¢ Human Brain Mapping 38:1894-1913 (2017) ¢

Brain Regions That Show Repetition Suppression
and Enhancement: A Meta-Analysis of 137
Neuroimaging Experiments
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Abstract: Repetition suppression and enhancement refer to the reduction and increase in the neural
responses for repeated rather than novel stimuli, respectively. This study provides a meta-analysis of
the effects of repetition suppression and enhancement, restricting the data used to that involving
fMRI/PET, visual stimulus presentation, and healthy participants. The major findings were as follows.
First, the global topography of the repetition suppression effects was strikingly similar to that of the
“subsequent memory” effects, indicating that the mechanism for repetition suppression is the reduced
engagement of an encoding system. The lateral frontal cortex effects involved the frontoparietal control
network regions anteriorly and the dorsal attention network regions posteriorly. The left fusiform cor-
tex effects predominantly involved the dorsal attention network regions, whereas the right fusiform
cortex effects mainly involved the visual network regions. Second, the category-specific meta-analyses
and their comparisons indicated that most parts of the alleged category-specific regions showed repeti-
tion suppression for more than one stimulus category. In this regard, these regions may not be
“dedicated cortical modules,” but are more likely parts of multiple overlapping large-scale maps of
simple features. Finally, the global topography of the repetition enhancement effects was similar to
that of the “retrieval success” effects, suggesting that the mechanism for repetition enhancement is vol-
untary or involuntary explicit retrieval during an implicit memory task. Taken together, these results
clarify the network affiliations of the regions showing reliable repetition suppression and enhancement
effects and contribute to the theoretical interpretations of the local and global topography of these two

effects. Hum Brain Mapp 38:1894-1913, 2017.
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INTRODUCTION

Repeated stimulus presentation typically results in
reduced functional magnetic resonance imaging (fMRI)/
positron emission tomography (PET) signals in some brain
regions, relative to its first presentation (or the initial pre-
sentation of a matched but different stimulus). Although
this phenomenon, typically termed repetition suppression,
has prompted numerous neuroimaging studies during the
last 20 years, its nature and theoretical interpretations
remain controversial. The proposed explanations of repeti-
tion suppression include “sharpened” stimulus representa-
tion in the cortex [Wiggs and Martin, 1998], attentional
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modulating effects [Eger et al., 2004], reductions in top-
down prediction errors [Summerfield et al., 2008], attenu-
ated novelty-detection signals [Kumaran and Maguire,
2009], enhanced neural synchronization [Gotts et al., 2012],
and neural fatigue or habituation [Turk-Browne et al.,
2008]. The most widely recognized behavioral correlate of
repetition suppression is improved efficiency (i.e., greater
accuracy and faster reaction times) in relatively simple
perceptual/conceptual judgments involving the stimulus,
leading to the hypothesis that repetition suppression
underlies implicit memory retrieval [Schacter et al., 2007;
Stevens et al., 2009]. Another, but less discussed, behavior-
al correlate concerns the finding that greater repetition
suppression is associated with lower levels of subsequent
memory [Wagner et al., 2000b; Xue et al., 2011], suggesting
that repetition suppression may involve attenuated encod-
ing activity.

Repeated stimulus presentation may also result in
enhanced fMRI/PET signals relative to its initial presenta-
tion. Although, this phenomenon, typically termed repeti-
tion enhancement, has been reported less frequently, a given
experiment may give rise to both repetition suppression
and enhancement effects [Segaert et al., 2013], necessarily
involving nonoverlapping regions. Some studies [Donald-
son et al, 2001; Korsnes and Magnussen, 2014; Schott
et al., 2005] suggested that repetition enhancement effects
may reflect voluntary or involuntary explicit memory
retrieval during an implicit memory task, noting that they
tend to involve those regions that are typically activated
during explicit memory retrieval. Another line of evidence
[Henson et al.,, 2000; Miiller et al., 2013] indicates that
some brain regions that are typically associated with repe-
tition suppression may instead show repetition enhance-
ment when low-visibility (degraded, unfamiliar, or
masked) stimuli are repeated, purportedly reflecting the
elaboration of stimulus representation.

A fundamental issue is the question of which brain
regions show reliable repetition suppression and which
ones show reliable repetition enhancement effects. Both of
these effects have been associated with widely distributed
regions in the cortex which, in the case of repetition sup-
pression, most notably involved the ventral occipitotempo-
ral cortex, lateral frontal cortex, and medial temporal lobe
regions [O’Kane et al., 2005; Schacter et al., 2007]. Howev-
er, specific findings have been highly variable across stud-
ies, reflecting, at least in part, the differences in the
experimental parameters and analytic methods, including
the stimulus type, task requirement, presence/absence of
stimulus familiarization period, number of repetitions,
length of repetition lag, block versus event-related design,
and statistical threshold [Henson, 2016; Segaert et al.,
2013]. In this regard, a generalized regional topography of
repetition suppression and enhancement effects, drawing
on a compilation of study results, has yet to be clearly estab-
lished. A related issue concerns whether and to what extent
such a regional topography of repetition suppression or
enhancement effects is similar or differential across different

stimulus categories, such as words, faces, and scenes [Grill-
Spector and Weiner, 2014; Kanwisher, 2010]. To address
these issues, the present study provides a meta-analysis of
repetition suppression and enhancement effects, with the
data used being restricted to that involving visual stimulus
presentation and healthy participants.

Resting-state functional connectivity fMRI and other
studies have provided strong evidence that the brain is
composed of multiple large-scale intrinsic networks [Pow-
er et al., 2011; Smith et al., 2009; Yeo et al., 2011]. Although
the proposed numbers and exact boundaries of these
intrinsic networks differ between studies, many networks
show a similar topography across different analytic
approaches, providing a critical basis for constraining the
interpretations of the dispersed activation patterns across
the cortex. However, only a few previous studies [Stevens
et al., 2012; Vannini et al., 2013; Wig et al., 2009] have
attempted to relate the regional topography of the repeti-
tion suppression or enhancement effects to the intrinsic
network organization. In this regard, the aim of the pre-
sent study includes clarifying the network affiliations of
the regions that show reliable repetition suppression and
enhancement. This study uses Yeo et al. [2011]’s 7-network
model, which is depicted in Figure 1, as a guide to deter-
mine the network membership of each region that shows
reliable repetition suppression and enhancement. This
model is based on a clustering analysis of resting-state
fMRI signals involving the correlation between the fMRI
time series at each spatial location and 1,175 uniformly
spaced cortical regions. The advantages of Yeo et al’s
model, relative to other similar models, include the fact
that its modeling is based on a large data set (1 =1,000), it
involves an extensive validation effort including a split-
half replication, it has a highly similar topography to that
found in subtraction imaging studies, and its utility as a
frame of reference was verified in several recent meta-
analysis studies [Benoit and Schacter, 2015; Fox et al.,
2015; Kim, 2016].

A brief review of the relevant aspects of Yeo et al’s
model and related findings follows, because the subse-
quent discussion frequently refers to this model. Four net-
works, that is, the visual, frontoparietal control, dorsal
attention, and default mode, are directly relevant to the
results of the present study. First, the visual network
includes the early and late visual processing areas and
anteriorly includes the posterior parahippocampal cortex
(PHC) (see violet regions in Fig. 1). Second, the frontopar-
ietal control network comprises the lateral prefrontal cor-
tex (PFC), posteromedial PFC, anterior orbitofrontal cortex,
lateral intraparietal sulcus (IPS), middle cingulate cortex,
and dorsal precuneus (orange regions). The observed
increases in activity in this network are related to control
demands, such as controlled retrieval, taxing working
memory, interference resolution, and inhibiting habitual
responses [Dosenbach et al., 2008; Vincent et al., 2008].
Third, the dorsal attention network involves the frontal
eye fields, inferior frontal junction (IFJ), which is located at
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Figure I.

