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dissociations suggest that a single experience can separately influence
multiple processing components. Here we used a repetition priming
functional magnetic resonance imaging paradigm that directly con-
trasted the effects of stimulus and decision changes to identify the
underlying brain systems. Direct repetition of stimulus features caused
marked reductions in posterior regions of the inferior temporal lobe
that were insensitive to whether the decision was held constant or
changed between study and test. By contrast, prefrontal cortex showed
repetition effects that were sensitive to the exact stimulus-to-decision
mapping. Analysis of resting-state functional connectivity revealed
that the dissociated repetition effects are embedded within distinct
brain systems. Regions that were sensitive to changes in the stimulus
correlated with perceptual cortices, whereas the decision changes
attenuated activity in regions correlated with middle-temporal regions
and a frontoparietal control system. These results thus explain the
long-known dissociation between perceptual and conceptual compo-
nents of priming by revealing how a single experience can separately
influence distinct, concurrently active brain systems.

INTRODUCTION

Repetition facilitates the ability to recognize and classify
stimuli in our environment—a process that allows us to navi-
gate our surroundings with greater ease and fluency. The
performance enhancement that accompanies repetition is re-
ferred to as “behavioral priming,” a type of implicit memory
that can occur outside the realm of conscious awareness (Roe-
diger and McDermott 1993; Schacter 1987; Tulving and
Schacter 1990) and is typically preserved in amnesic patients
(Cave and Squire 1992; Graf and Schacter 1985; Warrington
and Weiskrantz 1974) and older adults (e.g., Fleischman and
Gabrieli 1998).

Neuroscientific investigations of priming have most often
revealed reductions in activity, measured at the level of neu-
ronal activity in nonhuman primate recording (Li et al. 1993;
Miller et al. 1991) and aggregate measures of neural activity
based on hemodynamics in humans (Buckner et al. 1995,
1998a; Demb et al. 1995; Dobbins et al. 2004; Henson 2003;
Henson et al. 2000; Schacter and Buckner 1998; Schacter et al.
1996; Squire et al. 1992; van Turennout et al. 2000; Wagner
et al. 1997; Wig et al. 2005). Importantly, although the precise
neurophysiological mechanisms that mediate these changes
remain unclear (for review see Grill-Spector et al. 2006), recent
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studies have linked the neural changes, referred to as repetition
suppression or neural priming, to the behavioral changes (i.e.,
behavioral priming) using both correlational methods in neu-
roimaging studies (e.g., Dobbins et al. 2004; Lustig and Buck-
ner 2004; Maccotta and Buckner 2004; Turk-Browne et al.
2006; for review see Schacter et al. 2007) and transient cortical
disruption (Wig et al. 2005).

Behavioral priming is known to involve multiple component
processes. Given the same initial experience, repetition can
have distinct effects on later perceptual processing of the item
(perceptual priming) as well as amodal processing of abstract
or semantic features of the item (conceptual priming). The
distinction between perceptual and conceptual priming has
been supported by behavioral dissociations. For example,
changes in stimulus format across repetitions can reduce prim-
ing effects on tasks that demand detailed analysis of the
stimulus format, while having little effect on tasks that demand
semantic categorization (Blaxton 1989; Roediger 1990; Roe-
diger and Blaxton 1987). These distinctions have raised the
possibility that a single experience can simultaneously influ-
ence multiple systems and modules responsible for information
processing (Henson 2003; Schacter 1992; Schacter et al. 2007;
Tulving and Schacter 1990).

Convergent methods provide support for the idea that prim-
ing may arise from distinct influences on multiple brain sys-
tems. Studies of patients with focal brain lesions have demon-
strated deficits in form-specific perceptual priming following
damage to right-occipital cortices (Gabrieli et al. 1995). Func-
tional neuroimaging investigations in healthy young adults
have revealed sensitivity of visual regions to perceptual ma-
nipulations and have suggested a processing gradient such that
neural priming is maintained across more extensive stimulus
transformations as one moves along the visual processing
hierarchy (e.g., luminance, viewpoint, position, size, shape,
and object), and even across homologous regions from right-
to-left hemispheres (for review see Schacter et al. 2007). It has
been suggested that changes in processing efficiency are asso-
ciated with a “sharpening” or “tuning” of the neuronal re-
sponses within cortical areas that represent perceptual at-
tributes of the stimulus (Desimone 1996; Wiggs and Martin
1998).

In parallel, functional neuroimaging research investigating
semantic or conceptual processing (e.g., semantic classifica-
tion, generation, or naming) has revealed that repetition-medi-
ated facilitation in this domain may be related to operations
supported by frontal and temporal regions. Modifications
across regions of the inferior frontal gyrus, and inferior- and
middle-temporal gyri have been linked to increased fluency in
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the retrieval of semantic information that accompanies repeti-
tion (Buckner et al. 1998a, 2000; Demb et al. 1995; Thompson-
Schill et al. 1999; van Turennout et al. 2000; Wagner et al.
1997, 2000; Wig et al. 2005). It has been suggested that these
effects are distinct from the perceptually driven effects dis-
cussed earlier and likely reflect abstract processing of lexical or
semantic attributes. Moreover, neuropsychological testing of
patients with Alzheimer’s disease (Fleischman and Gabrieli
1998; Keane et al. 1991) has uncovered priming deficits
preferential to conceptual processing, consistent with a distinct
locus of effect.

Along these lines, more recent research has highlighted a
component of priming that is related to the particular response
or decision that a participant makes about a target item.
Inversion of the classification-task between study and test
sessions (e.g., judging whether an item is “bigger than a
shoebox™ during study and then whether it is “smaller than a
shoebox™ at test) has been found to attenuate both behavioral
priming and neural priming in frontal, fusiform, and extrastri-
ate regions (Dobbins et al. 2004). Importantly, when the
classification task is restored to the original format, behavioral
priming and neural priming in these regions reemerge. These
findings indicate that neural priming can be sensitive to the
exact decision made about the target item (Logan 1990).

Collectively, these results raise the possibility that the same
initial experience can have multiple effects at different stages
of information processing from perception to decision. Here,
using manipulations of stimulus and decision types, we adopt
an experimental functional magnetic resonance imaging
(fMRI) paradigm aimed at simultaneously dissociating regions
that mediate priming across perceptual (i.e., changes across
stimulus format independent of the abstract level of represen-
tation or decision) and conceptual dimensions.! As the results
will reveal, separate regions are preferentially sensitive to these
distinct dimensions, supporting the hypothesis that the same
exposure can simultaneously have multiple neural effects. In a
second analysis, we use functional connectivity MRI (fcMRI)
during resting scans to show that the regions differentially
affected by manipulations of perceptual and conceptual pro-
cesses are embedded within distinct brain systems.

We used an experimental paradigm that allowed us to
examine, within a single task, multiple dimensions of both
behavioral priming and neural priming. During the initial study
session, participants performed a semantic classification deci-
sion on a set of repeating colored objects (see Task proce-
dures). Following this initial exposure, participants were
scanned using fMRI during a test session that held constant or
changed the task decision (Fig. 1A) and/or stimulus format
(Fig. 1B). By crossing changes in decision and stimulus format,
we were able to dissociate and reveal the nature of processing
within distinct brain systems during repetition priming.

! Throughout this article, we distinguish perceptual from conceptual prim-
ing/processing, consistent with prior usage in the priming literature (e.g.,
Keane et al. 1991; Roediger 1990). Note that our use of the term “conceptual
priming” does not imply a commitment to the idea that behavioral or neural
priming solely reflects a change in the representation of conceptual knowledge,
but rather encompasses both the changes in the representation of conceptual
knowledge as well as changes in processes used to gain access to that
knowledge.
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METHODS
Participants

Participants were recruited from the local Boston community. All
participants were right-handed, native speakers of English, reported
no significant abnormal neurological history, and had normal or
corrected-to-normal visual acuity. Participants were paid for their
participation and gave informed consent in accordance with the
guidelines set by the Human Subjects Research Committee at Mas-
sachusetts General Hospital and Harvard University.

Thirty-three participants were scanned in the main experiment. Of
the 33 participants, 3 participants did not show a behavioral measure
of priming during the study session (defined here as a difference of
response time that is >0 ms when comparing first and third repetitions
of object classifications), and 3 participants failed to provide a
behavioral response to an excessive number of trials (i.e., number of
“no responses”” >10% of total trials). Because these participants could
be considered noncompliant to experiment instructions (failing to
demonstrate behavioral priming under conditions that have consis-
tently demonstrated robust indices of response facilitation following
repetition, or failing to provide an adequate number of responses),
they were excluded from the experimental analysis. The behavioral
and functional data reported here reflect the remaining 27 participants
(15 female; mean age = 23 yr; range of age 18-30 yr).

