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Abstract

Previous functional imaging studies have shown that facilitated processing of a visual object on repeated, relative to initial, presentation
(i.e., repetition priming) is associated with reductions in neural activity in multiple regions, including fusiform/lateral occipital cortex.
Moreover, activity reductions have been found, at diminished levels, when a different exemplar of an object is presented on repetition. In
one previous study, the magnitude of diminished priming across exemplars was greater in the right relative to the left fusiform, suggesting
greater exemplar specificity in the right. Another previous study, however, observed fusiform lateralization modulated by object viewpoint,
but not object exemplar. The present fMRI study sought to determine whether the result of differential fusiform responses for perceptually
different exemplars could be replicated. Furthermore, the role of the left fusiform cortex in object recognition was investigated via the
inclusion of a lexical/semantic manipulation. Right fusiform cortex showed a significantly greater effect of exemplar change than left
fusiform, replicating the previous result of exemplar-specific fusiform lateralization. Right fusiform and lateral occipital cortex were not
differentially engaged by the lexical/semantic manipulation, suggesting that their role in visual object recognition is predominantly in the
visual discrimination of specific objects. Activation in left fusiform cortex, but not left lateral occipital cortex, was modulated by both
exemplar change and lexical/semantic manipulation, with further analysis suggesting a posterior-to-anterior progression between regions
involved in processing visuoperceptual and lexical/semantic information about objects. The results are consistent with the view that the right
fusiform plays a greater role in processing specific visual form information about objects, whereas the left fusiform is also involved in
lexical/semantic processing.
© 2003 Elsevier Science (USA). All rights reserved.

Introduction ized as an example of implicit memory (Graf and Schacter,
1985), whereby the influence of prior processing of a stim-

Repetition priming refers to the facilitated processing ulus on subsequent performance can occur without con-
of a stimulus on repeated, relative to initial, presentation scious awareness, as contrasted with the explicit conscious
(Richardson-Klavehn and Bjork, 1988; Roediger, 1990; remembering of events. The validity of such a distinction is
Schacter, 1987; Schacter and Buckner, 1998). This facilita- supported by demonstrations of double dissociations be-
tion may be shown behaviorally as decreases in the amount tween patients with medial temporal lobe amnesia, who
of time taken to complete a task, and/or as increases in have impaired explicit memory but exhibit relatively pre-
accuracy of performance on the task. Priming is character- served priming (Warrington and Weiskrantz, 1974), and

patients with more posterior cortical lesions, who perform
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individuals have demonstrated that priming effects may
transfer across different exemplars of an object (e.g., two
different umbrellas), but the degree of facilitation is atten-
uated compared with repeated presentation of the identical
object (Biederman and Gerhardstein, 1993; Warren and
Morton, 1982). Studies using divided visual-field method-
ology have shown that sensitivity to such alteration of the
perceptual form of objects on repeated presentation may
differ depending on the cerebral hemisphere to which the
objects are preferentially presented (Marsolek, 1995, 1999).
The right hemisphere has been reported to be more sensitive
to stimulus alteration, suggesting that it is involved in pro-
cessing specific visual form information about objects,
while the left hemisphere, which displays a pattern of gen-
eralization across different exemplars, may process more
abstract (Marsolek, 1999) and/or lexical/semantic (Kout-
staal et al., 2001) information about objects. Consistent with
this view, damage to posterior regions of the right hemi-
sphere has been associated with impaired visual form-spe-
cific priming (Vaidya et al., 1998).

In recent years, functional neuroimaging studies have
provided much further evidence on the brain regions asso-
ciated with repetition priming phenomena (see Henson, in
press; Schacter and Buckner, 1998, for recent reviews).
These studies have demonstrated that behavioral priming
effects can be mirrored in the levels of activation observed
in brain regions involved in stimulus processing, showing
reduced activity for previously processed stimuli (Buckner
et al., 1995; Raichle et al., 1994; Squire et al., 1992). This
reduced activity may reflect “response suppression” or re-
duction in the firing rate of neurons, as has been recorded in
nonhuman primates (Desimone, 1996), diminished response
of neurons coding features that are unnecessary for process-
ing, which “sharpens” the representation (Wiggs and Mar-
tin, 1998), or shortened duration of neuronal/synaptic activ-
ity (Henson and Rugg, 2003). During visual object priming,
for example, some of the regions exhibiting significant
activation associated with initial visual processing of ob-
jects show reduced activation during repeated processing of
the objects (Buckner et al., 1998; Henson et al., 2000;
Wagner et al., 1997; Wiggs and Martin, 1998). These re-
gions include fusiform and lateral occipital cortices associ-
ated with visual perception and lexical/semantic processing
(Buckner et al., 1998, 2000; Grill-Spector et al., 1999;
Henson et al., 2000; Martin and Chao, 2001; Simons et al.,
2001; Thompson-Schill et al., 1999), as well as inferior
prefrontal cortices thought to play a role in the controlled
retrieval of lexical/semantic information (Dapretto and
Bookheimer, 1999; Fiez, 1997; Gabrieli et al., 1996; Martin
and Chao, 2001; Poldrack et al., 1999; Wagner et al., 2000,
2001).

Two recent studies (Koutstaal et al., 2001; Vuilleumier et
al., 2002) extended these findings of priming-related acti-
vation reduction by examining the effects of perceptually
manipulating stimuli between repeated presentations (see
also Grill-Spector et al., 1999). Koutstaal et al. (2001)

compared neural responses associated with the repeated
processing of identical objects and perceptually different
exemplars of objects. Activation in fusiform and inferior
prefrontal regions reflected the pattern found on the behav-
ioral index of priming; these regions showed significant
neural priming for different exemplars, but priming was
attenuated compared to that found for identical exemplars.
Echoing the results of Marsolek’s (1999) divided visual-
field studies, the activation difference between identical and
different exemplar processing was more pronounced in right
than left fusiform, consistent with the idea that specific
visual form processing occurs in the right hemisphere, but
that more abstract or perhaps lexical/semantic processing—
the precise nature of which is currently unclear—is sup-
ported by the left hemisphere. Similar fusiform lateraliza-
tion was observed by Vuilleumier et al. (2002), who found
greater sensitivity to changes in the viewpoint of perceived
objects in right than left fusiform cortex. Unlike Koutstaal et
al., however, Vuilleumier and colleagues did not find later-
alization of activation in fusiform cortices associated with
perceptually different exemplars.

The primary aim of the present study was to investigate
in more detail the involvement of left fusiform cortex in
visual object processing. As alluded to above, evidence
exists consistent with roles for left fusiform in both abstract
visual object representation and the processing of lexical/
semantic information (Buckner et al., 1998; Koutstaal et al.,
2001; Marsolek, 1995; Vuilleumier et al., 2002). To inves-
tigate this issue, a lexical/semantic manipulation was em-
ployed whereby, immediately prior to and concurrent with
the onset of a pictured object, either the object’s name or a
nonsense word was auditorily presented. If left fusiform is
involved exclusively in abstract visual form processing, as
has been suggested (Marsolek, 1995), then no difference in
activation would be expected for objects accompanied by
their actual names relative to objects accompanied by non-
sense words. If, however, left fusiform plays a role in the
processing of lexical/semantic representations (e.g., Buck-
ner et al., 2000), it might be predicted that activation in this
region, and in others involved in semantic processing such
as inferior prefrontal cortex, would be modulated by the
name manipulation.

