Figure 7.  Object Alin passive fixation (light gray) and active task (dark gray) conditions in
selected shape-sensitive regions of monkey (average of 3 single subjects; A) and human (aver-
age of 4 single subjects; B). Error bars indicate SDs across subjects.

significant differences among the conditions in which intact ob-
jects were shown (range, 86—88%). The reaction time was close
to 550 ms in all conditions, except fixation-only, in which it was
25 ms shorter, probably because the small bar was easier to detect
on an empty background. Post hoc testing revealed no significant
differences among the five other conditions (range, 549552 ms).
For these three scanning sessions, we also quantified the time and
the precise eye position within the fixation window. The percent-
age of fixation averaged 85% and, although one-way ANOVA
revealed a significant effect of condition because of a poorer per-
formance during fixation, post hoc testing revealed no significant
differences among the five other conditions (range, 85-88%).
The SD of the eye position averaged 0.56 and 0.75° in the hori-
zontal and vertical directions, respectively. There were no signif-
icant differences in the mean and SD of vertical and horizontal
eye position among the conditions in which stimuli were pre-
sented, although SDs were significantly larger for the fixation
condition.

Very similar results were obtained in the two human subjects
retested with a smaller bar size. Again, Al values were very similar
for the test and retest (Fig. 8 B). There was no significant effect of
condition on performance levels (one-way ANOVA; p > 0.10),
and the average performance was close to 83% correct. Statistical
testing with one-way ANOVA and post hoc Bonferroni’s testing
showed that reaction times did not differ significantly between
conditions (range, 522—-540 ms), except for the fixation only con-
dition, in which the reaction time equaled 503 ms.

Thus, object adaptation was little affected when attention was
drawn away from the object images, and attention to the central
bar was equalized across conditions.
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Figure 8.  Adaptation indices of selected shape-sensitive regions in test (open bars) and
retest (striped bars) of the acuity task of monkey M5 (4) and two human subjects (B). The dots
connected by lines in A indicate values of the left and right hemispheres. Vertical bars connect-
ing triangles in B indicate individual data.

Size invariance of object AI in monkeys and humans

Because monkeys and humans show similar levels of object ad-
aptation, and this adaptation is sizeable even for relative low
numbers of repetition (Tables 1, 2), we can use object adaptation
to compare the size invariance in the human and monkey brain.
We verified that the difference between the different objects and
identical conditions were significant in most of the six subgroup
analyses of the size experiment in both species (Tables 1, 2). In the
monkey, adaptation (assessed by the subtraction different objects
minus identical) was significant ( p < 0.001; uncorrected) in the
shape-sensitive regions, except V3A, for the majority of sub-
groups, but most frequently so in the IT regions and LIP (Table
1). In humans, adaptation was also significant ( p < 0.001; un-
corrected) in the shape-sensitive regions for the majority of sub-
groups, but adaptation reached significance more frequently in
the ventral shape-related regions (Table 2).

In the size invariance experiment, we compared MR activity in
three conditions: viewing of different sizes of the same object,
viewing the same size of a single object, and viewing different
objects of a single size. If a brain region treats different sizes of an
object as the same object (i.e., with complete size invariance),
adaptation should be the same under the different sizes and same
size conditions, and thus MR signals should be equal under those
conditions. Thus, the SI [ratio (b — a)/(c — a) in Figure 9] will be
zero. Alternatively, if a brain region treats different sizes of an
object as different objects, with no size invariance, then no adap-
tation will be observed and MR signal will be the same in the
different sizes and different objects conditions. In this case, the SI
will equal 1. As shown in Figure 9, MR signals under changing size
conditions usually fell between those of the same size and differ-
ent objects conditions, in monkeys as well as in humans. Occa-
sionally, the MR activity in the different sizes condition exceeded
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Figure 9.  Activity profiles (average of 6 subgroups) plotting MR signal changes compared
with the scrambled condition in the same object, same size (SS), different size (DS), and differ-
ent object (DO) conditions of the left and right TEdp and LIP (4) and of the left and right midFG
and DIPSAs (B). Error bars indicate SDs. The ratio (b — a)/(c — a) indicates the SI.

that in the different objects condition or fell below (data not
shown) that in the same object condition. In these instances, SI
was set to 1 or 0, respectively.