A second data set was used in a formal replication analysis of
resting-state correlations. Twenty-four participants were scanned for
this replication data set (13 female; mean age = 23 yr; range of age
18-35 yr).

Apparatus

All imaging was performed on a 3T Siemens Magnetom TimTrio
Scanner (Siemens Medical Solutions, Erlangen, Germany), equipped
with a 12-channel head coil at the Athinoula A. Martinos Center for
Biomedical Imaging, Massachusetts General Hospital (Charlestown,
MA). Visual stimuli were presented using an Apple Powerbook G4
Laptop computer running Matlab 7.1 using the psychophysics toolbox
extensions (Brainard 1997). Stimuli were projected to participants
with a JVC (model SX21/s) D-ILA projector onto a screen positioned
at the head end of the bore. Participants viewed the screen through a
mirror mounted on the head coil. Cushions and clamps were used to
minimize head movement.

Imaging

Anatomical images were acquired using a high-resolution three-
dimensional magnetization-prepared rapid gradient echo sequence
(MPRAGE; 128 sagittal slices, echo time [TE] = 3.39 ms, repetition
time [TR] = 2,530 ms, flip angle = 7°, voxel size = 1 X 1 X 1.33
mm). Functional data were collected in four runs using T2* gradient
echo, echo planar imaging (EPI) sensitive to blood oxygen level—
dependent (BOLD) contrast (TR = 2,500 ms, TE = 30 ms, flip
angle = 90°, 3 X 3-mm in-plane resolution: 174 sets of images).
Slices were acquired axially, allowing whole brain coverage, and were
tilted parallel to the anterior commissure—posterior commissure plane
(36 slices; 3-mm slice thickness, 0.5-mm skip between slices).

Stimulus materials

The stimuli consisted of 360 color picture pairs; the picture pair set
was an updated version of one used in previous research (Koutstaal
et al. 2001; Simons et al. 2003). The picture pairs depicted single
man-made or living objects (e.g., anchor, shark; see Fig. 1B), with the
items in each pair representing perceptually different exemplars of
objects with the same name.
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FIG. 1. Experiment manipulations. Par-
ticipants initially made a semantic classifi-
cation on a repeating set of colored objects
(study session). This study session was fol-
lowed by a test session. A: at test, partici-
pant’s performed 3 separate semantic classi-
fications on independent sets of objects (de-
cision manipulation): the same-decision as
that performed at study, the opposite-deci-
sion as that performed at study, and a differ-
ent-decision as that performed at study.
B: within each decision, participants made
classifications on old objects and new ob-
jects (stimulus manipulation). The old ob-
jects were either the same object as that
classified at study (old-same) or same name
exemplars (old-different) of previously clas-
sified objects.

Different-decision

— old
Same
.?:‘/\\ h =
TN Old
ot Different
New

Task procedures

Before being placed in the MRI scanner, participants were given a
description of the task procedures and presented with examples of
colored objects and task-instruction screens similar to those that they
would be viewing.

PRACTICE SESSION. While in the MRI scanner, participants were
first given a practice session (functional data were not collected during
this practice period). During this practice session, participants per-
formed a semantic classification task (yes/no) on a set of 50 colored
objects. These colored objects were different from the set of 360 color
picture pairs used in subsequent parts of the experiment. The specific
semantic classification decision was the same as that which would be
made during the subsequent study sessions. An instruction screen
preceded the object set; this instruction screen was presented for 5 s,
indicating which classification task was to be performed, and depicted
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a figure reminding participants of the finger-to-response mapping.
All responses were made using a button-box placed in the partic-
ipant’s left hands (yes and no responses were made using partic-
ipant’s pointer and middle fingers, respectively). Both the re-
sponse-hand and finger-to-response mapping remained the same
across the entire experiment and was the same for each participant.
Participants were told to make the classification decision as
quickly as possible, without sacrificing accuracy. Each object was
presented individually at the center of the screen for 500 ms, at a
rate of one every 2,500 ms. A centrally presented black fixation
crosshair was presented during the 2,000-ms interstimulus interval.
Objects were each presented once during this practice session. This
practice session served two main purposes: it familiarized partic-
ipants with the semantic classification procedure and also famil-
iarized participants with the decision they would be making
throughout the subsequent study sessions.

MAY 2009 + WWW.jn.org

Downloaded from journals.physiology.org/journal/jn at Harvard Library (128.103.147.149) on October 10, 2022.



REPETITION PRIMING INFLUENCES DISTINCT BRAIN SYSTEMS

STUDY SESSION. Following the practice session, participants per-
formed a study session. Participants made a semantic classification on
a set of 60 colored objects. A 5-s instruction screen indicating the
specific decision to be made preceded the presentation of objects. The
60 objects were each presented three times in random order, for a total
of 180 trials. Each object was presented individually at the center of
the screen for 500 ms, at a rate of one every 2,500 ms. A centrally
presented black fixation crosshair was presented during the 2,000-ms
interstimulus interval.

The classification decision used in the study sessions was randomly
selected from one of four semantic classifications for each participant,
and remained the same across all study sessions. /) “Is this object
living?” 2) “Is this object nonliving?” 3) “Is this object smaller than
a shoebox in real life?” 4) “Is this object larger than a shoebox in real
life?”

TEST SESSION. A test session followed the study session. At test,
processing was manipulated along dimensions of decision and stim-
ulus types. During the test session, participants alternated between
blocks of fixation (i.e., passive rest) and blocks of task (semantic
classification). During blocks of fixation (25 s; 10 TRs), participants
were presented with a centrally presented black fixation crosshair and
were instructed to simply fixate on this crosshair. Blocks of task
(112.5 s; 45 TRs) followed blocks of fixation and began with the
presentation of an instruction screen lasting 5 s (2 TRs) in duration.
This instruction screen indicated which classification decision was to
be performed on the objects that followed and depicted a figure
reminding participants of the finger-to-response mapping. Participants
made the semantic classification indicated by the instruction screen on
a set of 30 colored objects that followed. As in the practice and study
sessions, each object was presented individually at the center of the
screen for 500 ms, at a rate of one every 2,500 ms (1 TR). A centrally
presented fixation crosshair was presented during the 2,000-ms inter-
stimulus interval. Further, these object-classification trials were inter-
leaved with periods of fixation, varying in duration from O to 10 s
(0—4 TRs; 15 TRs interleaved in total per block of task). This
“jittering” of periods of fixation within each task block allowed for
simultaneous estimation of both “transient” (event-related) and “‘sus-
tained” test session BOLD signals (see FMRI-STATISTICAL IMAGES AND
REGION OF INTEREST ANALYSIS in the following text) and was optimized
for hemodynamic response estimation efficiency using optseq?2 (http://
surfer.nmr.mgh.harvard.edu/optseq/). The focus of this study will be
on these former, transient responses. Crosshairs that were presented
during the task periods were red in color, to differentiate them from
the black crosshairs presented during blocks of fixation, thus serving
as a cue to remind participants that they were presently in a task block.
Task blocks concluded with an instruction screen that stated that the
present task was complete (presented for 2.5 s; 1 TR). The test session
concluded with a block of fixation to allow for adequate recovery of
the hemodynamic response following the last task block. As such, the
test session was 435 s in duration (174 TRs).

Within each test session, a decision manipulation was imposed such
that participants performed three different decisions across the three
task blocks of a given test session run (Fig. 14). /) the same
classification decision as that which was performed during the study
session (same-decision; e.g., “Is this object Living?”), 2) the same
classification decision but requiring the opposite response along the
same dimension judged at study (opposite-decision; e.g., “Is this
object Nonliving?”), and 3) a classification task with a dimension of
classification that was orthogonal to that of the study period classifi-
cation task (different-decision; e.g., “Is this object smaller than a
shoebox in real life?” or “Is this object bigger than a shoebox in real
life?”). Decision types were presented in random order and the
different-decision alternated across each test session for every partic-
ipant such that half the different-decisions were of one classification
question (e.g., “Is this object smaller than a shoebox in real life?”),
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whereas the other half were of the opposite classification question
(e.g., “Is this object bigger than a shoebox in real life?”).

The stimulus manipulation was such that participants viewed both
novel and old objects within each task block (30 objects total). Old
objects were either the exact same objects as those previously classi-
fied during the study session (old-same) or different exemplars of
objects previously classified during the study session (old-different;
Fig. 1B). As such, within each task block, participants viewed three
types of object stimuli: objects previously classified during the study
session (old-same; 10 objects), different exemplars of previously
classified objects (old-different; 10 objects), and objects that had not
been classified during the study session (new; 10 objects). Objects
were never repeated within the test sessions and object/exemplar pairs
were never reused across task conditions.