This study also attempted to ascertain whether it would
be possible to replicate Koutstaal et al.”s (2001) finding of
differential sensitivity to exemplar change in right versus
left fusiform cortex when different stimuli, different partic-
ipants, and a different fMRI scanner were used. Given
Vuilleumier et al.’s (2002) failure to observe greater exem-
plar specificity in right than left fusiform cortex, it is im-
portant to seek confirmation that fusiform lateralization for
processing of different exemplars is a reliable outcome, and
can be reproduced in a new experiment. If right fusiform
cortex is indeed involved more than left fusiform in pro-
cessing object-specific visual form information that differ-
entiates between exemplars, then it should be possible to
replicate Koutstaal et al.’s observation of a significant in-



J.S. Simons et al. / Neurolmage 19 (2003) 613-626 615

teraction between BOLD fMRI signal change in left and
right fusiform, and the type of object presented (same or
different exemplars). This would allow confirmation that
the object recognition processes subserved by right and left
fusiform are differentially sensitive to changes in exemplar
(as well as perhaps in viewpoint; Vuilleumier et al., 2002).

Materials and methods
Farticipants

Sixteen right-handed native speakers of English (10
male, 6 female), with normal or corrected-to-normal vision,
took part in the experiment. The volunteers (mean age =
21.4 years, range 18-30) were recruited through sign-up
sheets and received $50 for their participation. Data from
two additional participants were excluded due to technical
problems with the scanner or peripheral equipment. Partic-
ipants were screened using a comprehensive medical ques-
tionnaire and informed consent was obtained in a manner
approved by the Human Studies Committee of the Massa-
chusetts General Hospital.

Design and materials

There were six conditions in the experiment, which ma-
nipulated object type (novel items, repeated same, repeated
different) and the concurrent presentation of lexical/seman-
tic information (name, nonsense word). The stimuli con-
sisted of 288 color picture pairs and corresponding auditory
word pairs. The picture pairs depicted single man-made or
living objects (e.g., umbrella, octopus), with the items in
each pair representing perceptually different exemplars of
objects with the same name, as in our previous study (Kout-
staal et al., 2001). Behavioral pilot testing, involving 12
young adults from the same population as those who took
part in the imaging study, confirmed that name agreement
for the exemplar pairs was high, with 95% of items on
average (SD = 8%) given the same or a minor variant (e.g.,
“television” vs “TV”) of the same name. The auditory word
stimuli were digital recordings of the name (e.g., “um-
brella”) and a phonologically matched nonsense word (e.g.,
“wa-su-to”) for each of the 288 items. The nonsense words
were created by pseudo-randomly combining phonemes
into nonwords that were each matched with their corre-
sponding object name for syllable length. The nonsense
words were independently screened by three of the authors
(S.P., W.K,, and J.S.S.), with nonwords being replaced if
any semantic associations were elicited. Although it is not
possible to rule out the possibility that some meaning-
related processing occurred for a few of the nonsense words,
it is unlikely that the meaning was systematically related to
the pictured objects with which the nonsense words were
paired. The stimuli were divided into 36 sets of eight items,

with the sets systematically counterbalanced between sub-
jects across the six conditions.

Procedure

Across 16 scans, eight study-test cycles were adminis-
tered to subjects. The study and test phases were very
similar; indeed, on debriefing after the experiment, none of
the subjects reported being aware of a difference between
consecutive phases. In both tasks, a picture was presented
for 1 s and participants were asked to judge whether the
object depicted was, in real life, larger or not larger than a
13-inch box. As part of the test instructions before scanning,
subjects were shown an actual 13-inch box to aid them with
this judgment. They indicated their decision by pressing one
of two buttons on a button box. Beginning 50 ms prior to the
onset of each picture, when a central fixation cross was
displayed on the screen, an auditory word or nonword was
presented to the subjects through headphones. For half the
items, the word was the item’s name (e.g., “umbrella”)
whereas for the other half, the word was a nonsense word
(e.g., “wa-su-to”). Participants were instructed to listen at-
tentively to the auditorily presented stimulus (word or non-
word), but to base their size judgment on the picture they
were viewing. In order to optimize the efficiency of the
imaging-analysis design matrix, the order of the conditions
in each scan was determined using an optimal sequencing
program, with additional periods of baseline fixation lasting
between 2 and 10 s pseudo-randomly interspersed between
trials (Dale, 1999).

The study and test phases differed in that, in the study
phase, the same set of 32 items was repeated three times,
whereas in the test phase, 64 items were presented once
each. The test items consisted of three item types: 32 novel
items (objects not previously presented; 16 accompanied by
a name, 16 by a nonsense word), 16 repeated same items
(the identical picture to one presented in the preceding study
phase; 8 name and 8 nonsense word items), and 16 repeated
different items (the different exemplar of an item presented
in the preceding study phase; 8 name and 8 nonsense word
items). Although the precise picture presented in the study
and test phases might differ (in the repeated different con-
dition), the auditory word that was associated with a par-
ticular item for a given subject (either the item’s name or a
nonsense word) was always the same across the study and
test phases. Within the study phase, the 32 items were
presented in a different pseudo-random order for each of the
three repetitions; within the test phase, the 64 items were
pseudo-randomly intermixed in accord with the algorithm
for optimizing the event-related fMRI design matrix (Dale,
1999).

Imaging acquisition and data analysis

A 3T Siemens Allegra system was used to acquire high-
resolution T1-weighted anatomical images (MP-RAGE)
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and T2*-weighted gradient-echo echo-planar functional im-
ages (TR = 2000 ms, TE = 30 ms, 21 sequential axial slices
aligned parallel to the AC-PC transverse plane, 5 mm thick-
ness, 1 mm interslice skip, 200 mm FOV, 64 X 64 matrix,
126 volume acquisitions per study phase run, 96 acquisi-
tions per test phase run). Four additional volumes were
collected and discarded at the beginning of each run to
allow for T1 equilibration.

Data were preprocessed using SPM99 (Wellcome De-
partment of Cognitive Neurology, London). Images were
first corrected for differences in slice acquisition timing by
resampling all slices in time to match the first slice, fol-
lowed by motion correction across runs (using sinc interpo-
lation). Data were then spatially normalized to an EPI tem-
plate based upon the MNI305 stereotactic space (Cocosco et
al., 1997). Images were resampled into 3-mm cubic voxels
and then spatially smoothed with an 8-mm FWHM isotropic
Gaussian kernel.

Statistical analysis was performed using the general lin-
ear model in SPM99. Scanning was undertaken during both
study and test phases, although only data from the test
phases are described here. Trials were excluded if partici-
pants made no behavioral response, or if the response oc-
curred within 250 ms of the onset of the picture. The
remaining test trials were categorized according to condi-
tion, and each of the six conditions was modeled using a
canonical hemodynamic response. These effects were esti-
mated using a subject-specific fixed-effects model, with
session-specific effects and low-frequency signal compo-
nents treated as confounds. Movement parameters in the 3
directions of motion and 3 degrees of rotation were entered
as covariates of no interest.

Linear contrasts were used to obtain subject-specific es-
timates for each of the effects of interest. These estimates
were entered into a second-level analysis treating subjects
as a random effect, using a one-sample ¢ test against a
contrast value of zero at each voxel. Statistical parametric
maps were created for each contrast of interest, and were
subsequently characterized using, at the voxel level, an
uncorrected height threshold of P < 0.001 and, at the cluster
level, an extent threshold of P < 0.05, corrected for the
entire imaged volume. The brain regions and Brodmann
areas of significant cluster maxima were estimated from the
Talairach and Tournoux (1988) atlas, after adjusting coor-
dinates to allow for differences between the MNI and Ta-
lairach templates (Brett et al., 2001).

