
NeuroImage 54 (2011) 2446–2461

Contents lists available at ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r.com/ locate /yn img
Neural activity that predicts subsequent memory and forgetting: A meta-analysis of
74 fMRI studies

Hongkeun Kim ⁎

Department of Rehabilitation Psychology, Daegu University, Gyeongsan 712-714, South Korea
Abbreviations: ACC, anterior cingulate cortex; ALE, ac
IFC, inferior frontal cortex; MTL, medial temporal lobe; P
PFC, prefrontal cortex; PMC, premotor cortex; PPC,
subsequent forgetting; SM, subsequent memory; TPJ, te
⁎ Fax: +82 53 850 4339.

E-mail address: hongkn1@gmail.com.

1053-8119/$ – see front matter © 2010 Elsevier Inc. Al
doi:10.1016/j.neuroimage.2010.09.045
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 9 May 2010
Revised 30 July 2010
Accepted 17 September 2010
Available online 30 September 2010

Keywords:
fMRI
Episodic memory
Subsequent memory
Encoding
Medial temporal lobe
Meta-analysis
The present study performed a quantitative meta-analysis of functional MRI studies that used a subsequent
memory approach. The meta-analysis considered both subsequent memory (SM; rememberedN forgotten)
and subsequent forgetting (SF; forgottenNremembered) effects, restricting the data used to that concerning
visual information encoding in healthy young adults. The meta-analysis of SM effects indicated that theymost
consistently associated with five neural regions: left inferior frontal cortex (IFC), bilateral fusiform cortex,
bilateral hippocampal formation, bilateral premotor cortex (PMC), and bilateral posterior parietal cortex
(PPC). Direct comparisons of the SM effects between the studies using verbal versus pictorial material and
item-memory versus associative-memory tasks yielded three main sets of findings. First, the left IFC exhibited
greater SM effects during verbal material than pictorial material encoding, whereas the fusiform cortex
exhibited greater SM effects during pictorial material rather than verbal material encoding. Second, bilateral
hippocampal regions showed greater SM effects during pictorial material encoding compared to verbal
material encoding. Furthermore, the left hippocampal region showed greater SM effects during pictorial-
associative versus pictorial-item encoding. Third, bilateral PMC and PPC regions, which may support attention
during encoding, exhibited greater SM effects during item encoding than during associative encoding. The
meta-analysis of SF effects indicated they associatedmostly with default-mode network regions, including the
anterior and posterior midline cortex, the bilateral temporoparietal junction, and the bilateral superior frontal
cortex. Recurrent activity oscillations between the task-positive and task-negative/default-mode networks
may account for trial-to-trial variability in participants' encoding performances, which is a fundamental
source of both SM and SF effects. Taken together, these findings clarify the neural activity that supports
successful encoding, as well as the neural activity that leads to encoding failure.
tivation likelihood estimation;
CC, posterior cingulate cortex;
posterior parietal cortex; SF,
mporoparietal junction.
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Introduction

The aim of the study

On any given day, we encounter and experiencemany events. Only
some of these experiences are transformed into memories and can be
subsequently remembered. A key line of inquiry for students of
memory concerns the neural activity predicting events that will be
remembered, as opposed to those that will be forgotten. The advent of
event-related functional magnetic resonance imaging (fMRI) made an
extremely powerful paradigm for addressing this question possible
(Brewer et al., 1998; A. Wagner et al., 1998; A.D. Wagner et al., 1998).
In this paradigm, participants are presented with a series of encoding
stimuli (trials), and encoding stimuli are sorted into those that would
be remembered versus those that would be forgotten, based on
participants' performances on a subsequent memory test. The fMRI
signal that is greater for the stimuli later remembered than for those
later forgotten (called a subsequent memory [SM] effect) indicates the
presence of neural activity that supports successful encoding. The
reverse situation, i.e., greater fMRI signal for the stimuli later forgotten
than for those later remembered (called a subsequent forgetting (SF)
effect), indicates neural activity that interferes with successful
encoding. The SM paradigm, with its “compelling” operational
definition of successful encoding activity, was very popular through-
out the past decade. To date, over 100 fMRI studies have used the SM
approach (Uncapher and Wagner, 2009). The present study aimed to
provide the first comprehensive meta-analysis of such literature. This
meta-analysis, though restricted to the literature examining visual
information encoding in healthy young adults, considered both SM
and SF effects.