Importantly, all decision and stimulus lists were systematically
counterbalanced and randomized between participants, to minimize
any potential confounds of classification decision, stimulus list, pre-
sentation order, or any interaction between these variables. Partici-
pants completed a total of four sets of the study-test sessions.

REST FIXATION SCANS. A subset of individuals (n = 20) underwent
two additional fMRI scans to acquire data for analysis of resting-state
functional connectivity. These additional two scans flanked the be-
ginning and end of the repetition-priming experiment so as not to alter
the nature of the experimental paradigm in any manner across partic-
ipants. During each of these two additional scans, participants were
instructed to simply fixate a centrally presented black fixation cross-
hair for the duration of the scan. Each scan lasted 310 s (124 TRs).
Participants were asked to stay awake and alert throughout the
duration of each of these scans.

Data analysis

FMRI-PREPROCESSING OF FUNCTIONAL IMAGES. fMRI test session
data were analyzed using SPM2 (Wellcome Department of Imaging
Neuroscience, London, UK) (Friston et al. 1995). For each functional
run, data were preprocessed to remove sources of noise and artifact.
The first four volumes (10 s) of each run were excluded from analyses
to account for T1 saturation effects. Preprocessing included slice-time
correction to correct for differences in acquisition time between slices
for each whole brain volume; realignment within and across runs to
correct for head movement; unwarping to correct for susceptibility-
by-movement interactions (“field-disturbances”); normalization to a
standard anatomical space (3-mm isotropic voxels) based on the
SPM2 EPI template, which approximates the atlas space of Talairach
and Tournoux (1988); and spatial smoothing (6-mm full-width at
half-maximum [FWHM]) using a Gaussian kernel.

FMRI-STATISTICAL IMAGES AND REGION OF INTEREST ANALY-
SIS. Preprocessed data were analyzed using the general linear model.
Analysis was performed to separate transient from sustained signal
changes while accounting for nuisance covariates of no interest
(Chawla et al. 1999; Donaldson et al. 2001). These variables of no
interest included session means, linear trends to account for low-
frequency noise (scanner drift), and six movement parameters ob-
tained from realignment. Because the aims of the experiment were to
interrogate item-by-item repetition-related changes (neural priming)
across decision and stimulus manipulations, the description of the
subsequent analysis will focus on the transient (event-related) signals.

For each participant, the BOLD response to each trial type [i.e.,
responses associated with presentation of old-same, old-different, and
new items within each decision manipulation (same-decision, oppo-
site-decision, different-decision); 9 in total] was estimated by coding
a different regressor for each of the seven time points (i.e., image
acquisitions) immediately after each stimulus onset. This was imple-
mented in SPM2 using a “finite impulse response” (FIR) function. FIR
regressors were also coded to account for the instruction screen at the
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beginning and end of the task block to account for block transitions
(Konishi et al. 2001). As such, this estimation produced seven param-
eter estimates (corresponding to the seven time points, or 17.5 s
poststimulus onset) per voxel per condition (11 conditions total).

Based on the anticipated temporal profile of the peak BOLD
response (Miezin et al. 2000), parameter estimates corresponding to
2.5 to 10 s poststimulus onset (time points 2, 3, and 4) were carried
forward into subsequent analysis. For each participant, a weighted-
parameter estimate was computed for each of these three time points.
This estimate identified voxels demonstrating greater activity during
classification of new objects relative to old objects (collapsed across
all decision conditions (same-decision, opposite-decision, different-
decision) and old object types (old-same, old-different)). As such,
each of these weighted-parameter estimates reflected repetition-re-
lated reductions (neural priming) independent of the task and stimulus
manipulations. These individual contrast images were next submitted
to a random-effects analysis, treating participant as the random factor,
to create statistical activation maps using a one-sample r-test. A
combined statistical map was created by applying a voxel-by-voxel
search algorithm on each of the three 7~maps. This algorithm collapsed
the three statistical maps (one for each of the three time points of
interest) into a single 7-map by assigning each voxel to a value
equivalent to the maximum 7-value identified among the three indi-
vidual maps. As such, this map reflected the maximum #-value of a
given voxel (peak), independent of its temporal lag® (Buckner et al.
1998b; Schacter et al. 1997). This final #~-map was used in subsequent
region of interest (ROI) definition. An automated search algorithm
identified the peak coordinate locations and all surrounding voxels
(8-mm ROI sphere radius) that surpassed a P = 0.005 threshold.?

Inspection of the full hemodynamic temporal profile (7 time points;
from O to 17.5 s poststimulus onset) of the region containing the
global maxima of this -map (right middle occipital gyrus; R MOG;
BA 19; peak x y z Talairach and Tournoux atlas coordinates: 39 —83
21) revealed that the peak BOLD response occurred during time
points 2 and 3, corresponding to 2.5-5 and 5-7.5 s poststimulus onset,
respectively. Subsequent statistical analyses were focused on the
average weighted-parameter estimates derived from these two time
points.

Motivated by a review of the literature on neural priming (Schacter
et al. 2007), specific peaks of interest associated with neural priming
were selected a priori from previous published studies from our
laboratories. This was achieved by calculating the average peak
coordinate in the “x,” “y,” and “z” planes across each respective study

2 As opposed to using the maximum parameter estimate across the three
time bins (hemodynamic lags), an alternative approach to this method would
have been to average across the time bins, although this would have reduced
the value of the estimates.

3 This statistical threshold was set to improve the likelihood that the search
algorithm would identify peak voxels proximal to our a priori defined ROIs
(Table 1). Importantly, this search was implemented on a whole brain neural
priming map that was statistically orthogonal to experimental manipulations
(changes in task and material types) that were tested in ROI analysis.

G. S. WIG, R. L. BUCKNER, AND D. L. SCHACTER

for a given region. Regions associated with stimulus-to-decision
mapping and conceptual priming were defined around peak locations
at /) left posterior-inferior frontal gyrus (L pIFG; Brodmann area
[BA] 44), 2) right posterior-inferior frontal gyrus (R pIFG; BA 44), 3)
left anterior-inferior frontal gyrus (L alFG; BA 47), and 4) left middle
temporal gyrus (L MTG; BA 21). Regions associated with perceptual
priming were centered on /) left inferior temporal gyrus/fusiform
gyrus (L ITG-FG; BA 21/37) and 2) right inferior temporal gyrus/
fusiform gyrus (R ITG-FG; BA 21/37). Table 1 provides a summary
of the regions, the studies that were used to identify peak coordinates
for these regions, and the computed average peak coordinates.

The final step in ROI definition involved identification of the closet
peak voxel from the final -map to each precalculated average region
peak (from Table 1). Table 1 reveals the proximity between obtained
and calculated peak coordinates. Critically, this method allowed us to
include only those voxels that surpassed the given threshold that
surrounded our obtained peaks when constructing ROIs. The excep-
tion to this ROI selection procedure was for ROIs within the left
inferior-temporal gyrus (L ITG-FG) and anterior portion of the left
inferior frontal gyrus (L aPFC) because the search algorithm failed to
produce peak coordinates in close proximity to our precalculated
peaks. Spherical ROIs were constructed around these regions (6-mm
radius). The L ITG-FG ROI did not overlap with the L MTG ROI. For
each ROI, mean parameter estimates for each transient trial type of
interest [separated by stimulus (old-same, old-different, new) and
decision (same-decision, opposite-decision, different-decision)] were
extracted.

An advantage to this approach is that it allows for integration of
theoretically motivated region selection (i.e., “top-down,” based on
previous data) with the informational content of the data set that is to
be ultimately interrogated (i.e., “bottom-up,” based on the data set of
interest). One caveat to this approach is that ROI selection was biased
toward identifying voxels that exhibited significant neural priming
across all conditions. Accordingly, caution is warranted when inter-
preting parameter estimates of the absolute level of neural priming; as
such, we place greater emphasis on differences in neural priming
across conditions as opposed to the presence or absence of neural
priming in any particular condition, per se.