To further explore the nature of the activation associated
with each condition, regions of interest (ROIs) were iden-
tified from clusters that survived the thresholding criteria in
the linear contrast between all novel items and all repeated
items, a contrast providing the most unbiased index of
priming. The maximal voxel of each cluster was used to
define the center of a sphere of radius 8 mm, with the signal
of each voxel within this sphere extracted on a subject-by-
subject basis. The mean percentage signal change for each
condition relative to the fixation baseline was calculated

Table 1
Behavioral responses in the test phases

Nonsense condition Name condition

Novel Same  Different Novel Same  Different
Reaction time
Mean 816.7 7055 761.5 799.8 691.0 7244
SD 1246 1042 1189 119.6 83.7 93.7
Accuracy
Mean 0.85 0.90 0.88 0.85 0.88 0.88
SD 0.05 0.04 0.04 0.06 0.06 0.05

over the hemodynamic response window, and these re-
sponses subjected to repeated-measures analyses that in-
cluded condition and, where specified, region, as repeated
factors and peak magnitude percentage signal change as the
dependent variable.

Results
Behavioral data

Behavioral data from the test phase are presented in
Table 1. There were significant main effects on reaction
time of object type, F' (2, 30) = 102.4, P < 0.0001, and
lexical/semantic condition, F (1, 15) = 14.4, P < 0.005,
with a trend toward an interaction between the two, F (2,
30) = 3.1, P = 0.06. In both lexical/semantic conditions,
paired ¢ tests revealed significant behavioral priming, as
measured by diminished reaction times, for both repeated
same and repeated different items, compared with novel
items, all ¢ (15) > 6, P < 0.0001 (corrected for multiple
comparisons). Importantly, these priming effects were sig-
nificantly greater for same than different items, both 7 (15)
> 5, P <0.0001. The lexical/semantic manipulation did not
significantly affect priming of repeated same items, 7 (15) =
1.8, n.s., but provision of items’ names rather than nonsense
words led to significantly faster responses to novel items, ¢
(15) = 2.9, P < 0.05, and repeated different items, #(15) =
3.5, P < 0.005.

Examination of size judgment accuracy scores for each
condition revealed a significant main effect of object type
only, F (1.5, 21.9) = 6.9, P < 0.01 (noninteger degrees of
freedom indicate Huynh-Feldt adjustment for nonspheric-
ity). Paired ¢ tests indicated that novel items were classified
significantly less accurately than repeated same and re-
peated different items in the nonsense condition, both # (15)
> 3, P < 0.005, but that there were no accuracy differences
when the item’s name was provided, all #(15) < 2.5, n.s.

Imaging data

We first examined activation patterns that differentiated
between novel and repeated items, combining across lexi-
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Table 2
Regions demonstrating greater activation for novel than for repeated objects (combining across lexical/semantic and same/different manipulations)
Brain region Coordinates V4 Voxels
X y Z
Left hemisphere
Fusiform/lateral occipital cortex (BA 37, 19, 18) —45 —54 —24 5.57 1585
Anterior and posterior inferior prefrontal cortex (BA 44, 45, 47) —36 30 -9 5.00 1003
Lingual gyrus (BA 18) —18 —69 0 4.63 91
Anterior fusiform gyrus (BA 20) —36 -3 —45 3.97 43
Right hemisphere
Fusiform/lateral occipital cortex (BA 37, 19, 18) 48 —66 —15 5.38 1208
Posterior inferior prefrontal cortex (BA 44) 51 6 27 4.27 122
Middle temporal gyrus (BA 21) 57 -30 0 4.26 56
Anterior inferior prefrontal cortex (BA 45) 54 33 6 4.23 83
Anterior inferior prefrontal cortex (BA 47) 51 21 —12 3.60 60
Midline
Anterior cingulate cortex (BA 32) 0 24 45 4.72 96

Coordinates are in MNI atlas space (Cocosco et al., 1997), with brain regions and Brodmann areas (BA) estimated from the Talairach and Tournoux (1988)

atlas.

cal/semantic and same/different manipulations. This con-
trast was associated with significant reductions in neural
activity in large regions of bilateral fusiform, lateral occip-
ital, and lingual cortex (Brodmann areas [BA] 37, 19, 18),
as well as areas that included bilateral inferior prefrontal
(BA 47, 45, 44) and medial anterior cingulate cortices (BA
32) (see Table 2 and top row of Fig. 1). Separate compar-
ison of novel and repeated same items revealed reduced
activation for the repeated items in many of the regions
identified in the previous contrast (see second row of Fig.
1). Separate comparison of novel and repeated different
items showed activity reductions in left fusiform (BA 37)
and lateral occipital cortex (BA 18), as well as left (BA 44,
6) and right (BA 47) inferior prefrontal cortex (see third row
of Fig. 1). A direct comparison of the repeated same and
repeated different conditions revealed reduced activation for
the same compared to different items (indicating greater
priming) in bilateral fusiform/lateral occipital cortex (BA
37,19, 18) and inferior prefrontal cortex (BA 44) (see Table
3 and bottom row of Fig. 1).

Combining across semantic conditions once more, the
time courses of signal change in regions exceeding thresh-
old in the all novel > all repeated contrast revealed several
areas in which levels of activation for different items were
significantly greater than those for same items. This pattern,
which echoed the behavioral result of less priming for
different than same items, was observed particularly in left
and right fusiform and lateral occipital cortices (see Fig. 2),
all F(1, 15) > 43, P < 0.0001. As noted above, the voxel-
based analysis comparing novel and repeated different items
revealed significant priming-related reductions of neural
activity in left but not right fusiform cortex, suggesting
greater generalization between repeated exemplars in the
left fusiform. Inspection of signal change in the left and
right fusiform regions derived from the general priming (all
novel > all repeated) contrast (see top row of Fig. 2)
supported this view, yielding a significant interaction be-
tween region (left and right fusiform) and item type (novel
and different exemplars), F(1, 15) = 5.9, P < 0.05. Further
evidence of less exemplar generalization in right than left

Table 3

Regions demonstrating greater activation for repeated different than for repeated same objects (combining across lexical/semantic manipulations)

Brain region Coordinates V4 Voxels

X y Z

Left hemisphere
Fusiform/lateral occipital cortex (BA 37, 19) —48 —60 —18 5.13 505
Inferior parietal lobe (BA 39, 19) =27 —81 39 4.58 151
Posterior inferior prefrontal cortex (BA 44) —42 9 33 4.26 187
Lateral occipital cortex (BA 18) —-33 -93 9 4.25 46

Right hemisphere
Fusiform/lateral occipital cortex (BA 37, 19, 18) 54 —63 —15 5.03 755
Posterior inferior prefrontal cortex (BA 44, 45) 48 12 24 4.39 265
Inferior parietal lobe (BA 40) 45 —45 54 4.07 50

Coordinates are in MNI atlas space (Cocosco et al., 1997), with brain regions and Brodmann areas (BA) estimated from the Talairach and Tournoux (1988)

atlas.