Yeo et al. [2011]’s 7-network parcellation of the human cerebral
cortex. The figures were adapted from Yeo et al. [2011] (Fig.
I'1) with permission from the American Physiological Society.
Labeled are subregions within 4 networks, namely, the fronto-
parietal control, dorsal attention, visual, and default mode, which
are more directly relevant to the present study. alNS, anterior
insula; amPFC, anteromedial prefrontal cortex; aOFC, anterior
orbitofrontal cortex; CU, cuneus; dIPFC, dorsolateral prefrontal
cortex; dPCU, dorsal precuneus; dPFC, dorsal prefrontal cortex;
FC, fusiform cortex; FEF, frontal eye fields; IF), inferior frontal
junction; IPL, inferior parietal lobe; IIPS, lateral intraparietal

the intersection of the inferior frontal sulcus and the pre-
central sulcus, and the “C”-shaped regions surrounding
the posterior parietal and temporal lobes (green regions).
This network, which is also referred to as “goal-directed”
or “top-down” attention, embodies a mechanism for ori-
enting attention to the external environment by sending
top-down biasing signals to selected sensory inputs [Cor-
betta and Shulman, 2002; Sestieri et al., 2012]. Finally, the
default mode network, whose main components include
the anteromedial PFC, posterior cingulate cortex, ventral
precuneus, inferior parietal lobe, and lateral temporal

sulcus; LOC, lateral occipital cortex; LTC, lateral temporal cor-
tex; MCC, middle cingulate cortex; mIPS, medial intraparietal
sulcus; PCC, posterior cingulate cortex; PHC, parahippocampal
cortex; pmPFC, posteromedial prefrontal cortex; pMTG, poste-
rior middle temporal gyrus; POJ parieto-occipital junction; POS,
parieto-occipital sulcus; SPL, superior parietal lobe; TOJ,
temporo-occipital junction; VIPFC, ventrolateral prefrontal cor-
tex; VOC, ventral occipital cortex; vPCU, ventral precuneus;
VvPFC, ventral prefrontal cortex. [Color figure can be viewed at
wileyonlinelibrary.com]

cortex regions (pink regions), supports internally oriented
cognition, such as recall, future thinking, mentalizing, and
other types of spontaneous cognition [Andrews-Hanna
et al., 2014; Buckner et al., 2008].

The network compositions around the inferior frontal
cortex and ventral temporal cortex are of particular inter-
est, given the relatively strong associations of these regions
with repetition suppression in previous studies [Schacter
et al.,, 2007]. Large portions of the inferior frontal cortex
are within the frontoparietal control network, whereas a
relatively small area in its posterior extent, that is, the IF],
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is part of the dorsal attention network. The IFJ, which bor-
ders the premotor gyrus, middle frontal gyrus, and inferi-
or frontal gyrus, is dissociable from its adjoining regions
functionally [Derrfuss et al., 2012], connectionally [Muhle-
Karbe et al, 2016], and cytoarchitectonically [Amunts
et al., 2004]. It has recently received a great deal of atten-
tion, due to its regular coactivations in an impressive array
of cognitive control tasks, including task-switching, Stroop,
n-back, Go/No-GO, Stop signal, Posner-cueing, top-down
attention, and oddball tasks [Brass et al., 2005; Derrfuss
et al., 2005; Kim et al., 2012; Levy and Wagner, 2011; Zanto
et al, 2010]. In this regard, it would be important to
understand whether the repetition suppression effects
around the inferior frontal cortex involve the frontoparietal
control network subregions only or extend more posterior-
ly into the dorsal attention (IFJ) subregions.

Large portions of the ventral temporal cortex are within
the boundaries of the visual network, whereas its lateral
extent involving the fusiform cortex is part of the dorsal
attention network. In line with this parcellation, recent
studies [Caspers et al., 2013; Lorenz et al., 2013] confirmed
the existence of a medial-to-lateral cytoarchitectonic transi-
tion within the fusiform cortex. A related observation is
that the fusiform cortex component of the dorsal attention
network is nontrivially more extensive in the left than in
the right hemisphere. This asymmetry is not peculiar to
Yeo et al.’s model, because other seed-based connectivity
studies [Caspers et al., 2014; Stevens et al., 2012; Zhang
et al., 2016] have found similar asymmetry. A consequence
of this network configuration is that some homologous
ventral temporal cortex regions are part of the dorsal
attention network in the left hemisphere, whereas they
belong to the visual network in the right hemisphere. In
this regard, it is of vital importance to ascertain whether
and to what extent the repetition suppression effects in the
left and right ventral temporal cortexes predominantly
involve the dorsal attention and visual network subre-
gions, respectively.

This study also addresses the question of to what extent
the regional repetition suppression effects are category-
specific or more generalized. Some studies indicated that
the dissociable ventral occipitotemporal regions show pref-
erential responses to specific stimulus categories, for exam-
ple the “parahippocampal place area” to scenes [Epstein
et al., 1999], “fusiform face area” to faces [Kanwisher
et al., 1997], and “visual word form area” to written words
[Cohen et al., 2000]. It is well established that these regions
show similar categorical specificity in their repetition sup-
pression effects [Dehaene et al., 2001; Henson et al., 2002].
However, it remains a matter of debate as to what extent
these regions are distinct category-specific modules,
because each of them typically responds significantly
(albeit to a lesser degree) to objects that are not in the pre-
ferred class [Aminoff and Tarr, 2015; Grill-Spector and
Weiner, 2014; Kanwisher, 2010]. For example, the putative
visual word form area shows high activity when

processing line drawings, numbers, letter strings, and gra-
tings [Kherif et al., 2011; Price and Devlin, 2003; Vogel
et al., 2012]. A related, but underexplored, hypothesis con-
cerns whether any regions outside of the ventral occipito-
temporal cortex show preferential responses to a specific
category [Bunzeck et al., 2006]. To address these issues,
this study examines the overlaps and separations between
the repetition suppression effects for different classes of
stimuli in the ventral occipitotemporal and other brain
regions. To conform to the analyses of the category effects
and reduce the variance and increase the homogeneity
within the whole sample, this study restricted the data
used to that involving the word, scene, face, and object
categories. Few other categories were available that would
have ensured a meaningful analysis. Although the object
category is a superordinate, not basic, one, it was included,
because it has been extensively used in previous studies
and is visually distinct from the other categories in the
study.

MATERIAL AND METHODS
Data Collection

Candidate studies for the meta-analysis were identified
through multiple searches of the Pubmed and Google
Scholar databases. The query terms included “repetition
suppression,” “repetition enhancement,” “priming,” “fMRI
adaptation,” “implicit memory,” “novelty,” “fMRL” and
“PET.” The inclusion/exclusion criteria for the meta-

analysis were as follows:

i

1. Only studies that presented stimuli through some
visual modality were included.

2. Only studies that presented the same physical stimuli
in the first and repeated conditions (i.e., identity
priming) were included.

3. Studies that presented words, scenes, faces, or objects
(or a combination of these 4 types; e.g., face-name
pairs) as stimuli were included, whereas those pre-
senting other stimulus types such as pseudowords,
sentences, nonreal objects, geometric shapes, video
clips, audiovisual stimuli, or virtual environment
were excluded (see the Introduction for the rationale
behind this criterion).

4. Studies involving relatively simple and commonly
employed perceptual, linguistic, or cognitive tasks or
passive viewing were included, whereas those using
unusually complex cognitive (e.g., the application of
abstract rules), motor learning, or explicit memory
retrieval tasks were excluded. A majority of the
included tasks served to measure behavioral priming,
but a minority (e.g., target detection) served only to
ensure that the participant’s attention was directed to
the stimuli.
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5. Given that relevant studies vary widely not only in
terms of the stimulus/task type, but also in terms of
numerous other experimental parameters, including
pre-familiarization, the number of repetitions, lag
between presentations, stimulus masking, manipula-
tion of attention or expectation, stimulus duration,
and response modality [Weigelt et al., 2008], studies
were broadly included irrespective of these parame-
ters to ensure the relatively high generalizability of
the results.