Resting-state functional connectivity analysis

Following preprocessing of the functional images, several addi-
tional steps described in previous studies (Fox et al. 2005; Vincent
et al. 2006) were taken to prepare the rest fixation-scan data set (two
functional runs collected in 20 of the participants) for resting-state
functional connectivity MRI (rs-fcMRI) analysis. First, low- and
high-frequency components of the atlas-aligned BOLD data were
removed using a temporal band-pass filter retaining 0.009 Hz < f <
0.08 Hz. Next, data were spatially smoothed using a Gaussian kernel
of 6 mm FWHM. Removal of several spurious or nonspecific sources
of variance was accomplished by regression of the following vari-
ables: /) the six movement parameters computed by rigid body

TABLE 1.  Regions of interest (ROIs)
Average Atlas ROI Peak
Coordinates Coordinates
Brodmann’s

Regions Approximate Gyrul Location Area Reference(s) X y z X y z
L pIFG Left posterior inferior frontal gyrus 44 Dobbins et al. (2004); Wig et al. (2005) —45 10 24 —42 7 25
R pIFG Right posterior inferior frontal gyrus 44 Koustaal et al. (2001); Simons et al. (2003) 45 7 27 50 4 27
L alFG Left anterior inferior frontal gyrus 47 Wagner et al. (2000); Wig et al. (2005) —48 26 1 *
L ITG-FG Left inferior temporal gyrus/fusiform gyrus 21/37 Koustaal et al. (2001); Simons et al. (2003) —45 —-53 —10 *
R ITG-FG Right inferior temporal gyrus/fusiform gyrus 21/37 Koustaal et al. (2001); Simons et al. (2003) 48 =59 =7 48 —50 -8
L MTG Left middle temporal gyrus 21 Buckner et al. (2001); Wig et al. (2005) —56 —52 0 —47 —-52 0

*Spherical ROI (6-mm radius) centered around region’s average atlas coordinates (see text for details).
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translation and rotation in preprocessing, 2) the mean whole brain
signal, 3) the mean signal within the lateral ventricles, and 4) the mean
signal within a deep white matter ROI. The first temporal derivative
of each time course was also included in the regression procedure to
account for temporally shifted nuisance waveforms. Regression of
each of these signals was computed simultaneously and the residual
time course was retained for the following correlation analysis.

Four separate exploratory correlation analyses were performed to
yield rs-fcMRI correlation maps between a seed region and all voxels
across the whole brain. The seed regions were selected from the ROIs
of the task-evoked functional data set: L pIFG (BA 44), the R MOG
global maxima obtained from the collapsed group neural priming map
(Fig. 3), L ITG-FG (BA 21/37), and L MTG (BA 21). For each
participant, the average time course was extracted from the region and
a correlation coefficient was computed between this seed region’s
time course and the time course for each voxel across the whole brain
using Pearson’s product-moment formula. The resulting correlation
map was converted to z values using Fisher’s r-to-z transformation
(Zar 1996). The individual z(r) images were next submitted to a
random-effects analysis, treating participant as the random factor, to
create statistical activation maps using a t-test (P < 0.001). A more
conservative analysis was used for rs-fcMRI maps because these were
considered more exploratory in nature. To confirm the results of this
analysis, a formal replication analysis was conducted using an inde-
pendent data set (see the following text).

Resting-state functional connectivity replication analysis

To test for replication across independent data sets and to demon-
strate the presence of distinct systems, resting period data were
collected from an additional 24 participants (“group B”) using scan-
ning parameters identical to those of the original sample (“group A”).
Analyses were implemented in two steps: /) Hypothesis generation to
identify target regions of interest in group A and 2) Hypothesis testing
of whether the correlation patterns replicated using the independent
data set (group B).

Hypothesis generation entailed identification of regions that were
functionally correlated with L MTG and L ITG-FG seed regions
within group A (i.e., Fig. 8). Correlations with regions of the left
inferior frontal gyrus (L IFG) and right middle occipital gyrus (R
MOG) were the primary focus given these region’s roles in conceptual
and perceptual operations, respectively, and were previously high-
lighted as nodes in distinct systems (see Figs. 6 and 8). L IFG and R
MOG target regions of interest were identified by first computing two
independent sets of resting-state correlation maps: one using the L
MTG seed and one using the L ITG-FG seed. Each map was examined
at a threshold of P < 0.001, uncorrected (i.e., Fig. 8). The L IFG target
ROI was obtained from the resting correlation map using the L MTG
seed (Fig. 8, red). The R MOG target ROI was obtained from the
resting correlation map using the L ITG-FG seed (Fig. 8, green). We
hypothesized that temporal regions would be functionally linked to
systems recruited during conceptual/semantic and perceptual process-
ing. Accordingly, we did not restrict ROI definition to a subset of
voxels within frontal and occipital cortices because different elements
of semantic processing have been linked to the extent of L IFG across
pars triangularis and pars opercularis of the left hemisphere (for
review see Badre and Wagner 2007) and the middle-occipital gyrus is
considered to be visually responsive unimodal cortex based on its
anatomical connectivity and functional characteristics (Felleman and
Van Essen 1991; Ungerleider 1995). Thus all clusters within the L
IFG (BA 44, 45, and 47) and R MOG (BA 19) surviving the threshold
were combined to produce the target ROIs.

The second independent data set was used for hypothesis testing
(group B). All preprocessing of rest fixation scan data was identical to
that previously described for the group A rest data. Two independent
resting-state correlation maps were produced: one using the L MTG
seed and one using the L ITG-FG seed. To determine the strength of
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correlations between seed regions and the target ROIs, the indepen-
dently defined L IFG and R MOG ROIs obtained from the hypothesis
generation analysis (group A) were probed in the group B data set.
The mean z(r) values of each of these regions were extracted from
each correlation analysis and submitted to a two-way ANOVA in-
cluding factors of seed (L MTG and L ITG-FG) and target (L IFG and
R MOG), and followed up with planned comparisons.

RESULTS
Behavioral

All statistical analyses of behavioral data were performed on
participants’ median response times during semantic classifi-
cation. For each decision during the test sessions (same-
decision, opposite-decision, different-decision), median re-
sponse times were calculated for each stimulus type (old-same,
old-different, new). Within each decision, behavioral priming
scores were calculated for each stimulus type as the average
difference in response time between new and old objects: new
minus old-same and new minus old-different. These scores
reflect the benefit in response time that was afforded to stim-
ulus repetition within each decision as a function of whether
the repetition was the same object or a different exemplar of an
object previously classified during the study session.

A two-way repeated-measures ANOVA was conducted to ex-
amine the main effects of decision (same-decision, opposite-
decision, different-decision), stimulus (old-same and old-
different), and their interaction on the behavioral measure of
priming across participants. The statistical test revealed a signif-
icant main effect of decision [F(2,52) = 6.62, P < 0.005], a trend
toward main effect of stimulus [F(1,26) = 3.17, P = 0.09], but no
significant interaction between the two (P = 0.41; Fig. 2).

Follow-up planned comparisons demonstrated that greater
behavioral priming resulted from performance of the same-
decision compared with both the opposite- and different-deci-
sions, independent of the material type [same-decision >
opposite-decision: #53) = 2.29, P < 0.05; same-decision >
different-decision: #(53) = 5.53, P < 0.001], whereas perfor-
mance of the opposite- versus different-decision resulted in a
statistically nonsignificant trend toward greater priming [oppo-
site-decision > different-decision: #(53) = 1.91, P = 0.06].

Consistent with previous demonstrations of response learn-
ing (Dobbins et al. 2004; Schnyer et al. 2007), behavioral
priming was significantly greater during classification of old
objects while participants performed the same-decision relative
to classification of old items when the response was opposite as
that required during the study session [i.e., the opposite-
decision; #26) = 2.27, P < 0.05]. Further, this pattern of
significantly greater behavioral priming was also observed
when comparing behavioral priming during classification of
old-same objects relative to classification of old-different ob-
jects during the same-decision [new minus old-same > new
minus old-different: #26) = 3.27, P < 0.005]. Together, these
data highlight the sensitivity of behavioral measures of repe-
tition priming to stimulus-to-decision mapping; although not
always eliminated, behavioral priming is reduced following
changes to either the stimulus type or the decision type (but
also see Supplemental Results and Supplemental Fig. S1).*

*The online version of this article contains supplemental data.
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Functional neuroimaging

TASK-EVOKED BOLD FMRI DATA. Consistent with previous re-
search, neural priming during the test period was observed in a
number of regions including bilateral regions of the inferior
frontal gyrus, middle- and inferior-temporal gyri, fusiform
gyrus, and occipital cortices (Fig. 3). The statistical analysis
identified voxels demonstrating significantly greater BOLD
activity during classification of new objects relative to classi-
fication of old objects, collapsed across all decision and stim-
ulus manipulations, and was subsequently used to guide the
ROI analysis (see following text).

G. S. WIG, R. L. BUCKNER, AND D. L. SCHACTER

Old-different

FIG. 2. Test period behavioral priming is
sensitive to manipulations of decision and
stimulus types. Participants’ mean behav-
ioral priming scores during the test period.
Behavioral priming was calculated as a dif-
ference in median response times between
new and old objects for each decision type
(same-decision, opposite-decision, different-
decision) and stimulus type (old-same and
old-different). Error bars correspond to the
SE. *One-sample r-test denoting significant
behavioral priming at an alpha of 0.05.