618 J.S. Simons et al. / Neurolmage 19 (2003) 613-626

Novel > All Repeated

Fig. 1. Group functional activation maps from the comparisons of novel and repeated items (combining across lexical/semantic conditions) superimposed
upon axial slices of an averaged anatomical MR image. For each image, the left side corresponds to the left side of the brain, and the distance in mm superior
to the AC-PC transverse plane is noted at the bottom left of the image. Top row: in the novel > all repeated contrast, regions of significant activation
(reflecting greater priming for repeated items) included left (A) and right (B) fusiform/lateral occipital cortex (BA 37, 19, 18), left anterior inferior prefrontal
cortex (C; BA 45, 47), and bilateral posterior inferior prefrontal cortex (D and E; BA 44). Second row: the novel > repeated same contrast resulted in
significant activation in many of the same regions as in the previous contrast. Third row: regions activated in the novel > repeated different contrast included
left fusiform/lateral occipital cortex (A) and anterior inferior prefrontal cortex (C). Bottom row: in the repeated different > repeated same contrast, significant
activation (indicating greater priming for repeated same items) was observed in left (A) and right (B) fusiform/lateral occipital cortex and in left (D) and right
(E) posterior inferior prefrontal cortex.
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fusiform comes from direct comparison between neural
responses associated with repeated same and different
items. Comparison of time courses suggested that different
items were treated less like same items (indicating greater
perceptual specificity for different exemplars) in right than
in left fusiform, resulting in a significant interaction be-
tween region and item type (same and different items), F (1,
15) = 13.5, P < 0.005, replicating the result of Koutstaal et
al. (2001). When activation levels in the right and left lateral
occipital cortex were compared, no such interactions be-
tween region and item type (novel, same, and different)
were observed, suggesting that both lateral occipital cortices
differentiated to a similar extent between items, both F (1,
15) < 04, n.s.

Turning to examination of the effects of the lexical/
semantic manipulation, inspection of the time courses from
the right fusiform and lateral occipital cortices did not
suggest that repetition-related responses in these regions
were modulated by lexical/semantic condition, with no in-
teractions being evident between item type and lexical/
semantic condition, both F (1, 15) < 0.3, n.s. Examination
of left fusiform and lateral occipital cortex revealed that left
fusiform cortex showed a nonsignificant interaction be-
tween item type and lexical/semantic condition, F (1, 15) =
2.04, P = 0.17, while left lateral occipital cortex was as
unaffected by the lexical/semantic manipulation as the right
hemisphere regions, F' (1, 15) = 0.4, n.s. Inspection of the
individual subject time courses in the left fusiform cortex
suggested substantial variability between subjects in neural
responses to repeated different items as a function of
whether accompanying object-relevant lexical/semantic in-
formation was or was not provided. This factor might go
some way to explaining the weakness of the interaction
between item type and lexical/semantic condition in this left
fusiform region. When the group was mean split into sub-
groups of 8 subjects each by difference in signal change
between the two repeated different conditions, significant
interactions were observed, both between subgroup and
lexical/semantic condition, F' (1, 14) = 15.6, P < 0.001, and
between subgroup, lexical/semantic condition, and item
type (same and different), F (1, 14) = 10.0, P < 0.01. This
suggests that the subgroups of subjects differed significantly
in their neural responses depending on the provision of the
item’s name or a nonsense word, and that this effect was
significantly greater for repeated different than same items
(see Fig. 3). In other words, the left fusiform cortex con-

sistently exhibited sensitivity to the lexical/semantic manip-
ulation, but this sensitivity appeared to be manifested dif-
ferently in individual subjects. Importantly, there was no
main effect of subgroup on signal change overall, F = 0.0,
indicating that the lexical/semantic interactions were not
attributable to global signal differences between subjects.

To confirm the apparent picture of sensitivity only to
item type in right fusiform and bilateral lateral occipital
cortex, but additional modulation by the availability of
lexical/semantic information in left fusiform, the time
courses were examined from every discrete cluster of at
least 5 contiguous voxels in these areas that survived an
uncorrected height threshold of P < 0.001 in the all novel
> all repeated contrast. In Fig. 4, those clusters exhibiting
differential engagement for item type but not for lexical/
semantic condition are colored green, while those showing
additional sensitivity to the lexical/semantic manipulation
are colored red. It is clear that regions in the right hemi-
sphere only responded differently to item type. Consistent
with the above evidence that left fusiform, but not left
occipital cortex, exhibited sensitivity to lexical/semantic
condition, inspection of supra-threshold clusters in the left
fusiform/lateral occipital cortex suggests a posterior-to-an-
terior progression from clusters modulated only by item
type, to clusters showing additional differentiation between
lexical/semantic conditions. This suggestion of progression
within the left fusiform/lateral occipital cortex is supported
by a comparison of distances from the anterior commissure
of the maxima of clusters exhibiting the two patterns, which
revealed that those modulated only by item type were, on
average, significantly more posteriorly located in the left
hemisphere than those additionally sensitive to lexical/se-
mantic condition, F (1, 13) = 4.9, P < 0.05.

Beyond occipitotemporal cortex, priming-related reduc-
tions in neural activity were also observed in bilateral infe-
rior prefrontal and anterior cingulate cortices (see Table 2).
Examination of the time courses of activation in these areas
revealed that an anterior region of left inferior prefrontal
cortex, which was activated in the novel > all repeated
contrast, differentiated between novel and repeated items,
both F (1, 15) > 27, P < 0.0001, but generalized across
repeated same and different items, F (1, 15) = 3.3, n.s. (see
top left panel of Fig. 5). This region was also sensitive to the
lexical/semantic manipulation, with a strong trend toward a
main effect of lexical/semantic condition, F (1, 15) = 4.3, P
= 0.06 (see top right panel of Fig. 5). Provision of the

Fig. 2. Selectively averaged percentage signal change (relative to fixation) for novel, repeated same, and repeated different items (combining across
lexical/semantic conditions) in left and right fusiform cortex (top row) and left and right lateral occipital cortex (bottom row). Regions of interest, which were
derived from the all novel > all repeated linear contrast, are displayed on axial slices of an averaged anatomical MR image. All regions showed a pattern
of significantly greater activation for repeated different than repeated same items. Within fusiform cortex, a significant interaction emerged between
hemispheres, with exemplar generalization in the left, and exemplar specificity in the right. No such lateralization was observed in lateral occipital cortex.
Fig. 3. Selectively averaged (and standard error) peak magnitude percentage signal change (relative to fixation) for repeated same and repeated different
objects, shown separately as a function of the lexical/semantic manipulation. Object’s name provided in “Name” condition, phonologically matched nonsense
word provided in “Nonsense” condition. Results show responses in left fusiform cortex for subgroups of subjects mean split by signal change difference
between the two repeated different conditions. Significant interactions were observed between subgroup and lexical/semantic condition, and among subgroup,

lexical semantic condition, and item type.
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names of items led to significantly greater priming for
repeated same items, ¢ (15) = 2.5, P < 0.05, but not for
repeated different items, #(15) = 0.65, n.s., although the
interaction between item type and lexical/semantic condi-
tion was not significant, F (1, 15) = 1.7, n.s. A more
posterior region of left inferior prefrontal cortex was acti-
vated in the repeated different > repeated same contrast
(see Table 3), as was an analogous right inferior prefrontal
cortex region identified in the novel > all repeated contrast
(see Table 2). These regions both exhibited similar patterns
of perceptual exemplar specificity to that observed in oc-
cipitotemporal cortex, showing significantly greater activa-
tion for repeated different than same items, both F (1, 15) >
21, P <0.0001 (see bottom panels of Fig. 5). A dissociation
was evident, therefore, within the left inferior frontal gyrus,
between exemplar generalization in anterior, and exemplar
specificity in posterior, inferior prefrontal cortex, as re-
flected in a significant region by item-type interaction, F (1,
15) = 12.9, P < 0.005. All other regions to exhibit signif-
icant activation in the novel > all repeated contrast (includ-
ing anterior cingulate cortex) generalized across repeated
exemplars in a similar fashion to the anterior left inferior
prefrontal cortex cluster, all F (1, 15) < 2, n.s., but were not
differentially engaged by the lexical/semantic manipulation,
all F (2, 30) < 1.2, n.s.