6. Only studies that performed whole-brain analyses
and reported peak activation foci in the standard ref-
erence space (i.e., Talairach or Montreal Neurological
Institute [MNI] coordinates) were included, whereas
those involving region of interest [ROI] analyses were
excluded. Note that excluding ROI data is a manda-
tory practice in neuroimaging meta-analysis, to
accommodate the notion that the aim is to provide
unbiased estimates of convergence across many inde-
pendent studies. Given that repetition priming stud-
ies in the context of vision research tend to use ROI
analyses more frequently than ones in the context of
other topics (e.g., memory), relevant data from the
vision literature are likely to be less represented in
the meta-analysis. In principle, this representation
bias could interfere with unbiased estimates of con-
vergence across studies. However, any such interfer-
ence may be relatively minimal, because whole-brain
findings should be similar whether the aim of the
study is to investigate vision or some other topic.

7. Only studies that tested healthy participants were
included.

8. When studies reported more than one relevant exper-
iment (contrast), if they involved completely different
sets of trials, all of the experiments were included;
otherwise, only one experiment was selected for
inclusion to prevent this particular study from overly
influencing the results. The one that involved the
largest number of peak activation foci was selected,
because this selection was thought to increase the
sensitivity of the meta-analysis.

Sample Characteristics

A total of 85 individual studies met the inclusion criteria
(see Supporting Information available online for a list of
studies included in the meta-analyses). The imaging
modality was PET in 4 studies and fMRI in the remainder.
Twenty-four studies provided both repetition suppression
and repetition enhancement experiments, 59, repetition
suppression only, and 2, repetition enhancement only.

The repetition suppression sample collectively involved
83 studies, 106 experiments, 1,020 peak foci, and 1,454 par-
ticipants. The stimuli were words in 27 experiments,
scenes in 16, faces in 22, objects in 32, and mixed types in

TABLE I. Number of experiments and peak foci used in
each effect/stimulus category subgroup

Effect Stimulus category Experiments Peak Foci

RS Word 27 202
Scene 16 233
Face 22 157
Object 32 292
Mixed 9 136

RE Word 12 103
Scene 2 9
Face 4 37
Object 7 19
Mixed 6 47

RS, repetition suppression; RE, repetition enhancement.

9. Table I lists the number of experiments and peak foci
for each stimulus category subgroup. The word stimuli
were common words in 23 experiments, words presented
in mirror-image orientation in 3, and word stems in 1. The
scene stimuli were indoor or outdoor scenes, and the face
stimuli were famous or unknown faces. The object stimuli
were exemplars of assorted categories in 28 experiments
and some specific categories (e.g., birds) in 4. The mixed-
type stimuli were images involving 2 stimulus types (e.g.,
scene and object) in 5 experiments and International Affec-
tive Picture System images in 4. The relatively common
(n>1) behavioral tasks were (a) within the word sub-
group, abstract/concrete judgement, italic/upright shape
judgement, man-made/natural judgment, silent reading,
mirror-image word reading, and size judgement; (b) with-
in the scene subgroup, indoor/outdoor judgement, passive
viewing, and target detection; (c) within the face sub-
group, gender judgement, passive viewing, face/house
judgement, fame judgment, and target detection; (d) within
the object subgroup, naming, real/unreal judgement, size
judgement, category classification, living/nonliving judge-
ment, man-made/natural judgement, and target detection;
and (e) within the mixture subgroup, fit/unfit judgment
(e.g., “Is the name a good fit for the face or not?”), expec-
tancy rating, and passive viewing.

The repetition enhancement sample collectively involved
26 studies, 31 experiments, 215 peak foci, and 424 partici-
pants. The stimuli were words in 12 experiments, scenes
in 2, faces in 4, objects in 7, and mixed types in 6 (see
Table I). The relatively common behavioral tasks were (a)
within the word subgroup, abstract/concrete judgement,
italic/upright shape judgement, meaningful/meaningless
judgement, and target detection; (b) within the scene sub-
group, indoor/outdoor judgement; (c) within the face sub-
group, fame judgment; (d) within the object subgroup,
naming; and (e) within the mixture subgroup, fit/unfit
judgement (see the Supporting Information available
online for a detailed description of the repetition suppres-
sion and enhancement experiments included in the meta-
analysis).
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Data Analysis

Four sets of meta-analyses were performed. The first
meta-analysis analyzed all of the repetition suppression
experiments (1 =106) together to identify the regions gen-
erally associated with repetition suppression. The second
was a series of subgroup meta-analyses that separately
evaluated the repetition suppression effects for four stimu-
lus categories, that is, word, scene, face, and object. The
third was a series of subtraction and conjunction analyses
between repetition suppression effects for one subgroup
(e.g., word) and repetition suppression effects collapsed
over the other three subgroups (e.g., scene, face, and
object). Four separate conjunction and subtraction analyses
were performed, involving word- and nonword-, scene-
and nonscene-, face- and nonface-, and object- and
nonobject-based repetition suppression effects. The final
meta-analysis analyzed all of the repetition enhancement
experiments (1 = 31) together with the aim of determining
those regions generally associated with repetition enhance-
ment. The repetition enhancement sample could not
accommodate a separate analysis of each stimulus catego-
ry, due to the limited number of available experiments.

The length of the lag between priming and primed pre-
sentations is known to modulate repetition suppression
effects [e.g., Henson et al., 2004; Wagner et al., 2000b]. The
proportion of experiments involving a relatively short lag,
defined here as “no intervening items,” nontrivially dif-
fered between the category subgroups, 33.3% in word,
18.8% in scene, 31.8% in face, and 18.8% in object. To con-
trol for this factor, the second and third meta-analyses
described above involved subgroups with a more balanced
proportion of the variable formed by pseudorandomly
subsampling the experiments. After this control, the word,
scene, face, and object subgroups involved 20, 16, 18, and
29 experiments, involving 10.0, 18.8, 16.7, and 10.3% pro-
portions of the short lag experiments, respectively.
Although some experimental parameters other than the
length of lag could potentially differ between subgroups
and affect the results, it was impractical to control for
additional factors. Thus, the control of repetition lag was
intended merely as a preliminary effort to perform more
balanced comparisons between the category subgroups.

Meta-Analysis Techniques

All of the meta-analyses were accomplished using the
revised activation likelihood estimation (ALE) algorithm
implemented in GingerALE 2.3.3 (http://www.brainmap.
org). ALE meta-analysis is a coordinate-based method that
can be used to determine the brain regions showing an
above-chance level of activation convergence across a set
of independent studies [Eickhoff et al., 2009; Turkeltaub
et al., 2012]. The ALE algorithm was applied to the analy-
sis of the present data in the following steps (similar steps
were previously described in Kim [2016]). The spatial nor-
malization space was determined for each study and all

activation foci reported in MNI coordinates were converted
into Talairach coordinates by using the icbm2tal transform
[Lancaster et al., 2007]. Each activation focus was modeled as
a center of the 3 dimensional Gaussian probability distribu-
tion. The width of the Gaussian distribution was calculated
using an extended ALE algorithm accounting for the
between-subject variability introduced by the different sam-
ple sizes and the between-template variability introduced by
the different spatial normalization techniques. A tighter,
taller Gaussian was assigned to larger sample sizes to reflect
the notion that the spatial uncertainty is less for these sam-
ples. To give a specific example, the meta-analysis involving
all of the repetition suppression experiments had minimum,
median, and maximum values of the full-width at half-
maximum [FWHM] of 8.94, 9.44, and 10.61 mm, respectively.
Given this order of kernel sizes, it should be acknowledged
that meta-analyses can only detect relatively large-scale repe-
tition effects, but may miss smaller-scale ones that involve a
local area or voxel.