Different Decision

To ensure that the subsequent ROI analysis was performed
in an unbiased manner, ROI definition was conducted using a
two-step “guided” ROI procedure. A priori regions were ini-
tially identified based on peaks of interest from prior literature
(Table 1) and localized in the present data set using the neural
priming statistical activation map that collapsed data across all
conditions (Fig. 3). Statistical interrogation of the mean BOLD
parameter estimates for each condition was then performed
using these ROIs defined independent of condition effects.

This hypothesis-driven analysis focused on regions of the
left (BA 44 and BA 47) and right (BA 44) inferior frontal

FIG. 3.
on partially inflated cortical renderings of the left and right hemispheres using cavet software (Van Essen, 2005). Analysis is collapsed across the decision
manipulation (same-decision, opposite-decision, different-decision) and old stimulus types (old-same and old-different). Among other regions, significant neural
priming was observed within bilateral regions of the inferior frontal gyrus (IFG), inferior- and middle-temporal gyri (ITG and MTG, respectively), fusiform-gyrus
(FG), and occipital cortex. This whole brain analysis was used to guide subsequent region of interest (ROI) selection (see text for details). Top: lateral views
of the left and right hemispheres. Botfom: ventral and medial views of the left and right hemispheres.

Whole brain test period neural priming. Whole brain group statistical activation map comparing new to old items (P < 0.005, uncorrected) overlaid

J Neurophysiol « VOL 101 + MAY 2009 « WWW.jn.org
Downloaded from journals.physiology.org/journal/jn at Harvard Library (128.103.147.149) on October 10, 2022.



REPETITION PRIMING INFLUENCES DISTINCT BRAIN SYSTEMS

gyrus, left middle temporal gyrus (BA 21), and left and right
inferior temporal gyrus/fusiform gyrus (BA 21/37). Previous
research has implicated each of these regions in demonstrating
decision and/or stimulus specificity within paradigms explor-
ing repetition priming and semantic classification.

Mirroring the behavioral priming analysis, fMRI (BOLD)
ROI data were analyzed to explore the effect of manipulations
of decision type (Fig. 1A) and stimulus type (Fig. 1B) on
repetition-related reductions, calculated as the mean difference
in parameter estimates between new and old objects (i.e.,
neural priming or repetition suppression).

Participants’ neural priming scores from homologous ROIs
of the posterior inferior frontal gyrus (pIFG; BA 44) were
submitted to a three-way repeated-measures ANOVA, incor-
porating the effects of hemisphere (left and right), decision
(same-decision, opposite-decision, and different-decision), and
stimulus priming (new minus old-same and new minus old-
different). Results from the ANOVA revealed no main effects
of hemisphere [F(1,26) = 0.14, P = 0.71], decision [F(2,52) =
1.77, P = 0.18], or stimulus [F(1,26) = 1.13, P = 0.30], but
did show a decision X stimulus interaction [F(2,52) = 3.50,
P < 0.05; Fig. 4A]. No other interactions were significant (all
P > 0.27). Collapsing across the hemispheres, planned com-
parisons of neural priming scores revealed a pattern mimicking
the pattern observed when examining participants’ behavioral
priming scores: neural priming of old-same objects (new minus
old-same) was significantly greater while performing the same-
decision relative to classification during either of the other two
decision conditions [same-decision > opposite-decision:
1(53) = 3.13, P < 0.005; same-decision > different-decision:
1(53) = 2.86, P < 0.01]. Neural priming was also greater for
old-same objects relative to old-different objects, but only
when participants were engaged in the same-decision [new
minus old-same > new minus old-different: #(53) = 3.31, P <
0.005]. Examining the effects of decision and stimulus on
neural priming within the left anterior inferior frontal gyrus
ROI (BA 47) failed to reveal any statistically significant main
effects or interactions (all P > 0.12) and significant neural
priming was not observed under any condition (all P > 0.12).

In contrast to frontal regions, the ROIs within the inferior
temporal gyrus/fusiform gyrus (ITG-FG; BA 21/37) demon-
strated sensitivity to the stimulus type independent of the
decision that was made. A three-way repeated-measures
ANOVA, incorporating effects of hemisphere (left and right),
decision (same-decision, opposite-decision, and different-deci-
sion), and stimulus priming (new minus old-same and new
minus old-different) demonstrated no effect of hemisphere
[F(1,26) = 0.17, P = 0.68] or decision [F(2,52) = 0.094, P =
0.91], a main effect of stimulus type [F(1,26) = 6.07, P <
0.05], and no significant interactions (all P > 0.25). Collapsing
across the hemispheres and decisions, planned comparisons
revealed that greater neural priming was associated with clas-
sification of old-same objects relative to classification of old-
different objects [new minus old-same > new minus old-
different: #(161) = 3.48, P < 0.001; Fig. 4B].

To further examine these observations and determine
whether frontal and inferior-temporal ROIs did indeed demon-
strate reliably different patterns of neural priming effects
across the manipulations, a three-way ANOVA incorporating
region [pIFG (collapsed across hemispheres) and ITG-FG
(collapsed across hemispheres)], decision (same-decision, op-
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posite-decision, different-decision), and stimulus priming (new
minus old-same and new minus old-different) was conducted.
Analysis revealed a significant region X decision X stimulus
interaction [F(2,106) = 3.34, P < 0.05], confirming the dif-
ferential sensitivity of frontal and inferior-temporal regions to
manipulations of decision type and stimulus type.

Statistical interrogation of the ROI situated within the left
middle temporal gyrus (MTG; BA 21) revealed that this region
failed to demonstrate significant differences across decision or
stimulus types when interrogated in an ANOVA model (all
main effects and interactions, P > 0.48). Unlike pIFG and
ITG-FG ROIs, however, neural priming was observed in all
conditions (all P < 0.05; Fig. 5). As previously noted, these
results should be interpreted with caution because ROI selec-
tion was guided by a statistical map that might be considered
biased in its identification of voxels demonstrating neural
priming.

RESTING-STATE FUNCTIONAL CONNECTIVITY ANALYSIS.  Analysis
of the task-evoked activity revealed a functional-anatomical
dissociation between priming effects across the ROIs. Whereas
neural priming in regions of the left and right pIFG demon-
strated sensitivity to the decision type and stimulus type, neural
priming in the left and right ITG-FG was insensitive to ma-
nipulations related to the decision made on the object but was
sensitive to the stimulus manipulation, demonstrating stimulus
specificity.

The results suggest that these regions may be embedded
within distinct brain systems differentially involved in concep-
tual and perceptual processing, respectively. The anatomic
locations of the regions are consistent with this hypothesis. To
explicitly explore whether the regions are components of
dissociable brain systems, we used resting state functional
connectivity MRI (rs-fcMRI), which allows brain systems to
be identified based on intrinsic, low-frequency correlations
between brain regions. We hypothesized that the regions show-
ing differential effects are part of distinct brain systems. For
this analysis, a subset of the participants (n = 20) was scanned
during two extended periods (5 min each) of awake resting
fixation. rs-fcMRI has proven to be robust using these param-
eters (for review see Fox and Raichle 2007).

rs-fcMRI analysis was first focused on the L pIFG as a “seed
region” of interest. Task-evoked activity within this region during
the repetition priming paradigm revealed its sensitivity to stimu-
lus-to-decision mapping: this region was sensitive to changes in
the mapping of a specific semantic decision to a specific stimulus,
reflecting its known role in semantic processing (for reviews see
Badre and Wagner 2007; Bookheimer 2002).

Correlational analysis demonstrated robust correlations be-
tween BOLD activity in the L pIFG seed region and BOLD
activity in adjacent regions of the left inferior frontal gyrus
(BA 44, 45, and 47), regions within the homologous gyrus of
the right hemisphere (BA 44, 45, and 47), bilateral regions of
the cingulate gyrus (BA 32), superior frontal gyrus (BA 6),
frontal operculum/anterior-insular cortex, lateral and medial
banks of the intraparietal sulcus (BA 40), and, notably, bilat-
eral regions of the posterior extent of the middle temporal
gyrus (BA 21/37; P < 0.001, Fig. 6).