Several regions showed evidence of priming-related ac-
tivation increases in an all repeated > all novel contrast.
These included left frontopolar (BA 10; peak at —30, 60, 0;
Z = 4.05; 17 voxels) and dorsolateral prefrontal cortex (BA
9; peak —42, 21, 45; Z = 3.89; 23 voxels), as well as medial
parietal/precuneus (BA 31; peak 0, —54, 36; Z = 4.84; 520
voxels) and left inferior parietal (BA 40; peak —42, —63,
42; Z = 4.31; 34 voxels) cortices. Examination of the time
courses of activation in these areas disclosed that all showed
deactivation for the size judgment task relative to fixation
(similar results were reported by Koutstaal et al., 2001). The
extent of deactivation was significantly greater for novel
items than for repeated items in each of the regions, all F (1,
15) > 7, P < 0.05. Only the precuneus region differentiated
between repeated same and repeated different objects, F (1,
15) = 6.7, P < 0.05, perhaps consistent with the proposed
role for this region in visual imagery (Fletcher et al., 1995).
None of the regions exhibited responses that were modu-
lated by the lexical/semantic manipulation.

Discussion

The present fMRI study examined the influence of per-
ceptual and lexical/semantic manipulations on visual object
priming and its neural representation in fusiform/lateral
occipital cortex. Significantly decreased brain activity for
repeated, relative to novel, objects was observed in bilateral
fusiform/lateral occipital cortex, as well as in frontal and
anterior cingulate regions. Right fusiform cortex showed
significantly greater perceptual specificity than left fusiform

(replicating the result of Koutstaal et al., 2001), differenti-
ating to a greater degree between identical repeated pictures
versus perceptually different exemplars of repeated objects.
Right fusiform and lateral occipital regions were not mod-
ulated by the lexical/semantic manipulation (providing the
auditory name of the object or a nonsense word), suggesting
that their role in visual object recognition is principally in
the visual discrimination of specific object exemplars. Dif-
ferential roles for regions of left occipitotemporal cortex
were identified, with activation in left fusiform cortex, but
not left lateral occipital cortex, showing modulation in re-
sponse to both perceptual exemplar change and the lexical/
semantic manipulation. Further analysis suggested a poste-
rior-to-anterior progression within the left occipitotemporal
area, between regions involved in processing visuopercep-
tual, and lexical/semantic, information about objects.

The regions exhibiting diminished activation for re-
peated over novel objects are consistent with those reported
by a number of previous studies (Buckner et al., 1998;
Grill-Spector et al., 1999; Henson et al., 2000; Koutstaal et
al., 2001; Vuilleumier et al., 2002). Reduced neural activity
for repeated stimuli was observed in fusiform and lateral
occipital regions that have been associated principally with
visual perceptual (Buckner et al., 1998; Henson et al., 2000;
Wiggs and Martin, 1998) and lexical/semantic (Buckner et
al., 2000; Martin and Chao, 2001; Mummery et al., 1999;
Simons et al., 2001; Thompson-Schill et al., 1999) process-
ing, as well as in inferior prefrontal regions that are thought
to be involved in the controlled selection and/or retrieval of
lexical and semantic information (Dapretto and Bookhei-
mer, 1999; Fletcher and Henson, 2001; Gabrieli et al., 1996;
Martin and Chao, 2001; Poldrack et al., 1999; Thompson-
Schill et al., 1997; Wagner et al., 2001).

Effects of perceptual exemplar manipulation on visual
object priming

The present results converge with and extend those of
previous studies (Grill-Spector et al., 1999; Koutstaal et al.,
2001; Vuilleumier et al., 2002) in finding that visual ma-
nipulation of objects appearing as prime and target items
resulted in response modulation in posterior regions of oc-
cipito-temporal cortex, such as fusiform and lateral occipital
cortices. Grill-Spector and colleagues (1999), who em-
ployed an “fMR adaptation” approach, identified regions of
lateral occipital cortex which responded more to objects and
faces than to textures and visual noise patterns, and which
were sensitive to the illumination and viewpoint of the
object. Activation in those experiments (see also Kourtzi
and Kanwisher, 2000) was not correlated with behavioral
priming, however, and occurred in the context of immedi-
ate, short-lag repetition (suggesting the possible involve-
ment of a visual iconic store) rather than the longer-lag
repetition typically used in priming experiments (Henson, in
press). The results of the present study (see also Vuilleumier
et al., 2002, discussed below) provide confirmation that
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lateral occipital and fusiform cortices are sensitive to per-
ceptual manipulations such as viewpoint and exemplar
change, and that these differential neural responses are man-
ifested behaviorally as priming, reflected in reaction times
that are faster for repeated same than repeated different
items, which are both faster than reaction times for novel
items.

Consistent with the results of Koutstaal et al. (2001), a
fusiform laterality effect was observed, whereby region
(right and left fusiform) interacted significantly with item
type (repeated same and different object), indicating greater
perceptual specificity in responsiveness to repeated items in
right than left fusiform cortex. This replication was ex-
tended by additionally demonstrating that a significant in-
teraction also existed between fusiform region and item type
when comparing novel and repeated different objects. This
interaction disclosed that left fusiform differentiated more
between novel and repeated different objects than did right
fusiform, suggesting greater generalization in the left (that
is, greater across-exemplar priming in left than right fusi-
form). These lateralization results were observed only in
fusiform cortex, with no such hemispheric interactions be-
ing evident in other posterior regions, such as lateral occip-
ital cortex. This is consistent with a view that lateral occip-
ital cortex is involved in processing nonretinotopic, featural
representations of perceived objects necessary for shape
extraction (Grill-Spector et al., 1999; Malach et al., 1995),
whereas fusiform cortex supports higher level processes of
object recognition and identification (Martin and Chao,
2001; Ungerleider, 1995; see below for further discussion).
The fusiform laterality results mesh well with predictions
derived from split visual-field behavioral experiments (Mar-
solek, 1995, 1999), according to which dissociable object
recognition systems exist in the brain, with a specific visual
form system operating principally in the right hemisphere
and an abstract visual form system operating predominantly
in the left hemisphere.

Further support for the hemispheric asymmetry view
comes from a recent study which found greater sensitivity to
alterations in the viewpoint of repeated objects in right than
left fusiform cortex (Vuilleumier et al., 2002). This result
converges with those from the present study and from Kout-
staal et al. (2001) in suggesting that the right fusiform
retains object representations that are specific to the partic-
ular featural properties apparent in perceived objects, while
the representations processed in left fusiform generalize to a

greater extent across alterations of these features. Where the
results of these fMRI studies differ, however, is that while
Vuilleumier et al. observed fusiform lateralization differ-
ences according to the viewpoint of objects, they did not
find such lateralization between perceptual exemplars of
objects (as reported in our earlier study and confirmed in the
present experiment). There may be several reasons for this
discrepancy. First, as suggested by Vuilleumier and col-
leagues, it is possible that the different exemplars employed
by Koutstaal et al. (and, presumably, the present study) were
more visually similar to one another than those used in
Vuilleumier et al.’s study. However, another possible ex-
planation is that Vuilleumier et al. reported nonsignificant
behavioral priming for repeated different, over novel, ex-
emplars. It is possible that if subjects in that study had
exhibited significant behavioral priming for repeated differ-
ent exemplar objects, as in the present study and that by
Koutstaal et al. (and also in the split visual-field behavioral
experiments of Marsolek, 1999), they would also have ex-
hibited some neural response generalization across exem-
plars in left fusiform cortex.