In the monkey, the size invariance indices ranged between
0.35 and 0.60 (Fig. 10A). Thus, the activity in the different sizes
condition was about halfway between that in the identical and
different objects conditions. Indeed, the subtractions different
objects minus different sizes and different sizes minus identical
were approximately equally significant (Table 1). The differences
between the ventral and dorsal regions were not significant
(nested ANOVA comparing LIP to the four IT parts; p > 0.4).

In humans, the size invariance indices were slightly larger than
in the monkey, ranging between 0.4 and 0.85 (Fig. 10 B). Consis-
tent with these values, the subtraction different sizes minus iden-
tical condition reached significance more frequently than the
subtraction different objects minus different sizes condition (Ta-
ble 2). The size invariance indices were significantly lower in the
three ventral compared with the three parietal shape-sensitive
regions (nested ANOVA; p < 0.02), indicating that in humans
the ventral shape-sensitive regions are more size invariant than
their dorsal counterparts.

To test for species differences in size invariance indices, we
compared (1) the four regions of the IT complex with the two
regions of the LOC and (2) monkey LIP with the three human IPS
regions. A two-way ANOVA with regional complexes (temporal,
parietal) and species (monkey, human) as factors yielded no sig-
nificant effects (regional complex, p > 0.1; species, p > 0.1; in-
teraction, p > 0.25).

These results indicate that size invariance was by no means
complete in either species. There are hints that invariance is
somewhat reduced but slightly more differentiated in humans
than in monkeys.

Path analysis of IT complex in monkeys
The IT complex is a large expanse of cortex, which is only partially
represented by the four local maxima of shape sensitivity (Table
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subgroups. Error bars indicate SDs. The difference between the three ventral and three dorsal
shape-sensitive regions in humans was significant (nested ANOVA; p << 0.02). V4d, V4 dorsal;
Vv, V4 ventral.

1) we used to describe the object adaptation and size invariance of
this complex. Therefore, we performed a more detailed analysis
of the IT complex by plotting the MR signals in the different
conditions of the two experiments along paths parallel to the
anteroposterior axis of the IT complex (Brewer et al., 2002; Ro-
sano et al., 2002; Fize et al., 2003; Denys et al., 2004a). To define
these three paths, we connected voxels in each of the successive
coronal sections through the IT cortex. Starting from the V4/IT
border, a first path (Fig. 11 A, blue line) connected voxels located
within the lower bank of the STS, at ~4.5 mm from the lip of the
STS. The two other paths (Fig. 11 A, green and red lines) followed
the dorsal part of the convexity of the IT cortex, running 3 and 8
mm below (lateral on the flatmap) the lip of the STS. These paths
covered most of the object-related regions of the IT complex (Fig.
11 A, thick black lines).

Because we could measure the activity profiles in all voxels on
these paths, we could plot the AI and SI derived from the two
experiments along these paths. Smooth curves were obtained by
taking running averages over three successive points. The Al and
SI curves are plotted in Figure 11, B and C, respectively. Because
there was no significant difference between the curves of the right
and left hemispheres (two-way ANOVA with paths and hemi-
spheres as factors, main effect of hemisphere; p > 0.7 in adapta-
tion experiment 1; p > 0.85 in the size experiment), the curves
were averaged over the hemispheres. Changes in the adaptation
level and size invariance were very similar in the two paths along
the convexity. Adaptation was stronger and the size invariance
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Figure 11.  Detailed analysis of the IT complex. 4, Parts of monkey flatmaps (see Fig. 4)

showing the position of the three paths in the IT cortex: in the STS (blue) and on the dorsal
convexity (green and red). Thin black outline, Lips of the STS; thick black lines, shape-sensitive
regions, as in Figure 4, defined by the subtraction intact versus scrambled images. B, C, Plots of
the Al (B) and SI (€) along the three paths, averaged for the two hemispheres. The endpoints of
paths (—2, 20) are indicated in A. Values of the correlation between the Al and position were
0.83,0.66, and 0.78 for paths along the STS, upper convexity, and lower convexity, respectively.
The values of correlation between the Sl and position were —0.51, —0.87, and —0.44 along
the STS, upper convexity, and lower convexity, respectively. All six correlation coefficients were
significant ( p << 0.05).