For comparison, the middle occipital gyrus (MOG) of the
right hemisphere was interrogated using rs-fcMRI analysis.
Although this region was not a focus of “task-evoked” func-
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FIG. 4. Posterior inferior-frontal (pIFG; BA 44) and inferior-temporal/fusiform (ITG-FG; BA 21/37) regions demonstrate dissociable patterns of neural
priming as a function of decision and stimulus manipulations during the test period. ROIs depicted in red (left and right pIFG) and green (left and right ITG-FG)
overlaid on top of average anatomical images. Bar graphs display mean neural priming, calculated as a difference in mean parameter estimates between new and
old objects for each decision-type (same-decision, opposite-decision, different-decision) and stimulus-type (old-same and old-different). A: neural priming in
bilateral pIFG was sensitive to both decision and stimulus manipulations, demonstrating the greatest neural priming during the same-decision performed on
old-same objects. B: neural priming in bilateral ITG-FG was sensitive only to the stimulus manipulation, demonstrating greater neural priming for old-same than
for old-different objects, and was insensitive to changes in the decision type. Error bars correspond to the SE.

tional data set, its selection was motivated as a proof of
principle based on its known functional and anatomical prop-
erties (Felleman and Van Essen 1991; Mishkin et al. 1983).
Accordingly, seeding of this highly perceptual region allowed
for a strong contrast to the frontal seed ROI that was correlated
with what appeared to be a conceptual system.

ROI selection was based off the nonbiased neural priming
map (Fig. 2). Importantly, consistent with its known role in
perceptual processing, and similar to bilateral regions of the

ITG-FG, examining task-evoked activity in this ROI revealed
that neural priming in R MOG demonstrated a significant main
effect of stimulus type [F(1,26) = 4.15, P = 0.05] and no main
effect of decision [F(2,52) = 1.71, P > 0.19] or interaction
between the two [F(2,52) = 1.98, P > 0.14]. Follow-up
analysis demonstrated that neural priming in this region was
greater during classification of old-same relative to old-differ-
ent objects [new minus old-same > new minus old-different:
#(80) = 2.11, P < 0.05].
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rs-fcMRI analysis revealed that BOLD activity within the R
MOG was significantly correlated with regions typically linked
to processing along more perceptual dimensions: bilateral re-
gions of the inferior, middle, and superior occipital gyri (BA
18, 19), cuneus (BA 18), precuneus/superior parietal gyrus
(BA 7), lingual gyrus (BA 18), fusiform gyrus (BA 19/37), and
posterior extent of the inferior- (BA 37) and middle-temporal
gyri (BA 21/37) (P < 0.001; Fig. 6).

Focusing more closely on the posterior extent of the left lateral
temporal lobe revealed that voxels correlating with the L pIFG
ROI encapsulated the peak of the previously defined L MTG ROI,
yet were distinct from the peak of the ROI localized to the L

L pIFG Seed R MOG Seed

Different
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FIG. 5. Neural priming in the left middle temporal gyrus (L
MTG; BA 21) is invariant to manipulations of decision or
stimulus type. ROI depicted in red overlaid on top of average
anatomical image. Neural priming in L MTG was insensitive to
manipulations of decision or stimulus type. Notably, neural
priming was observed across all trial types. Bar graphs display
mean neural priming, calculated as a difference in mean param-
eter estimates between new and old objects for each decision
type (same-decision, opposite-decision, different-decision) and
stimulus type (old-same and old-different). Error bars corre-
spond to the SE.

ITG-FG. In contrast, rs-fcMRI analysis of the MOG ROI revealed
significant correlations along the ITG and FG, yet not so in the
MTG (Fig. 7).

The task-related functional dissociation between the proxi-
mal ROIs of the left temporal cortex, along with the differential
correlations with frontal and MOG regions, provide evidence
for independent types of processing. The left MTG ROI
showed a pattern of activity suggesting its involvement in
decision- and stimulus-invariant conceptual processing, whereas
activity in the adjacent left ITG-FG ROI indexed the perceptual
history of items. Although these regions are located in rela-
tively proximal locations to one another, as a further test of the

FIG. 6. Distinct cortical systems are correlated with frontal- and occipital-seed regions during rest. Whole brain group statistical image depicts 2 independent
resting-state functional connectivity MRI (rs-fcMRI) correlation analyses using seed regions in the left posterior inferior frontal gyrus (L pIFG, BA 44; in red)
and right middle occipital gyrus (R MOG, BA 19; in green). Random-effects maps (P < 0.001, uncorrected) were obtained after within-subject transformation
using Fisher’s r-to-z, submitted for a second-level analysis, and then overlaid on partially inflated cortical renderings of the left and right hemispheres. Distinct
patterns of correlated activity were observed: Among other regions, L. pIFG was correlated with bilateral regions of the inferior-frontal gyrus, middle-temporal
gyrus, and medial and lateral banks of the intraparietal sulcus. By contrast, R MOG was correlated with bilateral regions of the occipital cortex, and lingual,
fusiform, and inferior-temporal gyri. pIFG correlations are depicted in red, MOG correlations are depicted in green, overlap of the 2 correlation analyses are
depicted in yellow. Top: lateral views of the left and right hemispheres. Bottom: ventral and medial views of the left and right hemispheres.
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Frontal and occipital resting period correlation patterns overlap with middle-temporal (MTG) and inferior-temporal/fusiform (ITG-FG) regions of

interest, respectively. rs-fcMRI correlation maps were created using frontal and occipital seed regions (see Fig. 6 for details). Focusing on the posterior extent
of the left lateral temporal cortex (left inset) revealed that frontal correlations overlapped with the L MTG ROI that demonstrated decision- and stimulus-invariant
neural priming during the test period (right inset, in red), whereas occipital correlations overlapped with the L ITG-FG ROI that demonstrated stimulus-sensitive

neural priming during the test period (right inset, in green).

distinct systems hypothesis, two independent rs-fcMRI analy-
ses were conducted by seeding each region to observe its
pattern of functional correlations with the rest of the brain. This
analysis, then, served not only as a form of replication of the
initial rs-fcMRI analysis using distinct and independent seed
regions that appear to be linked to the previously uncovered
systems, but was also motivated by the hypothesis that the
neural-priming invariance observed in the L MTG ROI may be
related to more semantic or conceptual processing, such that it
would be correlated more closely with activity in frontal but
not visual regions. In contrast, given the sensitivity of L
ITG-FG to changes in the stimulus format (i.e., perceptual
features) independent of overlap in the abstract representation,
we expected this region to correlate with visual regions.

Similar to the rs-fcMRI pattern observed when seeding left
pIFG, in addition to correlating with its homologous region in
the right hemisphere, the left MTG demonstrated correlations
with regions including those that have been linked to semantic/
conceptual but not perceptual processing: bilateral regions of
the inferior frontal gyrus, middle temporal gyrus, and the
medial and lateral banks of the intraparietal sulcus (P < 0.001).
In contrast, the ROI situated within the left ITG-FG predom-
inantly correlated with regions linked to perceptual processing.
Correlations were observed between this seed region and
bilateral regions of the occipital, lingual, fusiform, and inferior
temporal gyrus, and a caudal portion of the left pIFG (P <
0.001, Fig. 8).

RESTING-STATE FUNCTIONAL CONNECTIVITY REPLICATION ANALY-
sis. To demonstrate that the patterns of resting-state correla-
tions were indicative of distinct systems and not a product of

thresholding, a formal replication analysis was conducted us-
ing an independent data set. Two separate correlation maps
were computed using seeds placed in the L MTG and L
ITG-FG. Target ROIs, located in the L IFG and R MOG, were
obtained from the original data set (Fig. 94). Mean z-trans-
formed correlations [z(r)] were extracted from each target ROI
and submitted to a two-way ANOVA including factors of seed
(L MTG and L ITG-FG) and target (L IFG and R MOG).
Analyses revealed a main effect of seed [F(1,23) = 12.45,
P = 0.002], no main effect of target [F(1,23) = 1.29, P =
0.27], and a significant seed X target interaction [F(1,23) =
28.82, P < 0.001]. Planned comparisons revealed that the
correlation between L MTG and L IFG was significantly
greater than that of L ITG-FG and L IFG [#(23) = 7.92, P <
0.001], whereas the correlation between L ITG-FG and R
MOG was significantly greater than that of L MTG and R
MOG [#23) = 2.09, P = 0.05; Fig. 9B]. This independent
test confirmed that regions within the conceptual (L IFG and
L MTG) and perceptual (R MOG and L ITG-FG) systems
exhibited greater strengths of resting-state correlations
within than between one another.