Effects of lexical/semantic manipulation on visual object
priming

Although the predominant activation pattern in the
present experiment was of sensitivity to perceptual exem-
plars, the left fusiform cortex, but not the left lateral occip-
ital cortex, additionally exhibited responses that were mod-
ulated by the manipulation of lexical/semantic information
as a result of the concurrent auditory presentation of either
the object’s name or a nonsense word. This apparent spec-
ificity of lexical/semantic sensitivity to left fusiform, as
opposed to lateral occipital, cortex is consistent with the
finding (Vuilleumier et al., 2002) that the latter region
exhibited priming-related signal changes for both real and
nonreal objects, but that fusiform cortex responses were
specific to real objects (for which, presumably, more lexi-
cal/semantic information is available).

The primary region in the present study to exhibit sen-
sitivity to the lexical/semantic manipulation (centered on
—45, —54, —24) is close to a region of fusiform/inferior
temporal gyrus (BA 37; peak at —50, —58, —12) localized
as playing a role in conceptual priming, independent of
modality (Buckner et al., 2000). It is also near a region of
inferior temporal cortex (BA 37; maximum at —51, —59,

Fig. 4. Fusiform/lateral occipital cortex clusters of significant activation in the group novel > all repeated contrast superimposed upon axial slices of an
averaged anatomical MR image. Green clusters are those exhibiting differential engagement for item type but not for lexical/semantic condition, while those
showing additional sensitivity to the lexical/semantic manipulation are colored red. In the right hemisphere, differential responses were observed only for item
type. Within the left hemisphere, there was posterior-anterior progression from clusters modulated only by item type, to clusters showing additional

differentiation between lexical/semantic conditions.

Fig. 5. Selectively averaged percentage signal change for novel, repeated same, and repeated different items (combining across lexical/semantic conditions)
in left anterior inferior prefrontal cortex (IPC), left posterior IPC, and right posterior IPC. Left anterior IPC exhibited a pattern of exemplar generalization
(top left panel) but sensitivity to lexical/semantic condition (top right panel). Both posterior IPC regions showed exemplar specific patterns of activation
(bottom panels). The interaction within left IPC between anterior/posterior region and item type (compare left panels) was significant.
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—11) activated when recognition memory decisions were
made about different exemplars of studied everyday objects,
a task thought to require processing of lexical/semantic
information to support the decision about prior occurrence
of the object type (Simons et al., 2001). On the basis of
evidence such as this, it has been suggested that this region
of inferior temporal cortex may play an important role in the
processing of conceptual lexical/semantic representations
that are involved in task performance. This is consistent
with evidence from patients who have damage to this re-
gion, and who typically exhibit impairment at tasks requir-
ing lexical/semantic comprehension and/or production, such
as picture naming, selecting a picture from an array that
goes with a given name, and matching pictures or words
based on their semantic association (Foundas et al., 1998;
Mummery et al., 1999; Patterson and Hodges, 2000; Simons
et al., 2002).

The apparent role of left fusiform cortex in processing
lexical/semantic representations may provide another pos-
sible explanation for the lack of generalization between
perceptually different exemplars observed in left fusiform
by Vuilleumier and colleagues (2002). As noted above,
Vuilleumier et al. suggested that the object exemplars in
their study may have been more visually dissimilar to one
another than those in Koutstaal et al. (2001). Visual simi-
larity is likely to covary to some extent with name agree-
ment, suggesting that the larger perceptual differences be-
tween Vuilleumier et al.’s stimuli may have led to lower
name agreement across the exemplars. Pilot experiments
conducted as part of the present study, and that by Koutstaal
et al. (2001), confirmed high levels of name agreement
between the different exemplar pictures employed (95% in
the present study, 91% in Koutstaal et al.’s study), but data
on name agreement were not reported by Vuilleumier et al.
If it was the case that name agreement across different
exemplars was lower in that study, then it is possible that
variation in the lexical/semantic representations activated
by the different exemplars may have been sufficient to
increase the neural signal in left fusiform above that asso-
ciated with repeated same exemplars. Such lexical or se-
mantically-related activation might explain the lack of ex-
emplar-specific lateralization observed in fusiform cortex
by Vuilleumier and colleagues.

The suggestion of posterior-anterior progression of ob-
ject representations within left occipitotemporal cortex cor-
responds with previous results from human functional neu-
roimaging and nonhuman primate studies. Ungerleider
(1995) reviewed a number of findings from both areas of
research that converged toward the view that a hierarchical
processing scheme exists within occipitotemporal cortex
characterized by an “increase in the complexity of process-
ing as activity proceeds anteriorly through the ventral
stream into the temporal lobe” (p. 770). Accordingly, sin-
gle-cell recording has demonstrated progression from sen-
sitivity to basic visual features around the occipital pole
(Hubel and Wiesel, 1962) to differential engagement by

particular categories of objects in fusiform and inferior
temporal cortex (Perrett et al., 1982). Evidence from func-
tional neuroimaging studies in humans argues for similar
progression from visual and perceptual representations in
posterior occipitotemporal, to high-level, lexical/semantic
representations in anterior fusiform cortex (Grill-Spector et
al., 1999; Kanwisher et al., 1997; Lee et al., 2002; Malach
et al., 1995; Martin and Chao, 2001; Schacter and Buckner,
1998; Simons et al., 2001; Wiggs and Martin, 1998).

Priming effects beyond occipitotemporal cortex

Significant response suppression for repeated, relative
to novel, objects was additionally observed in regions
other than fusiform/lateral occipital cortex, such as bilat-
eral inferior prefrontal cortex and the anterior cingulate
(Buckner et al., 1998; Koutstaal et al., 2001; Wagner et
al., 1997). An anterior region of left inferior prefrontal
cortex exhibited a pattern of generalization across per-
ceptual exemplars but sensitivity to the lexical/semantic
manipulation. This region is close to a frontal opercular
cluster observed by Vuilleumier et al. (2002), which also
exhibited generalization across perceptual exemplars.
Another, more posterior, region of left inferior prefrontal
cortex emerged in the present study in the repeated dif-
ferent > repeated same contrast, thus exhibiting an ex-
emplar specific pattern in an almost identical location to
a region showing similar behavior in the study by Kout-
staal et al. (2001). This dissociation within the left infe-
rior prefrontal cortex, confirmed by the observation of a
significant item type interaction between anterior and
posterior regions, corresponds with previous evidence
that these areas may play distinct roles in semantic and
phonological control processes, respectively (Dapretto
and Bookheimer, 1999; Fiez, 1997; Otten and Rugg,
2001; Poldrack et al., 1999; Price et al., 1997; Wagner et
al., 2000). The exemplar specificity exhibited by poste-
rior left inferior prefrontal cortex suggests that this re-
gion mediates the top-down control of access to phono-
logical codes, becoming more active when stimulus-
driven phonological retrieval processes are not
immediately successful, as might be expected when pre-
sentation of a perceptually different exemplar (in the test
phase) follows repeated exposure to an identical exem-
plar (in the study phase).