was weaker in the lower bank of the STS compared with the
convexity. Indeed, the factor “path” had a significant effect ( p <
0.001) in both experiments, and post hoc testing (Bonferroni’s)
revealed a significant difference between the STS and the two
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Figure12.  Detailed analysis of the LOC. A, Parts of human flatmaps (see Fig. 5) showing the
position of the paths in the LO cortex: black in the ITG, orange in the OTS, green in the IFG, yellow
in the mFG, and purple in the collateral sulcus (CollS). Black and white outlines indicate the
shape-sensitive regions (LOS, post ITG, and midFG) and motion-sensitive regions (hMT/V5+
and V3A): solid lines contour at p < 0.05, and dotted lines contour at p << 10 . B, C, Plots of
object Al (B) and SI (€) along the three (left hemisphere) and five (right hemisphere) paths. The
endpoints of paths are indicated by numbers in A. Dotted lines in B indicate the anterior end-
points. The values of the correlation between Al and position were 0.59, 0.91, and 0.97 in the
left ITG, OTS, and IFG, respectively, and 0.65, 0.70, 0.82, 0.94, and 0.76 along the right ITG, OTS,
IFG, mFG, and CollS, respectively (all p << 0.05). The values of the correlation between Sl and
position were —0.39, —0.72, —0.73 for left ITG, OTS, and IFG, respectively, and —0.32,
—0.81, —0.68, —0.93,and 0.0 along the right ITG, OTS, IFG, mFG, and CollS, respectively. The
values for 0TS and IFG bilaterally and the right mFG were significant ( p << 0.05). For differences
between the left and right hemispheres, see Results.

other paths ( p < 0.01 in the adaptation experiment; p < 0.001 in
the size experiment). Linear regression analysis showed that both
the increase in the Al and the decrease in the SI at more anterior
levels of the IT complex were significant ( p < 0.05; for r values,
see the legend to Fig. 11) along all three paths.

Detailed analysis of the human LOC

We performed a similar path analysis of the human LOC, which
is even larger than the IT cortex and was only represented by two
local maxima (Table 2) in the initial analysis. To date, no ana-
tomical definition of the LOC is available; therefore, we defined
the paths by straight lines on the flatmaps rather than in the
sections, but nonetheless tried to follow anatomical landmarks



4304 - ). Neurosci., April 27, 2005 - 25(17):4294 - 4306

(gyri and sulci) and to cover the whole shape-sensitive region
(Fig. 12 A). In humans, the LOC runs along an anterior posterior
axis in the occipito-temporal sulcus (OTS) and neighboring gyri,
the ITG laterally, and the fusiform gyrus medially (Kourtzi and
Kanwisher, 2000; Denys et al., 2004a). Note that on the flatmaps,
medial is toward the calcarine sulcus (back of the flatmap) and
lateral is away from the calcarine (forward on the flatmap). To
explore changes in object adaptation along the anteroposterior
dimension of the LOC, we defined five paths running parallel to
this axis and following approximately the ITG (black), the OTS
(orange), the lateral FG (IFG; green), the medial FG (mFG; yel-
low), and collateral sulcus (purple). Consistent MR profiles were
obtained in the voxels corresponding to all five paths in the right
hemisphere and the three most lateral paths in the left hemi-
sphere, starting (positions zero in Fig. 12A) from the posterior
end of the post-ITG region (or LO proper) to the crossing of the
paths with the anterior end of the post-ITG or midFG (or LO
anterior) at the positions indicated on the flatmaps (numbers in
Fig. 12 A). Therefore, we could plot both the Al and SI along these
eight paths (Fig. 12 B, C).

Figure 12 B shows that the Al increases at more anterior levels
in the LOC along all eight paths. Linear regression analysis dem-
onstrated that these changes were significant along all eight paths
(p < 0.05; for rvalues, see figure legend). Statistical testing (two-
way ANOVA with paths and hemispheres as factors) revealed a
significant hemispheric difference (right larger than left) in the AI
(p < 0.001) but no interaction between path and hemisphere.

Just as in the monkey IT complex, the increase in the Al at
anterior levels of the LOC was accompanied by a decrease in the
SI, indicating more pronounced size invariance at these anterior
levels (Fig. 12B). Linear regression analysis revealed that this
change was significant along the OTS and IFG paths bilaterally
and along right mFG path (for rvalues, see figure legend). Finally,
it is noteworthy that along all paths, size invariance indices were
smaller in the left than in the right hemisphere along all three
paths. Statistical testing (two-way ANOVA with path and hemi-
sphere as factors) confirmed the significance of this interhemi-
spheric difference (p < 10~7) and also showed an interaction
between path and hemisphere ( p < 0.01). Post hoc testing (Bon-
ferroni’s) showed that size invariance indices were significantly
lower in the left ITG (black; p < 0.005), OTS (orange; p < 0.05),
and IFG (green; p < 1077) paths compared with their right
counterparts.