http://dx.doi.org/10.1016/j.neuroimage.2010.09.045
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SM effects

In addition to the generic purpose of integrating results across
studies, the present meta-analysis investigated several specific
hypotheses regarding SM effects. After reviewing the relevant
literature, comprising all published fMRI studies using an SM
approach, we observed the emergence of two major study divisions.
In one group of studies, the to-be-remembered material was verbal
(e.g., words), while in the other group, it was pictorial (e.g., pictures,
scenes, or faces). Further, one group of studies used item-memory
tasks, while the other group used associative-memory tasks. In an
item-memory task, participants try to remember an item with no
other associated information, whereas in an associative-memory task,
they must remember both an item and some information associated
with that item, e.g., the context in which the item was presented
(item–context association) or the fact that two items were presented
as a pair (item–item association). Based on the reviewed studies' two
divisions, the present meta-analysis compared (i) the SM effects of
those studies using verbal versus pictorial material and (ii) the SM
effects of those studies using item-memory versus associative-
memory tasks. These comparisons cut across several critical issues
relating to episodic encoding activity (see below).

Neuroimaging studies examining SM effects have traditionally
focused on the prefrontal cortex (PFC) and the medial temporal lobe
(MTL; Buckner et al., 2001; Fernandez and Tendolkar, 2001; Simons
and Spiers, 2003). However, other brain regions, such as the fusiform
cortex (Dickerson et al., 2007; Garoff et al., 2005; Kim and Cabeza,
2007), posterior parietal cortex (PPC; Sommer et al., 2005a,b;
Uncapher and Rugg, 2009), and premotor cortex (PMC; Kao et al.,
2005; Morcom et al., 2003) have been associated with SM effects. The
multiple brain regions associated with SM effects may be broadly
divided into three types, (i) content processing, (ii) storage, and (iii)
attention. First, content processing regions mediate “the transforma-
tion of sensory input into internal representations that are interpreted
or comprehended” (Paller and Wagner, 2002). The PFC, particularly
the left inferior frontal cortex (IFC) and fusiform cortex are canonical
examples of such regions (Kirchhoff et al., 2000). Second, storage
regions bind the content representations into a durable memory
representation, which the individual can access and retrieve into
consciousness later. The MTL, and, in particular, the hippocampal
formation, is widely recognized as the key structure in this function
(Diana et al., 2007; Squire et al., 2004). Finally, attention during
encoding selects an event among competing inputs and biases its
“online” processing. A leading model of visual attention (Corbetta
et al., 2002; Corbetta et al., 2008) has implicated a frontoparietal
network, which includes the PMC and PPC, as a critical attention-
coding structure. This three-component model does not represent a
strict categorization of encoding-related activity, but rather some
useful heuristics that can guide further research. For example, all
regions displaying SM effects may have at least some relevance to
storage.

As stated above, the present meta-analysis also compared SM
effects between studies using verbal versus pictorial material.
Historically, researchers have framed such comparisons and associ-
ated results in terms of hemispheric specialization or laterality effects
(Golby et al., 2001; Kelley et al., 1998). This presupposes that verbal
material encoding depends more on left- than right-hemispheric
processing, whereas pictorial material encoding involves more right-
than left-hemispheric processing. However, in the present meta-
analysis, the primary purposes for this comparison were to address
the following two hypotheses.

The first hypothesis states processing and successfully encoding
either verbal or pictorial materials, which are canonically different in
content, will emphasize different content-processing regions. Specif-
ically, the left IFC, known to support controlled semantic/phonological
retrieval and analysis (Badre andWagner, 2007; Buckner et al., 1999),
may be critical for successfully encoding verbal material, whereas the
fusiform cortex, known to mediate visuoperceptual analysis and
differentiation (Garoff et al., 2005; Kanwisher et al., 2001), may be
critical for successfully encoding pictorial material.

Second, many SM studies have failed to find significant effects in
the MTL (for a review, see Henson, 2005), despite the MTL's widely
accepted critical role in storage operations. This failure remains largely
unexplained, though researchers have attributed it to a low signal-to-
noise ratio, susceptibility to MRI artifacts, or other nuisance factors.
One relevant factor may be the widespread use of high frequency
words, which participants had encountered numerous times prior to
the studies, as encoding stimuli. Thus, participants had high pre-
experimental familiarity with the verbal material, but not the pictorial
material, used in SM studies. One influential view of the encoding
process, known as the novelty-encoding hypothesis (Tulving et al.,
1996), suggested the encoding system is biased toward processing
novel, as opposed to familiar, information, because the system evolved
to register information having high survival value. Thus, the second
hypothesis addressed in this comparison is a novelty-encoding
hypothesis predicting greater SM effects in the MTL during the
encoding of pictorial material as compared to verbal material.