The probability values of all foci in a given study were
combined for each voxel and subsequently summed across
all of the included studies, generating voxelwise ALE
scores reflecting the convergence of the results across all
of the studies. These ALE scores so obtained were com-
pared with those from an estimated null distribution
assuming a random spatial association between studies.
This comparison resulted in nonparametric P-value maps,
which were thresholded at a cluster level familywise error
(FWE) corrected threshold of P <0.05 (cluster-forming
threshold at the voxel level P <0.005). The differences
between each pair of ALE maps were assessed based on
the ALE subtraction analysis algorithm described in Eickh-
off et al. [2011]. All studies contributing to either map
were pooled and randomly divided into two sets of stud-
ies having the same size as the original two groups. Subse-
quently, the ALE scores for the two randomly constructed
groups were calculated and the difference between these
ALE scores was recorded for each voxel. Repeating this
process 10,000 times provided an estimated null distribu-
tion reflecting the chance differences in the ALE scores
between the two ALE maps. The actual “observed” differ-
ence in ALE scores were then tested against this estimated
null distribution. This comparison resulted in voxelwise P-
value maps, which were thresholded at a voxel level
threshold of P <0.005, and inclusively masked by the
respective main effects, which were thresholded at a
cluster-level FWE corrected threshold of P < 0.05. To assess
the similarity between the two ALE maps, a conjunction
analysis was performed based on the intersection between
the two thresholded maps. Therefore, any voxel deter-
mined to be significant in a conjunction analysis constitut-
ed one that survived a cluster-level FWE corrected
threshold of P <0.05 in both ALE analyses. A spatial
extent threshold exceeding 500 mm® was applied to the
results of all of the analyses to further reduce the likeli-
hood of false-positive findings.
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TABLE Il. Results from an ALE meta-analysis of all repetition suppression experiments

Talairach

Volume (mm?) X Y z H Region

33,792 —42 —54 -12 L Ventral occipitotemporal cortex, LOC, hippocampus,
amygdala, lentiform nucleus

33,096 28 —38 —14 R Ventral occipitotemporal cortex, LOC, POS,
hippocampus, amygdala, lentiform nucleus

20,256 —40 2 30 L Ventrolateral PFC, IF], anterior OFC, anterior INS

4,368 -2 12 48 B Posteromedial PFC

3,496 44 4 32 R 1F]

2,880 32 20 6 R Anterior OFC, anterior INS

2,800 42 28 18 R Ventrolateral PFC

2,040 24 —68 38 R Posterior IPS

1,264 —24 —66 36 L Posterior IPS

824 12 6 6 R Caudate nucleus

ALE, activation likelihood estimation; B, bilateral; BA, Brodmann area; H, hemisphere; L, left; R, right. For other abbreviations, see

Figure 1.

To visualize the results of the meta-analysis, the thresh-
olded ALE maps were projected onto an inflated
population-average landmark surface (PALS) by using
CARET [Van Essen, 2005]. The boundaries of the dorsal
attention, frontoparietal cognitive control, visual and
default-mode networks, as estimated by Yeo et al. [2011;
see Fig. 1], were also projected onto the PALS as a flexible
guideline to evaluate whether a convergence cluster is
located within or outside of the networks. The thresholded
maps were also overlaid onto an International Consortium
for Brain Mapping template using MANGO (http://ric.
uthscsa.edu/mango), mainly to observe hippocampal acti-
vation clusters not visible on the PALS.

RESULTS
Repetition Suppression: A General Analysis

An ALE meta-analysis was conducted including all of
the repetition suppression experiments (1 =106) and the
results are shown in Table II and Figure 2, indicating that
the repetition suppression effects were most extensively
associated with two regions, the inferior frontal cortex and
ventral occipitotemporal cortex. Effects around the inferior
frontal cortex were predominantly left-lateralized and
included the ventrolateral PFC (inferior frontal gyrus/sul-
cus) component of the frontoparietal control network ante-
riorly and the IF] component of the dorsal attention
network posteriorly.

Effects around the ventral occipitotemporal cortex were
more symmetric across the two hemispheres and mainly
included the posterior PHC, fusiform, and ventral occipital
cortex regions bilaterally. A striking observation was that
left fusiform cortex effects predominantly involved the
dorsal attention network regions, whereas right fusiform
cortex effects were mainly associated with the visual net-
work regions.

Other less extensive cortical effects included, within the
frontoparietal control network, the posteromedial PFC,
anterior orbitofrontal, and anterior insula regions bilateral-
ly, within the dorsal attention network, the bilateral poste-
rior IPS regions, and within the visual network, the
bilateral lateral occipital regions. Subcortical effects includ-
ed the bilateral hippocampal, striatal, and right cerebellar
regions. Hippocampal effects included both the anterior
and posterior segments.

Repetition Suppression: Category-Specific
Analyses

Table III and Figure 3 show the results of separate ALE
meta-analyses of word- (n=20), scene- (n=16), face-
(n=18), and object-based (n=29) repetition suppression
effects. Table IV and Figure 4 show the results of separate
conjunction and subtraction analyses between word- and
nonword-, scene- and nonscene-, face- and nonface-, and
object- and nonobject-based repetition suppression effects.

Word-based repetition suppression

Word-based repetition suppression effects were mainly
associated with the left ventrolateral PFC, IF], anterior
orbitofrontal, fusiform cortex, and right cerebellar regions
(Fig. 3A). Left fusiform cortex effects predominantly
involved the dorsal attention network regions. A conjunc-
tion analysis between word- and nonword-based (scene,
face, and object) effects indicated the existence of relatively
extensive common regions, including the left ventrolateral
PFC, IFJ, and fusiform cortex regions (red regions in Fig.
4A). The regions that were associated more with word-
than nonword-based effects included the left ventrolateral
PFC and right cerebellar regions (yellow). The reverse
effects—the regions that were associated more with non-
word- than word-based effects—included the bilateral
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RS effects

Figure 2.

Above-threshold brain regions in an ALE meta-analysis of all repe-
tition suppression (RS; novel > repeated) experiments (n = 106).
The yellow-, green-, and violet-colored borderlines mark esti-
mates of the frontoparietal control, dorsal attention, and visual
attention networks, respectively. The boundaries were drawn
from Yeo et al’s [2011] 7-network parcellation data (see Fig. I).
[Color figure can be viewed at wileyonlinelibrary.com]

posterior PHC, left lateral occipital, and right ventral
occipital regions (cyan).

Scene-based repetition suppression

Scene-based repetition suppression effects were mainly
associated with the bilateral posterior PHC/medial fusi-
form cortex/hippocampus, lateral occipital, parieto-
occipital sulcus, posteromedial PFC, and left IF] regions
(Fig. 3B). A conjunction analysis between scene- and
nonscene-based (word, face, and object) effects indicated
that both involved the bilateral posterior PHC/medial

fusiform cortex and left IF] regions (red regions in Fig.
4B). The regions that were associated more with scene-
than nonscene-based effects mainly involved the bilateral
posterior PHC /hippocampus, parieto-occipital sulcus, and
left lateral occipital cortex regions (yellow). The regions
that were associated more with nonscene- than scene-
based effects involved only the left fusiform cortex regions

(cyan).

Face-based repetition suppression

Face-based repetition suppression effects were mainly
associated with the bilateral fusiform cortex, bilateral ven-
tral occipital, and left ventral PFC regions (Fig. 3C). Left
fusiform effects predominantly involved the dorsal atten-
tion network regions, whereas right fusiform effects were
mainly associated with the visual network regions. A
conjunction analysis between face- and nonface-based
(word, scene, and object) effects indicated that there was
a broad range of common regions involving the bilateral
ventral occipitotemporal cortex (red regions in Fig. 4C).
The areas that were associated more with face- than
nonface-based effects involved only the right ventral
occipital regions (yellow). The regions that were associat-
ed more with nonface- than face-based effects involved
large portions of the left ventrolateral PFC/IF] and rela-
tively small portions of the bilateral posterior PHC

(cyan).