This analysis revealed similar anteroposterior gradients in ob-
ject adaptation and size invariance across the IT complex and
LOC.

Discussion

The similarity between humans and monkeys

Using the same experimental technique and behavioral state in
both species (Nakahara et al., 2002; Vanduffel et al., 2002), we
were able to compare fMRI object adaptation in the two species.
Over a wide range of conditions, including controls of attention,
object adaptation is very similar in the two visual systems. The match
was almost perfect between object adaptation in the LOC and IT
complex. This conclusion can be extended to object adaptation un-
der different size conditions. Complete size invariance was observed
in none of the shape-sensitive regions of either species.

Adaptation and size invariance in monkeys

In macaques, the regions sensitive to object adaptation over-
lapped extensively with the shape-sensitive regions, including the
prefrontal cortex. This agrees with the single-cell recording stud-
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ies reporting that repetition of shape stimuli typically decreases
neural responses in the IT cortex (Brown et al., 1987; Li et al.,
1993; Sobotka and Ringo, 1993; Vogels et al., 1995) and in the
prefrontal cortex (Miller et al., 1996; Rainer and Miller, 2000). So
far, the effect of repeated presentation of shapes has not been
assessed in parietal shape-selective neurons (Sereno and Maun-
sell, 1998). Thus, fMRI object adaptation was observed in regions
where decreased neuronal responses have been reported for re-
peated presentation of shape/object stimuli, supporting a link
between fMRI adaptation and neuronal response suppression.
This link has been frequently assumed without explicit testing. In
fact, these two phenomena are often interchangeably referred to
as neuronal priming, although the relationship with behavioral
priming is complex (Henson et al., 2000; Dobbins et al., 2004;
Maccotta and Buckner, 2004).

Complete size invariance was observed in none of the shape-
related areas of the monkey. This is in general agreement with
single-cell studies (Schwartz et al., 1983; Lueshow et al., 1994;
Logothetis et al., 1995; Vogels, 1999) reporting that response is
independent of size only in a fraction of IT neurons. Using fMRI,
the largest size invariance was observed in the anterior part of TE.
Two studies (Ito et al., 1995; Op De Beeck and Vogels, 2000) have
investigated the invariance of shape-selective neurons in this re-
gion over a large range of sizes and reported that a large fraction
of neurons were size specific. Thus, the size invariance observed
in the anterior TE with fMRI is at least qualitatively in agreement
with the single-cell results. Our results also indicate a consider-
able variation in size invariance along the anteroposterior levels of
the IT complex. Unfortunately, no single-cell study has investigated
this range of anteroposterior levels. However, it is well known that
receptive field (RF) size increases along anteroposterior levels in the
IT complex (Desimone and Gross, 1979; Kobatake and Tanaka,
1994) and therefore one may infer that size dependency will decrease
as one reaches more anterior levels, as we observed.

LIP also exhibited size-dependent adaptation, suggesting size
selectivity of LIP neurons. Murata et al. (2000) reported that
many neurons in the AIP were selective for size. Precise coding of
object size is effectively important for guidance of grasping of
object, a function in which AIP is believed to play an important
role (Murata et al., 2000), although size dependence of recogni-
tion has also been reported (Bundesen and Larsen, 1975).

Adaptation and size invariance in humans
Significant object adaptation effects were observed in the shape-
sensitive regions of human subjects. The pattern of shape-related
activation obtained with the small stimuli used in the present
study matched that observed with the large stimuli used by Denys
et al. (2004a) relatively well, particularly in the ventral visual
cortex. In the dorsal regions, a few frank discrepancies were noted
that can be mostly attributed to the difference in size of the stim-
uli. The activation of hV3A in the present study was restricted to
the more ventral part of V3A, where central vision is represented
(Tootell et al., 1997). In the posterior IPS, no activation of POIPS
was observed (Table 2), whereas activation in the anterior IPS
(DIPSMs and DIPSAs) was actually stronger than in the study by
Denys et al. (2004a). Recently, we have shown that although
DIPSM/DIPSA regions represent mainly the center of the visual
field, POIPS represents mainly the periphery (Claeys et al., 2004).
In experiment 1, we used a paradigm very similar to that used
in the adaptation experiment of Grill-Spector et al. (1999). They
reported a response in the one-object condition only 40% of that
in the 32-object condition (their Fig. 3e). This corresponds to an
Al of 0.6, close to the values of 0.58 and 0.62 we obtained as the Al
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in right and left post-ITG (LO proper), the main part of the LOC
(Fig. 5). Because Grill-Spector used an ROI approach, their value
was dominated by that of the LO because it contributed the most
voxels. Our study also agrees with the previous studies that re-
ported a stronger adaptation in the anterior part of the LOC
(LOa; ventral temporo-occipital) than the posterior part of the
LOC (LO proper) (Grill-Spector et al., 1999; James et al., 2002).
The parietal components of the object shape-sensitive regions
showed an adaptation effect similar in strength to that in the
post-ITG, in agreement with the results of James et al. (2002).