Other regions exhibiting response suppression for re-
peated, over novel, items were characterized by patterns of
generalization between exemplars. These regions included
the right inferior prefrontal cortex, which has been sug-
gested to play a role in visuospatial working memory (Awh
and Jonides, 1998; D’Esposito et al., 1998), and the anterior
cingulate, which has been identified as part of a semantic
cognitive control network that also includes left inferior
prefrontal cortex (MacDonald et al., 2000; Maril et al.,
2001; Wagner et al., 2001).
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Conclusions

In summary, the present fMRI study has confirmed that
fusiform cortex exhibits asymmetric patterns of responses
during a visual object priming task when the same or dif-
ferent exemplars of objects are repeatedly presented. Rep-
licating the result of Koutstaal et al. (2001), there was
significantly greater priming-related “neural discrimination”
between different exemplars in right than left fusiform cor-
tex, manifested in a significant interaction between region
(right and left fusiform) and item type (same or different
exemplars). Additional sensitivity to a lexical/semantic ma-
nipulation was observed in left fusiform cortex (as well as in
left inferior prefrontal cortex), with further analysis suggest-
ing posterior-to-anterior progression within the left occipi-
totemporal cortex between regions involved in processing
visuoperceptual and lexical/semantic information about ob-
jects. The present results are, therefore, consistent with the
view that dissociable object recognition subsystems operate
in right and left fusiform/lateral occipital cortex (e.g., Mar-
solek, 1999). The right hemisphere appears to be principally
involved in processing specific visual form representations
about objects, while the left hemisphere additionally plays a
role in processing lexical/semantic information. Together,
these subsystems contribute to the ability, which is critical
to survival, to rapidly perceive and identify objects in the
world around us.

Acknowledgments

We are grateful to Anat Maril, Moshe Bar, and Rebecca
Saxe for discussions and advice, Rik Henson for valuable
comments on a previous draft of this manuscript, Russ
Poldrack and Jason Mitchell for development of analysis
tools, and Ian Tomb and Jonathan Beier for assistance with
stimulus preparation and subject recruitment. This work
was supported by NIH Grant MH60941 and NIA Grant
AG08441.

References

Awh, E., Jonides, J., 1998. Spatial working memory and spatial selective
attention, in: Parasuraman, R. (Ed.), The Attentive Brain, MIT Press,
Cambridge, MA, pp. 353-380.

Biederman, I., Gerhardstein, P.C., 1993. Recognizing depth-rotated ob-
jects: evidence and conditions for three-dimensional viewpoint invari-
ance. J. Exp. Psychol: Hum. Percep. Performce. 19, 1162-1182.

Brett, M., Christoff, K., Cusack, R., Lancaster, J., 2001. Using the Ta-
lairach atlas with the MNI template. Neurolmage 13, S85.

Buckner, R.L., Goodman, J., Burock, M., Rotte, M., Koutstaal, W.,
Schacter, D.L., Rosen, B., Dale, A.M., 1998. Functional-anatomic
correlates of object priming in humans revealed by rapid presentation
event-related fMRI. Neuron 20, 285-296.

Buckner, R.L., Koutstaal, W., Schacter, D.L., Rosen, B.R., 2000. Func-
tional MRI evidence for a role of frontal and inferior temporal cortex
in amodal components of priming. Brain 123, 620-640.

Buckner, R.L., Petersen, S.E., Ojemann, J.G., Miezin, F.M., Squire, L.R.,
Raichle, M.E., 1995. Functional anatomical studies of explicit and
implicit memory retrieval tasks. J. Neurosci. 15, 12-29.

Cocosco, C.A., Kollokian, V., Kwan, R.K.S., Evans, A.C., 1997. Brain-
web: online interface to a 3D MRI simulated brain database. Neuro-
Image 5, 425.

D’Esposito, M., Aguirre, G.K., Zarahn, E., Ballard, D., Shin, R.K., Lease,
J., 1998. Functional MRI studies of spatial and nonspatial working
memory. Cogn. Brain Res. 7, 1-13.

Dale, A.M., 1999. Optimal experimental design for event-related fMRI.
Hum. Brain Mapp. 8, 109-114.

Dapretto, M., Bookheimer, S.Y., 1999. Form and content: dissociating
syntax and semantics in sentence comprehension. Neuron 24, 427-432.

Desimone, R., 1996. Neural mechanisms for visual memory and their role
in attention. Proc. Natl. Acad. Sci. USA 93, 13494 -13499,

Fiez, J.A., 1997. Phonology, semantics, and the role of the left inferior
prefrontal cortex. Hum. Brain Mapp. 5, 79-83.

Fletcher, P.C., Frith, C.D., Baker, S.C., Shallice, T., Frackowiak, R.S.J.,
Dolan, R.J., 1995. The mind’s eye: precuneus activation in memory-
related imagery. Neurolmage 2, 195-200.

Fletcher, P.C., Henson, R.N.A., 2001. Frontal lobes and human memory:
insights from functional neuroimaging. Brain 124, 849-881.

Foundas, A.L., Daniels, S.K., Vasterling, J.J., 1998. Anomia: case studies
with lesion localisation. Neurocase 4, 35—-43.

Gabrieli, J.D.E., Desmond, J.E., Demb, J.B., Wagner, A.D., Stone, M.V_,
Vaidya, CJ., Glover, G.H., 1996. Functional magnetic resonance im-
aging of semantic memory processes in the frontal lobes. Psychol. Sci.
7, 278-283.

Gabrieli, J.D.E., Fleischman, D.A., Keane, M.M., Reminger, S.L., Morrell,
F., 1995. Double dissociation between memory systems underlying
explicit and implicit memory in the human brain. Psychol. Sci. 6,
76-82.

Graf, P., Schacter, D.L., 1985. Implicit and explicit memory for new
associations in normal subjects and amnesic patients. J. Exp. Psych:
Learning, Memory, Cogn. 11, 501-518.

Grill-Spector, K., Kushnir, T., Edelman, S., Avidan, G., Itzchak, Y., Mal-
ach, R., 1999. Differential processing of objects under various viewing
conditions in the human lateral occipital complex. Neuron 24, 187-203.

Henson, R., Shallice, T., Dolan, R., 2000. Neuroimaging evidence for
dissociable forms of repetition priming. Science 287, 1269-1272.

Henson, R.N.A., in press. Neuroimaging studies of implicit memory: a
selective review, in: Frackowiak, R.S.J., Friston, K.J., Frith, C.D.,
Dolan, R.J., Price, C.J., (Eds.) Human Brain Function, second ed.

Henson, R.N.A., Rugg, M.D., 2003. Neural response suppression, haemo-
dynamic repetition effects, and behavioural priming. Neuropsychologia
41, 263-270.

Hubel, D.H., Wiesel, T.N., 1962. Receptive fields, binocular interaction
and functional architecture in the cat’s visual cortex. J. Physiol. 461,
247-262.

Kanwisher, N., McDermott, J., Chun, M.M., 1997. The fusiform face area:
a module in human extrastriate cortex specialized for face perception.
J. Neurosci. 17, 4302-4311.

Kourtzi, Z., Kanwisher, N., 2000. Cortical regions involved in perceiving
object shape. J. Neurosci. 20, 3310-3318.

Koutstaal, W., Wagner, A.D., Rotte, M., Maril, A., Buckner, R.L.,
Schacter, D.L., 2001. Perceptual specificity in visual object priming:
functional magnetic resonance imaging evidence for a laterality differ-
ence in fusiform cortex. Neuropsychologia. 39, 184-199.

Lee, A.C.H., Graham, K.S., Simons, J.S., Hodges, J.R., Owen, A.M.,
Patterson, K., 2002. Regional brain activations differ for semantic
features but not categories. NeuroReport 13, 1497-1501.