Object-based repetition suppression

The meta-analysis of object-based repetition suppression
effects yielded results that were largely comparable in
topography to those observed in the meta-analysis includ-
ing all of the repetition suppression experiments, except
that most of the effects were less extensive (compare Figs.
2 and 3D). Left fusiform effects predominantly involved
the dorsal attention network regions, whereas right fusi-
form effects were mainly associated with the visual net-
work regions. A conjunction analysis between object- and
nonobject-based (word, scene, and face) effects indicated
the existence of relatively extensive common areas, includ-
ing the bilateral posterior PHC, bilateral fusiform, left IF],
and left ventrolateral PFC regions (red regions in Fig. 4D).
The areas that were associated more with object- than
nonobject-based effects involved only the bilateral IFJ
regions (yellow). No regions were associated more with
nonobject- than object-based effects.

Repetition Enhancement: A General Analysis

An ALE meta-analysis was conducted including all of
the repetition enhancement experiments (1 =31) and the
results are shown in Table V and Figure 5, indicating that
the repetition enhancement effects were mainly associated
with the subregions of the frontoparietal control and
default mode networks. Within the frontoparietal control
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TABLE Ill. Results of separate ALE meta-analyses of word- (A), scene- (B), face- (C), and object-based (D) repetition
suppression experiments

Talairach
Volume (mm?®) X Y z H Region
A. Word RS
10,968 —42 4 26 L Ventrolateral PFC, IFJ, anterior OFC
6,208 —42 —52 —14 L FC
1,072 4 —74 —24 R Cerebellum
720 -32 -90 -2 L LOC
608 38 —42 -12 R FC
520 —50 —40 2 L Superior temporal cortex
504 34 20 8 R Anterior INS
432 42 —66 -10 R FC
B. Scene RS
9,192 28 —36 —14 R Posterior PHC, medial FC, hippocampus
6,240 —26 —42 —-12 L Posterior PHC, media FC, hippocampus
2,792 —34 —82 10 L LOC
2,496 34 —76 12 R LOC
1,256 -12 —54 6 B POS
1,136 0 10 46 B Posteromedial PFC
1,040 —44 6 28 L IF], ventrolateral PFC
1,032 —42 26 10 L Ventral PFC
856 -22 —18 -14 L Hippocampus
736 —38 -6 16 L Middle INS
656 =30 -8 =30 L Amygdala
C. Face RS
11,976 38 —58 —-14 R FC, ventral occipital cortex
7,504 —40 —56 —14 L FC
1,680 —-52 18 6 L Ventral PFC
800 -18 —6 -10 L Lentiform nucleus
672 30 —86 6 R LOC
504 14 -6 -8 R Lentiform nucleus
D. Object RS
13,896 34 —48 -14 R FC, posterior PHC, LOC
11,976 —42 —58 -8 L FC, posterior PHC, LOC
5,272 —44 30 18 L Ventrolateral PFC
3,976 —40 2 30 L 1F]
2,592 38 2 32 R 1F]
2,072 4 20 40 B Posteromedial PFC
1,720 42 30 18 R Ventrolateral PFC
1,128 34 18 6 R Anterior INS
896 24 —68 36 R Posterior IPS
816 —34 —84 4 L LOC
728 18 -2 -12 R Amygdala, lentiform nucleus
704 20 —62 46 R Posterior IPS
648 —24 —66 34 L Posterior IPS
600 -20 -2 -12 L Amygdala, lentiform nucleus

For abbreviations, see Figure 1 and Table II.

network, these effects were mainly associated with the involving the lateral PFC component of the frontoparietal
dorsolateral PFC (middle frontal gyrus), dorsal precuneus, control network, as may be seen in Figure 6. That is, in
and lateral IPS regions bilaterally, and within the default both hemispheres, the repetition suppression effects
mode network, the ventral precuneus, anterior extent of involved relatively extensive ventrolateral PFC regions,
the posterior cingulate cortex, and inferior parietal lobe but few dorsolateral PFC ones (orange regions in Fig. 6),
regions bilaterally. whereas the repetition enhancement effects involved rela-

A direct comparison of the repetition suppression and tively extensive dorsolateral PFC regions, but essentially
enhancement effects provides some double dissociations no ventrolateral PFC ones (cyan regions).
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A Word RS

Figure 3.
Above-threshold brain regions in an ALE meta-analysis of word-based (A; n=20), scene-based
(B; n=16), face-based (C; n = 18), and object-based (D; n =29) repetition suppression experi-
ments. For an explanation of the yellow-, green-, and violet-colored borderlines, see Figure 2.
[Color figure can be viewed at wileyonlinelibrary.com]

DISCUSSION namely, the frontoparietal control, dorsal attention, and

Repetition Suppression: General Effects visual networks. This multiple network configuration sup-

ports the hypothesis that the repetition suppression effects

These results revealed that the repetition suppression observed across the diverse cortical regions reflect multiple
effects were widely dispersed across the cortex and associ-  distinct mechanisms operating somewhat independently
ated mainly with subregions of three intrinsic networks, rather than as a single unitary process [Henson, 2016;
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TABLE IV. Results of subtraction and conjunction meta-analyses between word- versus nonword- (A), scene- versus
nonscene- (B), face- versus nonface- (C), and object- versus nonobject-based (D) repetition suppression effects

Talairach
Effect Volume (mm?®) x y z H Region
A. Word versus nonword RS
W>NW 1,072 10 -76 -35 R Cerebellum
584 —46 32 -2 L Ventrolateral PFC
NW>W 1,832 -39 =73 2 L LOC
1,168 32 —40 —-22 R Posterior PHC
976 —-21 —41 -19 L Posterior PHC
824 22 =70 -6 R Ventral occipital cortex
WNNW 4,016 —42 —54 -14 L FC
2,128 —42 4 26 L IF]
1,856 —44 22 16 L Ventrolateral PFC
592 38 —42 -12 R FC
B. Scene versus nonscene RS
S>NS 4,744 25 =35 —11 R Posterior PHC, POS, hippocampus
2,696 —24 —44 -10 L Posterior PHC
1,216 -36 —81 14 L LOC
912 -17 —56 11 L POS
704 -36 -9 13 L Middle INS
512 —21 —15 —16 L Hippocampus
NS>S 1,456 —43 —54 -23 L FC
SNNS 3,064 —-30 —42 —-14 L Posterior PHC, medial FC
2,328 30 —38 —-18 R Posterior PHC, medial FC
1,040 —44 6 28 L 1F]
1,000 —42 26 10 L Ventrolateral PFC
C. Face versus nonface RS
F>NF 1,104 36 —78 —18 R Ventral occipital cortex
NF>F 8,944 —43 6 30 L Ventrolateral PFC, IFJ
3,056 —22 —36 -13 L Posterior PHC
848 27 -39 -2 R Posterior PHC
FNNF 5,784 38 —58 -12 R FC
4,920 —40 —56 —14 L FC
D. Object versus nonobject RS
O>NO 1,336 43 -1 29 R 1F]
944 —47 -2 34 L IF]
ONNO 8,392 —42 —56 -10 L FC, posterior PHC
7,704 36 —48 —-14 R FC, posterior PHC
1,768 —42 4 28 L 1F]
1,520 —42 24 18 L Ventrolateral PFC
552 34 20 8 R Anterior INS
504 —-34 32 -6 L Ventral PFC

F, face; NF, nonface; NO, nonobject; NS, nonscene; NW, nonword; O, object; S, scene; W, Word. For other abbreviations, see Figure 1

and Table II.