We failed to observe complete size invariance in the LOC
(Grill-Spector et al., 1999; Vuilleumier et al., 2002). Grill-Spector
et al. (1999), using object stimuli similar to ours, obtained more
adaptation under the different size conditions than under the
identical size condition: they reported an adaptation ratio of 56%
in the first condition compared with 71% in the second condi-
tion, a smaller ratio indicating more adaptation. Using different
face stimuli, however, these authors also failed to observe com-
plete size invariance. Using the data shown in their Figure 7d
(second face experiment) we calculated an SI of 0.33 and 0.69 for
the LOa and LO, respectively. This is again close to the values we
obtained in the anterior and posterior parts of the paths through
the LOG, at least those in the left hemisphere (Fig. 12C). Thus, over-
all, the present human data agree with those of Grill-Spector et al.
(1999): we observed similar levels of adaptation, and similar antero-
posterior gradients in adaptation, and size invariance; only the de-
gree of size invariance differs to some extent. Differences in proce-
dure may explain the discrepancy with our results: the range of size
change is larger in our experiment than that of Grill-Spector et al.
(1999), and we used only five discrete sizes in that range.

Our finding that in humans the left LOC is more size invariant
than the right LOC fits previous behavioral and functional imag-
ing reports that the left fusiform cortex may host a more abstract
or invariant visual shape representation than its counterpart in
the right hemisphere (Marsolek, 1999; Koutstaal et al., 2001;
Vuilleumier et al., 2002).

Interspecies comparisons: ventral and dorsal pathways

Our study shows that both in the LOC and IT complex, object
adaptation and shape sensitivity measured with two different
types of stimuli are all coextensive. This provides additional sup-
port for the homology between these complexes at the “regional”
level (region considered here as a set of areas) (Orban et al., 2004).
Also, the finding that both complexes exhibit anteroposterior gradi-
ents in adaptation and size invariance further supports the regional
homology. Because there has so far been no consistent way to func-
tionally parcel these two complexes, it still remains a formidable task
to resolve the homology issue at the level of single areas.

The present experiments confirmed species differences in
shape sensitivity at the level of the IPS (Vanduffel et al., 2002;
Denys et al., 2004a,b). Only one region, which we tentatively
identified as LIP, was shape sensitive in monkeys compared with
three regions (VIPS, DIPSMs, and DIPSAs) in humans. Further-
more, in monkeys, the shape sensitivity in the present experi-
ments was less extensive in the anterior IPS than in our previous
experiments (Denys et al., 2004a), whereas in humans the oppo-
site was true.

One additional species difference emerged in the near extra-
striate cortex (V3 and V4), in which the scrambling was much
stronger in the present experiment than in our previous one (De-
nys et al., 2004a). Comparatively, the difference between the two
scrambling procedures was much smaller in humans (compare
Figs. 4, 5). Using the same coordinates as those used by Denys et
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al. (2004a; their Tables S1 and S2) to asses the V1 activity in the
present experiments indicated the scrambling effect was similar
in V1 of both species: the scrambled condition evoked ~70%
more MR change than the intact shapes. Thus, the species differ-
ence is really limited to near extrastriate areas including V3 and
V2 at subthreshold level, where phase scrambling is more effec-
tive than mosaic scrambling [see Rainer et al. (2002), their Fig.
4 B]. This effect is much reduced in humans, perhaps because of
the somewhat smaller RFs.

Conclusion

We were able to show that the human and monkey visual systems
show similar object adaptation properties, both under identical
and different size conditions. We provide evidence for consis-
tency between fMRI adaptation under both conditions and prop-
erties of single neurons. This still leaves open the question
whether neuronal adaptation can be used to assess neuronal se-
lectivity. This question has to be addressed by single-cell record-
ings and is now being investigated (Sawamura et al., 2004).
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