MacDonald, A.W., Cohen, J.D., Stenger, V.A., Carter, C.S., 2000. Disso-
ciating the role of the dorsolateral prefrontal and anterior cingulate
cortex in cognitive control. Science 288, 1835-1838.

Malach, R., Reppas, J.B., Benson, R., Kwong, K.K., Jiang, H., Kennedy,
W.A., Ledden, P.J., Brady, T.J., Rosen, B.R., Tootell, R.B.H., 1995.
Object-related activity revealed by functional magnetic resonance im-



626 J.S. Simons et al. / Neurolmage 19 (2003) 613—-626

aging in human occipital cortex. Proc. Nat. Acad. Sci. USA 92, 8135—
8139.

Maril, A., Wagner, A.D., Schacter, D.L., 2001. On the tip of the tongue: an
event-related fMRI study of semantic retrieval failure and cognitive
conflict. Neuron 31, 653-660.

Marsolek, C.J., 1995. Abstract visual-form representations in the left ce-
rebral hemisphere. J. Exp. Psychol.: Hum. Percept. Perform. 21, 375-
386.

Marsolek, C.J., 1999. Dissociable neural subsystems underlie abstract and
specific object recognition. Psychol. Sci. 10, 111-118.

Martin, A., Chao, L.L., 2001. Semantic memory and the brain: structure
and processes. Curr. Opini. Neurobiol. 11, 194-201.

Mummery, C.J., Patterson, K., Wise, R.J.S., Vandenberghe, R., Price, C.J.,
Hodges, J.R., 1999. Disrupted temporal lobe connections in semantic
dementia. Brain 122, 61-73.

Otten, L.J., Rugg, M.D., 2001. Task-dependency of the neural correlates of
episodic encoding as measured by fMRI. Cereb. Cortex 11, 1150—
1160.

Patterson, K., Hodges, J.R., 2000. Semantic dementia: one window on the
structure and organisation of semantic memory, in: Cermak, L.S. (Ed.),
Handbook of Neuropsychology, second ed., Elsevier, Amsterdam, pp.
313-333.

Perrett, D.I., Rolls, E.T., Caan, W., 1982. Visual neurons responsive to
faces in the monkey temporal cortex. Exp. Brain Res. 47, 329-342.

Poldrack, R.A., Wagner, A.D., Prull, M.W., Desmond, J.E., Glover, G.H.,
Gabrieli, J.D.E., 1999. Functional specialization for semantic and pho-
nological processing in the left inferior frontal cortex. Neurolmage 10,
15-35.

Price, C.J., Moore, C.J., Humphreys, G.W., Wise, R.J.S., 1997. Segregat-
ing semantic from phonological processes during reading. J. Cogn.
Neurosci. 9, 727-733.

Raichle, M.E., Fiez, J.A., Videen, T.O., MacLeod, A.M., Pardo, J.V., Fox,
P.T., Petersen, S.E., 1994. Practice-related changes in human brain
functional anatomy during nonmotor learning. Cereb. Cortex 4, 8-26.

Richardson-Klavehn, A., Bjork, R.A., 1988. Measures of memory. Annu.
Rev. Psychol. 39, 475-543.

Roediger, H.L., 1990. Implicit memory: retention without remembering.
Am. Psychol. 45, 1043-1056.

Schacter, D.L., 1987. Implicit memory: history and current status. J. Exp.
Psychol: Learning, Memory, Cogn. 13, 501-518.

Schacter, D.L., Buckner, R.L., 1998. Priming and the brain. Neuron 20,
185-195.

Simons, J.S., Graham, K.S., Hodges, J.R., 2002. Perceptual and semantic
contributions to episodic memory: evidence from semantic dementia
and Alzheimer’s disease. J. Memory Lang. 47, 197-213.

Simons, J.S., Graham, K.S., Owen, A.M., Patterson, K., Hodges, J.R.,
2001. Perceptual and semantic components of memory for objects and
faces: a PET study. J. Cogn. Neurosci. 13, 430—443.

Squire, L.R., Ojemann, J.G., Miezin, F.M., Petersen, S.E., Videen, T.O.,
Raichle, M.E., 1992. Activation of the hippocampus in normal humans:
a functional anatomical study of memory. Proc. Nat. Acad. Sci. USA
89, 1837-1841.

Talairach, J., Tournoux, P., 1988. Co-planar Stereotaxic Atlas of the
Human Brain. Thieme, Stuttgart.

Thompson-Schill, S.L., Aguirre, G.K., D’Esposito, M., Farah, M.J., 1999.
A neural basis for category and modality specificity of semantic knowl-
edge. Neuropsychologia 37, 671-676.

Thompson-Schill, S.L., D’Esposito, M., Aguirre, G.K., Farah, M.J., 1997.
Role of left inferior prefrontal cortex in retrieval of semantic knowl-
edge: a reevaluation. Proc. Natl. Acad. Sci. USA 94, 14792-14797.

Ungerleider, L.G., 1995. Functional brain imaging studies of cortical
mechanisms for memory. Science 270, 769-775.

Vaidya, C.J., Gabrieli, J.D.E., Verfaellie, M., Fleischman, D., Askari, N.,
1998. Font-specific priming following global amnesia and occipital
lobe damage. Neuropsychology 12, 183-192.

Vuilleumier, P., Henson, R.N.A., Driver, J., Dolan, R.J., 2002. Multiple
levels of visual object constancy revealed by event-related fMRI of
repetition priming. Nature Neurosci. 5, 491-499.

Wagner, A.D., Desmond, J.E., Demb, J.B., Glover, G.H., Gabrieli, J.D.E.,
1997. Semantic repetition priming for verbal and pictorial knowledge:
a functional MRI study of left inferior prefrontal cortex. J. Cogn.
Neurosci. 9, 714-726.

Wagner, A.D., Koutstaal, W., Maril, A., Schacter, D.L., Buckner, R.L.,
2000. Task-specific repetition priming in left inferior prefrontal cortex.
Cereb. Cortex 10, 1176-1184.

Wagner, A.D., Paré-Blagoev, E.J., Clark, J., Poldrack, R.A., 2001. Recov-
ering meaning: left prefrontal cortex guides controlled semantic re-
trieval. Neuron 31, 329-338.

Wagner, A.D., Stebbins, G.T., Masciari, F., Fleischman, D.A., Gabrieli,
J.D.E., 1998. Neuropsychological dissociation between recognition fa-
miliarity and perceptual priming in visual long-term memory. Cortex
34, 493-511.

Warren, C., Morton, J., 1982. The effects of priming on picture recogni-
tion. Br. J. Psychol. 73, 117-129.

Warrington, E.K., Weiskrantz, L., 1974. The effect of prior learning on
subsequent retention in amnesic patients. Neuropsychologia 12, 419—
428.

Wiggs, C.L., Martin, A., 1998. Properties and mechanisms of perceptual
priming. Curr. Opin. Neurobiol. 8, 227-233.



	Neural mechanisms of visual object priming: evidence for perceptual and semantic distinctions in fusiform cortex
	Introduction
	Materials and methods
	Participants
	Design and materials
	Procedure
	Imaging acquisition and data analysis
	Results
	Behavioral data
	Imaging data
	Discussion
	Effects of perceptual exemplar manipulation on visual object priming
	Effects of lexical/semantic manipulation on visual object priming
	Priming effects beyond occipitotemporal cortex
	Conclusions
	Acknowledgments
	References