Schacter et al.,, 2007]. The inferior frontal cortex showed
one of the most extensive repetition suppression effects. A
critical finding here was that the effects encompassed both
the ventrolateral PFC component of the frontoparietal con-
trol network and the IF] component of the dorsal attention
network. While a single large cluster included both the left
ventrolateral PFC and IF] regions, making it difficult to
discern whether the effects in these two regions were dis-
sociable, two similar effects appeared as separate clusters
in the right frontal cortex, indicating their distinct origins
and network memberships. The ventrolateral PFC, especially

the left part, plays a critical role in controlled semantic/con-
ceptual processing [Badre and Wagner, 2007; Devlin et al.,
2003; Noonan et al., 2013]. The magnitude of the repetition
suppression in the PFC regions shows significant across-
subject correlations with behavioral priming [Bunzeck et al.,
2006; Dobbins et al., 2004; Maccotta and Buckner, 2004; Sol-
dan et al., 2010; Turk-Browne et al., 2006]. In this regard,
previous studies [Gold et al.,, 2005; Schacter et al., 2007;
Wagner et al., 2000a] have typically ascribed reductions in
ventrolateral PFC activity to facilitated semantic/conceptual
processing of previously processed stimuli.
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Subtraction Conjunction

A Word vs nonword RS

Il Word > Nonword
I Nonword > Word

Il Scene > Nonscene
I Nonscene > Scene

Il Face > Nonface
I Nonface > Face

Word ~ Nonword

Face ~ Nonface

Object ~ Nonobject

Figure 4.
Results of subtraction and conjunction analysis between word- versus nonword- (A), scene- ver-
sus nonscene- (B), face- versus nonface- (C), and object- versus nonobject-based (D) repetition
suppression effects. For an explanation of the yellow-, green-, and violet-colored borderlines, see
Figure 2. [Color figure can be viewed at wileyonlinelibrary.com]

The involvement of the IF] in repetition suppression
effects has prompted relatively little specific theoretical
discussion, because activity in this region has often been
ascribed to the most adjoining classical areas, such as the
posterior inferior frontal gyrus and the premotor cortex.
An original functional hypothesis for the IFJ, based on its
involvement in a broad spectrum of cognitive control tasks
[Derrfuss et al., 2004], emphasized its role in the maintenance

and manipulations of “task representations,” which roughly
correspond to abstract representations of stimulus-response
mapping rules [Brass et al., 2005]. A related line of research
highlighted its critical role in top-down attentional control
[Gazzaley and Nobre, 2012; Zanto et al., 2010]. In this regard,
an rTMS study [Zanto et al., 2011] showed that disruption of
IF] activity diminishes the top-down modulation of activity
in visual regions. Recent meta-analysis studies [Kim, 2014;
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TABLE V. Results from an ALE meta-analysis of all repe-
tition enhancement experiments

Talairach
Volume
(mm®) x y z H Region
6,152 8 —66 28 B Dorsal/ventral precuneus
3,360 44 —56 38 R Lateral IPS, IPL
3,000 —-36 48 12 L Dorsolateral PFC
2,696 36 30 32 R Dorsolateral PFC
1,552 24 54 22 R Dorsolateral PFC
1,376 —44 —56 36 L Lateral IPS, IPL
1,328 58 —34 0 R Superior temporal cortex
1,208 34 10 48 R Dorsolateral PEC
856 2 —32 38 B Anterior PCC
800 —40 24 42 L Dorsolateral PEC
656 4 —54 38 R Dorsal precuneus
624 34 48 10 R Dorsolateral PFC

For abbreviations, see Figure 1 and Table II.

Levy and Wagner, 2011] showed the reliable association of
IF] activity with oddball stimulus processing, indicating its
role in the detection of salient, environmental changes. In
this regard, repetition suppression in IF] regions may have
many nuances, including automatized stimulus-response
mapping [Dobbins et al, 2004; Henson et al., 2014], less
demand for top-down enhancement [Gazzaley et al., 2005;
Vuilleumier et al., 2005], and reductions in novelty (or expec-
tation)-related signals [Summerfield et al., 2008].

The ventral occipitotemporal cortex also showed highly
extensive repetition suppression effects, including large
portions of the bilateral posterior PHC, fusiform cortex,
and ventral occipital cortex. Repetition suppression effects
in ventral occipitotemporal regions are largely specific to
the visual modality [Andics et al., 2013; Bergerbest et al.,
2004] and some studies [Soldan et al., 2010; Turk-Browne
et al.,, 2006] showed a significant across-subject correlation
between the magnitude of repetition suppression in these
regions and behavioral priming, although the effects
tended to be less consistent than those in the PFC regions
[Maccotta and Buckner, 2004; Sayres and Grill-Spector,
2006]. In this regard, repetition suppression effects in the
ventral occipitotemporal regions may reflect facilitated
sensory/perceptual processing of previously processed
stimuli [Schacter et al.,, 2007; Wiggs and Martin, 1998].
However, repetition suppression effects in these and other
regions are not automatic but, rather, depend to a large
extent on selective attention to an item, as indicated by the
absence of, or diminished repetition suppression for,
ignored stimuli at the time of initial and/or repeated pre-
sentation [Eger et al.,, 2004, Henson and Mouchlianitis,
2007; Moore et al., 2013; Vuilleumier et al., 2005; Yi and
Chun, 2005]. Thus, repetition suppression effects in the
ventral occipitotemporal and other regions may also reflect
a lower demand for selective attention in processing
repeated versus novel stimuli. Consistent with this

hypothesis, the results of this study indicated the promi-
nent contribution of the dorsal attention network subre-
gions to repetition suppression effects.

A related and critical finding here was that left fusiform
effects predominantly involved the dorsal attention net-
work subregions, whereas right fusiform effects were
mainly associated with the visual network subregions.
Various studies [Eger et al., 2005; Koutstaal et al., 2001;
Pourtois et al.,, 2005; Simons et al.,, 2003; Stevens et al.,
2012; Vuilleumier et al., 2002] reported consistent hemi-
spheric asymmetry, indicating the existence of relatively
more form-abstract versus more prominent form-specific
repetition suppression in the left and right ventral tempo-
ral cortexes, respectively. For example, one study [Vuil-
leumier et al., 2002] indicated that the left fusiform cortex
showed reductions in repetition activity for both the same
and different views of an object (albeit to a lesser degree

RE effects

Figure 5.

Above-threshold brain regions in an ALE meta-analysis of all
repetition enhancement (RE; repeated > novel) experiments
(n=31). The yellow- and pink-colored borderlines mark esti-
mates of the frontoparietal control and default-mode networks,
respectively. The boundaries were drawn from Yeo et al’s
[2011] 7-network parcellation data (see Fig. ). [Color figure
can be viewed at wileyonlinelibrary.com]
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Figure 6.
Above-threshold brain regions in an ALE meta-analysis of all
repetition suppression (RS) experiments (orange regions) and all
repetition enhancement (RE) experiments (cyan regions). [Color
figure can be viewed at wileyonlinelibrary.com]

for a different view), whereas the right fusiform cortex
showed reductions only for repetitions of the same view.
Similar findings have been reported for face [Eger et al.,
2005; Pourtois et al.,, 2005] and scene stimuli [Stevens
et al., 2012]. A related line of studies showed that the left
fusiform cortex showed decreased repetition activity for
both the same and different exemplars of an object, where-
as the right fusiform cortex only showed decreased repeti-
tion for the same exemplar [Koutstaal et al., 2001; Simons
et al, 2003]. These hemispheric asymmetries may be
underpinned by more prominent associations of the left
versus right ventral temporal cortex with the dorsal atten-
tion and visual networks, respectively.

Some studies [de Gardelle et al.,, 2013; Larsson and
Smith, 2012; Mayrhauser et al., 2014; Summerfield et al.,
2008] showed that repetition suppression is attenuated in
low versus high stimulus repetition probability contexts,
suggesting that repetition suppression reflects “fulfilled
expectations” or reductions in top-down prediction errors.
The dorsal attention network may also play a critical role
in such modulating effects of stimulus expectation,
because an expected versus an unexpected item tends to
differ in its demand for selective attention. In line with
this hypothesis, one study [Larsson and Smith, 2012] found
that the modulating effects of stimulus expectation are sig-
nificant for attended stimuli, but not for ignored stimuli.
Given the greater representation of the dorsal network sub-
regions in the left than in the right ventral temporal cortex,
one prediction for this hypothesis is that the expectation-
related modulation of repetition suppression would be
more robust in the left than in the right ventral temporal
cortex. Consistent with this prediction, a recent study
[Mayrhauser et al., 2014] indicated that the probability of
stimulus repetition modulates repetition suppression in the
left, but not in the right, ventral occipitotemporal regions.