The present meta-analysis also compared SM effects between
those studies using an item-memory task versus those with an
associative-memory task. Historically, the distinction between item-
versus associative-memory related to the distinction between
familiarity (i.e., a feeling of “oldness” in the absence of contextual
details) and recollection (i.e., vividly remembering specific contextual
details). For example, a dual-process model of recognition memory
suggested that associative recognition reflects recollection-based
responses, whereas item recognition reflects both recollection- and
familiarity-based responses (Yonelinas, 1997). The primary purposes
for the present comparison of item- versus recognition-memory were
to test the following two hypotheses.

First, prior discussions of the neural substrates for item- versus
associative-memory predominantly focused on the MTL (Brown and
Aggleton, 2001; Eichenbaum et al., 2007). A critical MTL function in
episodic encoding is binding or associating multiple internal repre-
sentations linked to an event, so the individual can retrieve the
resultant representation as a whole (Davachi, 2006; Diana et al., 2007;
Squire et al., 2004). Even though an item-memory task implicitly
involves associating an item with spatiotemporal characteristics of
the study episode, an associative-memory task makes stronger
demands on associations, by requiring explicit item-context or
item-item associations. Thus, the first hypothesis states MTL regions
will showmore robust SM effects during an associative-encoding task
than during an item-encoding task.

Second, the distinction between item- and associative-memory,
though traditionally focused on the MTL, may also involve differential
SM effects in other brain regions (Kirwan et al., 2008). An associative-
encoding task, as compared to an item-encoding task, typically makes
greater content-processing demands, presenting multiple pieces of
information and requiring relational processing among them. For
example, an item–item association task may ask participants to rate
howwell twomembers of a pair (e.g., word–word)fit together (e.g., Qin
et al., 2007) or to form amental image incorporating bothmembers of a
pair and rate the quality of the image (e.g., Jackson and Schacter, 2004).
By contrast, an item encoding task typically involves a relatively simple
semantic (e.g., Is the word concrete or abstract?) or visual judgment
(e.g., Is the face male or female?). Thus, the second hypothesis states
content processing regions, such as left IFC and fusiform cortex, will
exhibit stronger SM effects during associative versus item encoding.

Finally, encoding makes demands on attention, as shown by
extensive behavioral evidence demonstrating that divided attention
had negative effects on encoding (e.g., Craik et al., 1996). However,
SM studies' explicit documentation of attention-related effects are
relatively recent (Kensinger et al., 2003; Uncapher and Rugg, 2009;



2448 H. Kim / NeuroImage 54 (2011) 2446–2461
Uncapher and Rugg, 2008). A recent meta-analysis (Uncapher and
Wagner, 2009) of relevant literature focused on the PPC as mediating
attention during encoding. However, mounting evidence suggests
attention does not depend on a single region but rather on a network
of regions that interact with each other (for a review, see Raz and
Buhle, 2006). Thus, attention during encoding is unlikely to involve a
single region, but rather multiple regions, which include the frontal as
well as the parietal cortex. Both a leading visual attention model
(Corbetta et al., 2002; Corbetta et al., 2008) and meta-analyses of
attention and working memory studies (Owen et al., 2005; Wager et
al., 2004) suggest perhaps a frontoparietal network, including both
the PMC and PPC, supports attention during encoding. Thus, the
present meta-analysis investigated whether the PMC and PPC regions
showed significant SM effects, and, if so, whether the nature of the
material (verbal versus pictorial) and/or the type of encoding (item
versus associative) modulated these SM effects.

SF effects

Otten and Rugg (2001b) were the first to describe regions that
showed SF effects, also called “reversed” or “negative” SM effects
(Duverne et al., 2009; Weis et al., 2004). Their findings indicated SF
effects were associated with widespread cortical regions, including
the inferior parietal, medial parietal, posterior cingulate, and superior
frontal cortices. At a minimum, these findings indicated that, to
understand encoding, researchers must pay attention, not only to the
positive correlates of remembering (SM effects), but also to the
negative correlates of remembering (SF effects). Though relatively
few fMRI studies have focused on SF effects, researchers generally
accept the existence of cortical regions associated with SF effects
(Park and Rugg, 2008; Shrager et al., 2008). Given the relatively
limited number of available studies, the present meta-analysis
focused mainly on general SF effects, involving the whole group,
rather than specific SF effects restricted to a subgroup.