DISCUSSION

A single experience can have multiple influences on behav-
ior. Here we used a combination of behavioral and imaging
approaches to identify distinct brain systems that are simulta-
neously influenced by the same experience. Manipulations of
decision and stimulus types were used to identify regions
sensitive to changes in conceptual and perceptual processes,
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FIG. 8. Distinct cortical systems are correlated with middle-temporal gyrus and inferior-temporal/fusiform gyrus during rest. Whole brain group statistical
image depicts 2 independent rs-fcMRI correlation analyses using seed regions in the left middle temporal gyrus (L MTG, BA 21; in red) and left
inferior-temporal/fusiform gyrus (L ITG-FG, BA 21/37; in green). Random-effects maps (P < 0.001, uncorrected) were obtained after within-subject
transformation using Fisher’s r-to-z, submitted for a second-level analysis, and then overlaid on partially inflated cortical renderings of the left and right
hemispheres. Mirroring the rs-fcMRI correlation patterns observed in L pIFG and R MOG, respectively, distinct patterns of correlated activity were observed:
Among other regions, L MTG was correlated with bilateral regions of the inferior-frontal gyrus, middle-temporal gyrus, and medial and lateral banks of the
intraparietal sulcus. By contrast, L ITG-FG was correlated with bilateral regions of the occipital cortex, and lingual, fusiform, and inferior-temporal gyri. MTG
correlations are depicted in red, ITG-FG correlations are depicted in green, overlap of the 2 correlation analyses are depicted in yellow. Top: lateral views of
the left and right hemispheres. Botfom: ventral and medial views of the left and right hemispheres.

respectively. Bilateral regions of posterior inferior frontal gy-
rus (pIFG) were sensitive to the exact mapping of the decision
to the stimulus, whereas bilateral regions in inferior-temporal
gyrus and fusiform gyrus (ITG-FG) were found to demonstrate
sensitivity to changes in the stimulus independent of the
decision made. Resting-state functional connectivity (rs-fc-
MRI) analysis was then used to determine whether the regions
demonstrating dissociated forms of priming are components of
distinct brain systems. Consistent with this hypothesis, the
regions showing differential modulation due to decision and
stimulus manipulations were embedded within two distinct
brain systems that likely subserve their respective priming
effects. We elaborate on the implications of these results in the
following text.

Dissociating conceptual and perceptual components
of neural priming

Neural priming in bilateral regions of the inferior frontal
gyrus (IFG) was modulated by changes in the semantic deci-
sion that were made about objects. Extensive research in
humans has linked the IFG to executive processes guiding
semantic and phonological processing (Badre and Wagner
2007; Bookheimer 2002; Demb et al. 1995; Petersen et al.
1988; Raichle et al. 1994). These processes include controlled
retrieval of semantic (BA 47; Demb et al. 1995; Devlin et al.
2003; Poldrack et al. 1999; Wagner et al. 2001) and phono-
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logical (Gold et al. 2002) information, selection from compet-
ing alternatives (BA 45; Badre et al. 2005; Thompson-Schill
et al. 1998), and the representation of phonetic (Left BA 44;
Devlin et al. 2003; Gough et al. 2005; Kelley et al. 1998;
Poldrack et al. 1999; Wig et al. 2004) and iconic (Right BA 44;
Kelley et al. 1998; Wig et al. 2004) stimulus properties.

It has been suggested that neural priming in the IFG medi-
ates the increased fluency in stimulus-specific semantic or
lexical operations that are engendered by repeated classifica-
tion (Buckner et al. 1998a; van Turennout et al. 2000; Wagner
et al. 2000; Wig et al. 2005). Although IFG neural priming may
reflect tuning of the semantic representation, retrieval of it, or
a combination of these two, recent evidence suggests that
priming in the posterior extent of the IFG (pIFG; BA 44) is
sensitive to changes in stimulus-to-response learning (Dobbins
et al. 2004; Horner and Henson 2008), consistent with facili-
tation that operates at the stage of the impending decision.

In the present study, neural priming in bilateral regions of
the pIFG demonstrated an interaction between decision and
stimulus types. Similar to its effects on behavioral priming,
classification during the opposite- and different-decision
conditions mitigated the magnitude of neural priming in
pIFG. In parallel, the stimulus manipulation also influenced
pIFG neural priming, although this effect was limited to the
same-decision condition wherein classification of old-differ-
ent objects (same-name exemplars as the studied objects)
resulted in less neural priming in the pIFG than old-same
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Mean z(r)

0.05

L IFG

L MTG seed [

L ITG-FG Seed [

R MOG

Target Region

FIG. 9. Distinct cortical regions are correlated with middle-temporal gyrus and inferior-temporal/fusiform gyrus during rest: replication analysis using an
independent data set. A replication analysis of temporal cortex rs-fcMRI patterns was conducted using independent data sets. A: ROI definition began by initially
generating 2 separate maps using seeds placed in the L MTG (in red) and L ITG-FG (in green) to obtain target regions of interest in the left inferior frontal gyrus
(L IFG; in blue) and right middle occipital gyrus (R MOG; in blue). ROI definition was conducted on the original data set (n = 20; Fig. 8). B: resting-state
correlation patterns were tested for replication in a separate, independent group of participants (n = 24). Replication analysis entailed generating 2 separate maps
using seeds placed in the L MTG and L ITG-FG, and then probing the strength of correlations between each of these seeds and the target L IFG and R MOG
ROIs defined from the original data set. The L IFG was found to exhibit significantly greater resting-state correlations with the L MTG seed relative to the L
ITG-FG seed. In contrast, R MOG exhibited significant greater resting-state correlations with the L ITG-FG seed relative to the L MTG seed. Error bars

correspond to the SE.

objects. Accordingly, these results suggest that prefrontal
contributions to priming and the behavioral facilitation that
repetition affords at least partly relate to mapping of a
specific decision onto a specific stimulus. This observation
helps to augment the account of pIFG processing, providing
support for stimulus-to-decision sensitivity that is “hyper-
specific” (Glisky et al. 1986) for identical objects. With
extended repetition, neural priming in pIFG likely reflects a
direct link between repetition of a given object and the
associated decision, potentially bypassing other processing
stages that typically accompany repetition.

It is possible that prefrontal contributions to priming might also
reflect sensitivity to repeating the same response (e.g., see Sup-
plemental Results) such that distinct regions of prefrontal cortex
support decision- versus response specificity independently. Al-
though the present design prevented us from exploring the effect
of response changes across repetitions due to the insufficient
number of trial types across bins that would have emerged to

estimate the BOLD data, a recent report provides support for this
idea. By crossing changes in decision and response, Race and
colleagues (2008) noted a dissociation within frontal cortices
whereby regions of L pIFG (BA 44 and 45) demonstrated sensi-
tivity to decision changes as was reported here, whereas regions of
the premotor cortex and anterior-cingulate were sensitive to
changes of the specific response (yes/no). Interestingly, these
authors also reported decision- and response-invariant priming
within a more anterior portion of the left inferior frontal gyrus (L
BA 47), providing evidence for a role for this region in more
generalized retrieval operations.

In contrast to prefrontal cortices, bilateral regions of the
ITG-FG demonstrated sensitivity to stimulus, but not decision,
manipulations. Substantial neuroscientific research has linked
this set of regions to the identification and recognition of visual
objects (for reviews see Grill-Spector and Malach 2004; Mish-
kin et al. 1983). Although defining the precise nature of cortical
representations for visual stimuli has been a topic of consid-
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erable debate (Haxby et al. 2001; Kanwisher et al. 1997;
Malach et al. 2002; Tarr and Gauthier 2000), experimental
paradigms using repetition suppression (adaptation or neural-
priming) as a marker for the stored representations have begun
to reveal an organized topography within the ventral stream.
Transformations along dimensions of luminance (Grill-Spector
et al. 1999), size (Grill-Spector et al. 1999; Vuilleumier et al.
2002), shape (Kourtzi and Kanwisher 2001), position (Grill-
Spector et al. 1999), and viewpoint (Epstein et al. 2003;
Grill-Spector et al. 1999; Vuilleumier et al. 2002) have re-
vealed different degrees of cortical invariance for perceptual
manipulations following repetition in humans using BOLD
fMRI. These results have meshed well with single-cell record-
ing of macaque inferotemporal (IT) cortex. Neuronal repetition
suppression has been shown to accompany presentation of
visual objects (Baylis and Rolls 1987; Li et al. 1993; Miller et
al. 1991) and neurons in IT cortex exhibit translation and size
invariance (Desimone et al. 1984; Gross et al. 1972; Ito et al.
1995; Lueschow et al. 1994).