Other less extensive repetition suppression effects includ-
ed, within the frontoparietal control network, the postero-
medial PFC, anterior orbitofrontal, and anterior insula
regions, within the dorsal attention network, the posterior
IPS regions, within the visual network, the lateral occipital

regions, and within the subcortex, the hippocampal, striatal,
and cerebellar regions. Although detailed functional discus-
sions of each of these regions are beyond the scope of this
paper, the involvement of the hippocampus deserves some
commentary. Partly due to the strong neuropsychological
evidence that the hippocampus plays a minor role in
implicit memory, studies [Gonsalves et al., 2005; Kumaran
and Maguire, 2009; Maass et al., 2014; Nyberg, 2005;
O’Kane et al., 2005] have typically related hippocampal rep-
etition suppression to factors other than implicit memory,
most frequently to reduced novelty responses. Novelty
detection and encoding are highly intertwined, because an
encoding system is biased toward the registration of novel
rather than familiar information [Ben-Yakov et al., 2014;
Kirchhoff et al., 2000; Law et al., 2005; Tulving and Kroll,
1995]. In this regard, alleged reductions in novelty
responses in the hippocampus and other regions may trig-
ger relatively less engagement of an encoding system. The
enhanced deployment of selective attention to novel relative
to familiar stimuli may act as a bridge between novelty/
familiarity detection and subsequent increased/decreased
engagement of a given encoding system.

The most extensively adopted paradigm when using neu-
roimaging in the analysis of memory encoding is to com-
pare neural activity for the stimuli later remembered with
that for the stimuli later forgotten [Wagner et al., 1998b],
typically termed “subsequent memory” effects. Supporting
the hypothesis that a mechanism for repetition suppression
is less engagement of an encoding system, the global topog-
raphy of repetition suppression effects was strikingly similar
to that observed in a recent meta-analysis of subsequent
memory effects (compare Fig. 2 with Fig. 1 of Kim [2011]),
with both the present and previous studies mainly involving
the ventrolateral PFC, IF], hippocampal, ventral occipitotem-
poral, lateral occipital, anterior insula, posteromedial PFC,
and posterior IPS regions. Also consistent with this hypothe-
sis, some studies [Callan and Schweighofer, 2010; Wagner
et al., 2000b; Xue et al., 2011; Zhao et al., 2015] showed that
stronger repetition suppression is associated with lower lev-
els of subsequent memory. As mentioned previously, there
is evidence that repetition suppression in many regions
reflects facilitates conceptual/perceptual processing of previ-
ously processed stimuli and, thus, implicit memory retrieval.
In this regard, repetition suppression effects in many regions
may have dual nuances, involving, on the one hand, more
efficient reprocessing of previously processed stimuli and,
on the other hand, relatively reduced encoding activity for
repeated than for novel stimuli. It remains an open question
as to whether and to what extent these two mechanisms are
two sides of the same coin or dissociable processes [Bunzeck
and Thiel, 2016; Habib, 2001].

Repetition Suppression: Category-Specific and
Common Effects

Separate meta-analyses of word-, scene-, face, and object-
based repetition suppression effects indicated a relatively
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distinct global topography for each category. Word-based
repetition suppression effects most pronouncedly involved
the left inferior frontal and left fusiform cortex regions
(most likely corresponding to the visual word form area),
while scene-based ones were mainly associated with the
bilateral —posterior parahippocampal/medial fusiform
regions (most likely corresponding to the parahippocampal
place area), face-based with a broad range of bilateral ven-
tral occipitotemporal regions (including fusiform face area),
and object-based with the bilateral inferior frontal cortex
and a range of bilateral ventral occipitotemporal regions.
However, direct comparisons between word- and nonword-
, scene- and nonscene-, face- and nonface-, and object- and
nonobject-based repetition suppression effects indicated that
most regions observed in separate meta-analyses of each
category showed significant repetition suppression for other
categories as well.

The results within the ventral occipitotemporal cortex
generally indicated the existence of relatively large over-
lapping regions, but few or no regions that were more
strongly associated with a specific category. Exceptions to
this rule included the parahippocampal/medial fusiform
cortex regions that showed a medial-to-lateral gradient of
scene-specific and more generalized effects. The observa-
tion of largely overlapping regions is consistent with
reports that the putative category-selective regions
respond significantly to stimuli that are not in the pre-
ferred class [Aminoff and Tarr, 2015; de Beeck et al., 2010;
Price and Devlin, 2003; Vogel et al., 2012]. In this regard,
some studies [de Beeck et al., 2008; Grill-Spector and Wei-
ner, 2014; Haxby et al., 2011] suggested that these regions
are not “dedicated cortical modules,” but most likely parts
of many overlapping large-scale cortical maps of simple
features that give rise to broader categorical distinctions,
such as an eccentricity map [Hasson et al.,, 2002], a real-
world object size map [Konkle and Oliva, 2012], an ani-
mate/inanimate map [Haxby et al., 2011], and a functional
connectivity map [Stevens et al., 2015]. To give a concrete
example, one study [Konkle and Oliva, 2012] indicated a
medial-to-lateral gradient of big and small object preferen-
ces across the ventral surface of the temporal cortex. This
map may account for the preferential association of scene-
based effects with the parahippocampal regions, that of
face- and word-based effects with the more laterally locat-
ed, fusiform regions, and that of object-based effects with
both the parahippocampal and fusiform regions. In anoth-
er example, the connectivity map may account for the left-
versus right-lateralization of word- and face-based effects.

The results obtained within the lateral frontal cortex
regions also generally indicated the existence of relatively
more extensive overlapping regions. Exceptions to this
rule included a small anterior extent of the left ventrolater-
al PFC that was more strongly associated with word- than
nonword-based effects, likely reflecting its more distinct
role in verbal processing [Golby et al., 2001; Wagner et al.,
1998a]. The bilateral IF] regions were more strongly

associated with object- than nonobject-based effects, likely
reflecting a greater demand on IF] control functions by
dual-mode (verbal and pictorial) versus single-mode proc-
essing. Large portions of the left ventrolateral PFC/IFJ
regions were more strongly associated with nonface- than
face-based effects, likely reflecting their relatively limited
role in nonverbal processing [Golby et al., 2001; Wagner
et al., 1998a]. Perhaps not surprisingly, these results indi-
cate that the frontal cortex regions are not organized by
stimulus category, but by more abstract features, such as
verbal versus nonverbal and types of controlled processing
[Badre and D’Esposito, 2009; Levy and Wagner, 2011; Race
et al., 2009].

Repetition Enhancement: General Effects

Repetition enhancement effects were mainly associated
with subregions of the frontoparietal control and default
mode networks. The involvement of the frontoparietal con-
trol network included the bilateral dorsolateral PFC, lateral
IPS, and dorsal precuneus regions, while that of the
default mode network included the bilateral ventral precu-
neus, anterior extent of posterior cingulate cortex, and
inferior parietal lobe regions. Although repetition enhance-
ment effects were less extensive than repetition suppres-
sion effects, it is relevant that they were revealed with a
lower statistical power. Some studies [Blondin and Lepage,
2005; Donaldson et al., 2001; Henson et al., 2002; Korsnes
and Magnussen, 2014; Koutstaal et al., 2001; Schott et al.,
2005] hypothesized that repetition enhancement effects
reflect voluntary or involuntary explicit retrieval during an
implicit retrieval task. The most extensively adopted para-
digm in using neuroimaging in the analysis of explicit
retrieval is to compare the correct recognition of studied
items (hit) with the correct nonrecognition of novel items
(correct rejection), typically termed “retrieval success”
effects. Supporting the explicit “contamination” hypothe-
sis, the global topography of repetition enhancement
effects was similar to that observed in a recent meta-
analysis of retrieval success effects (compare Fig. 5 with
Fig. 1 of Kim [2013]), with both effects mainly involving
the dorsolateral PFC, lateral IPS, inferior parietal lobe, dor-
sal/ventral precuneus, and anterior extent of posterior cin-
gulate cortex regions. However, each of these clusters was
more significantly associated with retrial success than with
repetition enhancement effects, which is perhaps not sur-
prising given that explicit retrieval is required in recogni-
tion memory tasks, but not in neural priming ones.