Multiple prior studies (Daselaar et al., 2004; Kim et al., 2010; Park
and Rugg, 2008; Shrager et al., 2008; Turk-Browne et al., 2006) noted
that the regions associated with SF effects tended to be components of
what has been termed the default-mode network, which consists of the
anterior and posterior midline cortex, the temporoparietal junction
(TPJ), and the superior frontal cortex (Raichle et al., 2001). Based on
this evidence, the present study examined whether, and to what
extent, SF effects associate with default-mode network regions. The
default-mode networkwas originally defined as the set of regions that
aremore active during the passive resting state than during attention-
demanding cognitive tasks (Raichle et al., 2001; Shulman et al., 1997;
Laird et al., 2009a). Researchers are currently debating these regions'
functions, but increasing evidence suggests they mediate self-
referential processing, or, more generally, internally oriented proces-
sing, as indicated by higher activations (or less deactivations) of these
regions during imagining the future, conceiving the viewpoint of
others (theory of mind), and autobiographical memory (for reviews,
see Buckner and Carroll, 2007; Gusnard and Raichle, 2001; Spreng et
al., 2009). Of greater direct relevance to SF effects, activation of these
regions during an exogenous task may signal a wandering mind or
momentary lapse of attention (Christoff et al., 2009; Mason et al.,
2007; McKiernan et al., 2006; Weissman et al., 2006). For example,
Christoff et al. (2009), using experience sampling during an fMRI task,
found direct evidence for an association between activation of
default-mode network regions and mind-wandering. Thus, activation
of these regions during encoding may take neural resources away
from the processes that lead to effective remembering.

Meta-analysis

The present study's principal methodology was a quantitative
(i.e., statistical) meta-analysis of the relevant literature. A primary use
for meta-analyses in neuroimaging is identifying significant con-
cordances in brain activity patterns across a set of independent
studies using a specific paradigm (Wager et al., 2007). The
discernment of findings' convergences and divergences among
studies is becoming increasingly important, albeit more difficult, as
neuroimaging data continue to accumulate at a rapidly accelerating
pace (Laird et al., 2009b). A quantitative meta-analysis provides an
efficient and bias-free means of accomplishing this. The results of the
present meta-analysis identify the brain regions most reliably
associated with SM or SF effects and those most consistently
exhibiting modulation of SM effects by the nature of the material
and/or by the type of encoding. Of four recent meta-analyses of
neuroimaging data that included SM studies, only one (Spaniol et al.,
2009) used a quantitative approach; however, it employed a limited
database (26 studies). The other three used a tabular method and
focused exclusively on the MTL (Diana et al., 2007), PFC (Blumenfeld
and Ranganath, 2007), or PPC (Uncapher and Wagner, 2009). Thus,
the present study is the first quantitative meta-analysis of SM studies
based on a comprehensive database and a whole-brain approach.

Materials and methods

Study selection

Multiple literature searches via Pubmed were completed in order
to isolate all fMRI studies reporting SM or SF effects. Additionally, a
reference list check of recent neuroimaging memory study reviews
(Diana et al., 2007; Spaniol et al., 2009; Uncapher and Wagner, 2009)
was done to identify relevant studies not found by the online database
search. These search results were filtered to include only studies that
(i) included healthy, young participants, (ii) presented encoding
material via visual modality, (iii) performed whole-brain analyses,
and (iv) reported coordinate-based data analyses. This search
retrieved 74 studies. Of these, 15 reported both SM and SF effects,
57 reported only SM effects, and 2 reported only SF effects. Thus, the
meta-analysis of SM effects covered 72 studies, and the meta-analysis
of SF effects covered 17 studies. Appendix A lists the included studies,
along with the number of participants, the nature of materials (verbal
versus pictorial), the type of encoding (item versus associative), the
study task, the retention interval, and the number of reported foci for
each study.