Along these lines, exemplar manipulations, whereby re-
peated objects are same-name exemplars of objects initially
viewed, have provided evidence that neural priming effects
within ventral temporal and occipital cortices likely engage a
presemantic level of representation (Schacter 1992; Tulving
and Schacter 1990) and are sensitive to repetition of specific
object identity (Koutstaal et al. 2001; Simons et al. 2003;
Vuilleumier et al. 2002). In the present experiment, the stim-
ulus transformation was of this latter type: repeated objects
were either the same objects as those viewed at study or
different-exemplars of the previously viewed objects. Al-
though both old-same and old-different object types share an
abstract level of representation (i.e., both are same-name ex-
emplars of a given object), old-same objects demonstrated
greater neural priming in ITG-FG ROIs relative to old-different
objects. Further, neural priming in these regions was indepen-
dent of the decision made with respect to the object. Together,
these results demonstrate ITG-FG sensitivity to repetition of
aspects of perceptual but not conceptual attributes of the target
items. Specifically, this region demonstrated sensitivity to
study—test overlap of the physical identity a given object.

It is worth noting that a number of studies have reported a
left-right hemispheric gradient of neural-priming invariance
across a variety of manipulations (Koutstaal et al. 2001; Si-
mons et al. 2003; Vuilleumier et al. 2002; for review see
Schacter et al. 2007). The ITG-FG ROIs probed in the present
report did not exhibit this pattern because they failed to exhibit
a hemisphere X stimulus interaction. The source of this dis-
crepancy is likely related to both the nature of the stimulus
manipulation and an anterior—posterior distinction within the
ventral temporal cortices. Selection of ROIs was motivated by
previous reports using exemplar manipulations (see Table 1).
Critically, peaks were selected to isolate those regions that
would likely mediate presemantic perceptual priming effects
(based on reported coordinates of those regions demonstrating
greater activity for old-different objects; same-name exemplars
of previously studies objects vs. old-same objects). These
ITG-FG peaks were along the posterior and dorsal extent of the
inferior temporal cortex/fusiform gyrus.

Consistent with the present report, Vuilleumier and col-
leagues (2002) reported no exemplar priming in homologous
posterior fusiform regions that were proximal to the ITG-FG
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ROIs interrogated here, and a study probing ROIs extending
even more posterior and medially along the fusiform gyrus and
into occipital cortices (a region dubbed “the lateral occipital
complex”) also did not report significant neural priming for
exemplar objects (Grill-Spector et al. 1999). A more anterior
segment of the fusiform gyrus appears to be sensitive to object
properties that are more conceptual or semantic in nature,
demonstrating priming across exemplars of a given object, as
well as exhibiting a left—right hemispheric asymmetry in the
magnitude of this priming (i.e., greater neural priming for
same-name exemplar objects in the left than in the right; e.g.,
see Simons et al. 2003; Fig. 4). Interestingly, a left-right
gradient of neural priming has been reported in more posterior
fusiform subdivisions as well (Vuilleumier et al. 2002), al-
though the object transformations have been tailored toward
more perceptual (changing the viewpoint of an object) than
conceptual (i.e., changing the identity of a repeated object as is
done with the exemplar manipulation) properties. Together,
these results suggest that a left-to-right gradient of invariance
may exist, although it abides by the rules of a hierarchical
organization of stimulus representations (Felleman and Van
Essen 1991; Ungerleider 1995), where areas along the object
processing stream differ in their degree of sensitivity to object
transformation (see Schacter et al. 2007).

The L ITG-FG ROI reported here is in close proximity to
temporal cortex regions highlighted by two recent studies
exploring neural priming and response learning (Horner and
Henson 2008; Race et al. 2008). The results of the present
report converge with these others in demonstrating that this
region failed to show sensitivity to decision or response
changes. Notably, Dobbins and colleagues (2004) reported
decision sensitivity within a more medial region of the left
fusiform gyrus. Exploratory analysis failed to uncover a com-
parable pattern in a proximal region within the present data set;
as such, it still remains unclear whether distinct regions of the
ventral cortices exhibit sensitivity to patterns of stimulus rep-
etition and response learning, or whether subtle differences in
experimental paradigm (e.g., number of repetitions) can have
an influence on neural priming measures.

In contrast to the profile of neural priming within pIFG and
ITG-FG, neural priming in L MTG was observed across all
trial types and was invariant to manipulations of either the
decision type or the stimulus type. It is tempting to speculate
that L-MTG retains an abstract semantic representation (Gold
et al. 2006; Martin 2007), such that neural priming reflects
amodal (Badgaiyan et al. 2001; Buckner et al. 2000), postper-
ceptual tuning across exemplars within a given category
(Wheatley et al. 2005), and is unaffected by changes in the
decision (Thompson-Schill et al. 1999). Although caution is
warranted regarding interpretation of pattern of activity ob-
served in L MTG given the nature of its ROI selection (see
METHODs and RESULTS), when L MTG was defined using the
pattern of L pIFG resting correlations (Fig. 6), a similar pattern
emerged (see Supplemental Results), strengthening the evi-
dence for that L MTG exhibits generalized neural priming
across stimulus and decision manipulations (also see Race
et al. 2008; Thompson-Schill et al. 1999). Notably, the present
report departs from these others in demonstrating that the
priming invariance extends across changes across particular
exemplars that share similar semantic representations.
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Frontal and temporal regions are embedded within distinct
large-scale systems

Frontal and temporal regions of interest that demonstrated
dissociable profiles of task-evoked activity based on decision
and stimulus manipulations were probed using rs-fcMRI anal-
ysis. Analysis of resting-state correlation patterns revealed that
the regions of interest were embedded within two distinct
functional systems: one that included bilateral regions of the
inferior frontal gyrus, middle temporal lobe, and lateral parietal
cortex, whereas the other included bilateral regions of the
occipital lobe, inferior temporal lobe, and lingual and fusiform
gyri.

The correlations between inferior temporal lobe and poste-
rior visual cortices are consistent with the known functional-
anatomical architecture of the visual system (Felleman and
Van Essen 1991; Ungerleider 1995) and likely reflect a marker
of the ventral visual stream’s coordinated activity in mediating
visual perception. Consistent with this, both rs-fcMRI seed
regions that demonstrated sensitivity to the stimulus manipu-
lation independent of decision type (inferior temporal gyrus
and middle occipital gyrus) demonstrated comparable patterns
of resting-state correlations.

We focus our discussion of rs-fcMRI on the frontal and
middle-temporal correlations. Prior research exploring concep-
tual processing has demonstrated the contributions of the
inferior frontal gyrus and middle temporal gyrus toward se-
mantic operations (Martin 2007; Petersen et al. 1988; Wagner
et al. 2001), whereas postmortem anatomical dissection (De-
jerine 1895), intraoperative electrostimulation of subcortical
(white-matter) connectivity (Duffau 2008), and diffusion ten-
sor imaging (Glasser and Rilling 2008) have highlighted the
prominent white-matter fiber bundle that connects inferior
frontal and lateral posterior temporal regions in humans (i.e.,
the arcuate fasciculus). Consistent with this observation, dam-
age to frontal or temporal nodes, or the pathway connecting
them, results in dissociable forms of language impairment
(Geschwind 1970). The rs-fcMRI patterns reported here aug-
ment this research: independent analyses seeding frontal and
middle-temporal regions revealed strong correlations with one
another. Together with a recent study that reported changes in
frontal-temporal synchrony across repetitions (Ghuman et al.
2008) and the demonstration that behavioral priming and
neural priming in both frontal and middle-temporal regions is
ablated following transcranial magnetic stimulation to frontal
regions (Wig et al. 2005), these results provide support for the
idea that conceptual priming may relate to changes in the
coupling between frontal and temporal regions.

What are the types of operations that may be supported by
prefrontal regions during semantic classification? The network
correlating with prefrontal regions is particularly intriguing
with respect to this question in light of the accumulating
evidence that repetition can influence processes associated with
decision stages. Resting-state correlations revealed that con-
ceptual repetition effects arose within regions of a “frontopa-
rietal control” system (e.g., Damoiseaux et al. 2006; Dosen-
bach et al. 2007; Vincent et al. 2008) that participates in
decision operations. This system is active during tasks that
require processing multiple independent contingencies (Kroger
et al. 2002) or conflicting stimulus-response mappings (Crone
et al. 2006). Here in the context of a semantic classification
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task that required participants to make decisions about novel
categories, repetition was shown to attenuate activity within
regions of the frontoparietal control system, providing further
support that conceptual priming reflects facilitation in decision
processes.

In summary, the results of the present study demonstrate
how a single experience can simultaneously modify multiple
operations and give rise to dissociated brain changes. Repeti-
tion priming as explored in the behavioral literature likely
reflects the operation and interactions among these multiple
neural components. Here, we highlight and provide strong
evidence for at least two of these components. Furthermore, we
demonstrate that these components are embedded within dis-
sociable systems that mediate distinct types of processing.
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