A direct comparison between repetition suppression and
enhancement effects indicated some double dissociation. That
is, repetition suppression involved relatively extensive areas
of the ventrolateral PFC, but few dorsolateral PFC regions,
whereas repetition enhancement involved relatively extensive
dorsolateral areas of the PFC, but essentially no ventrolateral
PEC regions. This dissociation cannot be easily accommodat-
ed by traditional models of lateral PFC organization, which
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typically emphasize organization by material, such as spatial
versus nonspatial [Wilson et al, 1993], or organization by
process, such as maintenance versus manipulation [D’Espo-
sito et al., 2000]. An alternative hypothesis proposed here is
that the ventrolateral PFC contributes more to the modulation
of externalized cognition (e.g., stimulus processing) than to
internalized cognition (e.g., recall), whereas the dorsolateral
PEC contributes more to the modulation of internalized cog-
nition than to externalized cognition. In line with this hypoth-
esis, repetition suppression effects showed coactivation of the
ventrolateral PFC regions with subregions of the dorsal atten-
tion network, whereas repetition enhancement effects showed
coactivation of the dorsolateral PFC regions with subregions
of the default mode network. Supporting the “externalized
cognition” part of this hypothesis, recent meta-analyses of
subsequent memory effects [Kim, 2011] and external mode
tasks [Duncan, 2013; Hugdahl et al., 2015] indicated the
involvement of the lateral PFC mainly within its ventral
extent. On the contrary, supporting the “internalized
cognition” part of the hypothesis, recent meta-analyses of
retrieval success effects [Kim, 2013] and encoding failure
effects [Kim, 2011] indicated the involvement of more dorsal
PEC regions. Supporting both parts of this hypothesis, a
direct meta-analytic comparison between subsequent memory
and retrieval success effects [Spaniol et al., 2009] indicated
the association of the ventrolateral PFC regions mainly with
preferential encoding activity and that of the dorsolateral PFC
regions mainly with preferential retrieval activity.

Limitations, Future Directions, and Summary

The scope of this meta-analysis was limited to studies
presenting the same physical stimuli between the initial
and repeated presentations (i.e., identity priming). Howev-
er, some important advances in our understanding of the
repetition suppression phenomenon have come from stud-
ies that systematically changed the stimuli between the
two presentations along some dimensions, such as size,
position, illumination, and rotation, with the aim of eluci-
dating the properties of neural representations in the visu-
al cortex and other regions [Grill-Spector and Malach,
2001; Kourtzi and Grill-Spector, 2005; Malach, 2012]. One
of the first studies of this type [Grill-Spector et al., 1999]
demonstrated that the extent of object-based repetition
suppression in the fusiform cortex regions was largely
invariant to changes in size and position, suggesting the
involvement of neural representations invariant to these
dimensions, whereas the more posterior visual regions
showed repetition effects that were sensitive to these and
other stimulus changes, suggesting the involvement of
neural representations more selective to specific stimulus
properties. In this regard, future studies should investigate
more fine-grained topographies of repetition suppression
effects that may show invariance/selectivity to manipula-
tions of multiple stimulus dimensions.

Another important issue in repetition suppression, but
which is also beyond the scope of this study, concerns its
neural mechanisms. Briefly, the proposed models of these
mechanisms include the hypothesis that repetition leads to
activation of fewer neurons (sharpening), repetition results
in faster neural responses (facilitation), and repetition
increases both local and global neural synchronization
(synchrony) [Gotts et al., 2012; Grill-Spector et al., 2006].
These and other “bottom-up” models are important,
because they complement, or provide neural underpinning
of, more “top-down” models involving functional con-
structs, such as attention, expectation, learning, and
implicit memory. A related question for future studies is
whether a single neural mechanism universally applies for
all repetition suppression effects or whether different neu-
ral mechanisms hold for different brain regions [Grill-
Spector et al., 2006; Weiner et al., 2010].

This study considered repetition suppression/enhance-
ment effects in the context of the 7-network cortical archi-
tecture reported by Yeo et al [2011]. A related finding was
that those repetition suppression effects involving left ver-
sus right fusiform cortex regions were predominantly
associated with the dorsal attention and visual network
regions, respectively. Because this finding is tied to the
asymmetric parcellation of the ventral temporal regions in
Yeo et al.’s model, it should be treated with some caution
and further validated in the context of other parcellation
models. Having said that, some recent connectivity studies
have reported results that are well in line with Yeo et al.’s
model. Using the BrainMap database [Fox et al., 2005],
Caspers et al. [2014] performed a meta-analytic connectivi-
ty modeling of left and right lateral fusiform regions of
interest with no interhemispheric differences in cytoarchi-
tecture, cortical volume, or relative stereotaxic location.
The results indicated the differentially stronger connectivi-
ty of the left and right fusiform regions with higher-order
fronto-parietal regions versus posterior visual processing
regions, respectively. Zhang et al. [2016] performed a
resting-state connectivity analysis of similar left and right
fusiform regions and found largely congruent interhemi-
spheric differences. Interestingly, another resting-state con-
nectivity —analysis [Stevens et al, 2012] indicated
comparable asymmetric connectivity profiles for the left
versus right parahippocampal place area. In view of the
existence of more form-abstract versus more prominent
form-specific repetition suppression in the left and right
ventral temporal cortexes, respectively, as discussed previ-
ously, these findings support “the notion that the function-
al behavior of a particular cortical location is determined
by both, its microstructural organization and its con-
nectivity” [Caspers et al., 2014, p. 2764].

To summarize, the major findings were as follows. First,
with regard to repetition suppression, the lateral frontal
cortex effects involved the frontoparietal control network
regions anteriorly and the dorsal attention network regions
posteriorly. The left fusiform cortex effects predominantly
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involved the dorsal attention network regions, whereas the
right fusiform cortex effects mainly involved the visual
network regions. The global topography of the repetition
suppression effects was strikingly similar to that of the
“subsequent memory” effects, indicating that the mecha-
nism for repetition suppression is the reduced engagement
of an encoding system. It remains an open question as to
whether and to what extent this mechanism and the one
that supports implicit memory retrieval are two sides of
the same coin or independent processes. Second, the
category-specific meta-analyses and their comparisons
indicated that most parts of the alleged category-specific
regions showed repetition suppression for more than one
stimulus category. In this regard, these regions may not be
“dedicated cortical modules,” but are most likely parts of
multiple overlapping large-scale maps of simple features
that give rise to broader categorical distinctions. Third, the
global topography of the repetition enhancement effects
was similar to that of the “retrieval success” effects, sug-
gesting that the mechanism for repetition enhancement is
voluntary or involuntary explicit retrieval during an
implicit memory task. Finally, the dorsolateral PFC regions
were predominantly associated with repetition enhance-
ment, whereas the ventrolateral PFC regions were mainly
associated with repetition suppression, likely reflecting the
greater contribution of the dorsolateral PFC to the modula-
tion of internalized cognition and that of the ventrolateral
PFC to the modulation of externalized cognition. Taken
together, these results clarify the network affiliations of
brain regions showing reliable repetition suppression and
enhancement effects and contribute to theoretical interpre-
tations of the local and global topography of these two
effects.
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