Study groupings

Fewdimensions bywhich to distinguish the selected studies, in order
to ensure a meaningful analysis, were available. One such was whether
the to-be-remembered material was verbal (e.g., words) or pictorial
(e.g., pictures, scenes, or faces). Another dimension was whether the
study task was an item- or an associative-memory task. In an item-
memory task, participants try to remember an item with no other
associated information. However, in one type of associative-memory
task, they must remember both an item and its context, as initially
presented (e.g., color, location), while in the other type, participants
need to remember that two items previously appeared together (e.g.,
word–word). Crossing these two dimensions classified the selected SM
studies into four subgroups: (i) the verbal-item subgroup (n=31), (ii)
the pictorial-item subgroup (n=16), (iii) the verbal-associative
subgroup (n=12), and (iv) the pictorial-associative subgroup
(n=13). The selected studies for SF effects divided similarly into four
subgroups: (i) verbal-item (n=11), (ii) pictorial-item (n=2), (iii)
verbal-associative (n=3), and (iv) pictorial-associative (n=1). Within
either SM or SF effects, this grouping was exclusive, so that no study
belonged to more than one subgroup (see below). For each subgroup,
Table 1 lists the number of studies, the number of participants, and the
number of foci in themeta-analysis. A minor subset of the studies using
an associative-encoding task (e.g., Sperling et al., 2003) presented both
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verbal and pictorial material within one trial (e.g., face–name). Both
because a dichotomous grouping was advantageous in terms of
statistical power, given the relatively limited number of available
studies, and because a pictorial component of “mixed” material ought
to yield richer stimulus encoding relative to a verbal component
(e.g., Mintzer and Snodgrass, 1999; Nelson et al., 1976), we categorized
this subset as part of the pictorial-associative subgroup.

Contrast selection

A subset of the selected studies reported multiple contrasts that
could reflect different subgroups. Most such cases came from
associative-memory studies (e.g., Kensinger and Schacter, 2006;
Ranganath et al., 2004) reporting a contrast that probed associative
SM (e.g., item-and-source SMN item-not-source SM) as well as item
SM (e.g., item-not-source SMN forgotten). We excluded any contrast
probing item SM from such studies, because (i) encoding tasks in
these studies differed appreciably from those used in item SM studies,
(ii) the distinction between associative- and item-memory in these
studies tended to be conflated with the distinction between strong
and weak memory (Kirwan et al., 2008; Squire et al., 2007), and (iii)
including such contrasts would result in statistical dependencies (i.e.,
partially overlapping participants) between some subgroups. Another
subset of the selected studies (e.g., Fliessbach et al., 2007; Otten and
Rugg, 2001a) reported multiple contrasts reflecting the same
subgroup, such as one for semantically encoded words and one for
phonologically encoded words. If such multiple contrasts were
statistically independent (i.e., based on completely different trials),
they were included. If they were statistically dependent (i.e., based on
overlapping trials), we selected the contrast associated with the
largest number of reported foci. Yet another minor subset of the
selected studies (e.g., Morcom et al., 2003) included both young and
old participants and reported common, but not separate, contrasts for
the two age groups. In such cases, we selected the common contrasts
for meta-analysis. A final minor subset of the selected studies (e.g.,
Staresina and Davachi, 2006) reported a contrast using a regular
statistical threshold and a similar contrast using a lower threshold; we
excluded these latter contrasts, which usually targeted the MTL
regions.

Data analyses

This study included three types of meta-analyses on SM effects.
The first meta-analysis analyzed all studies together. The secondwas a
subgroup meta-analysis examining each subgroup of studies sepa-
rately: one each for the verbal-item, pictorial-item, verbal-associative,
and pictorial-associative subgroups. The third, a subtraction meta-
analysis, directly compared pairs of study subgroups. Testing the
effects of thematerial's nature (verbal versus pictorial) unconfounded
by the effects of encoding type (item versus associative) required two
Table 1
Classification of studies included in the meta-analysis.

Subgroup Number of studies Number of participants Number of
foci

SM effects
Verbal item 31 499 321
Pictorial item 16 264 237
Verbal associative 12 190 82
Pictorial associative 13 224 136

SF effects
Verbal item 11 192 88
Pictorial item 2 32 5
Verbal associative 3 45 28
Pictorial associative 1 17 11
separate subtraction meta-analyses, one on the verbal-item subgroup
versus the pictorial-item subgroup and the other on the verbal-
associative subgroup versus the pictorial-associative subgroup.
Likewise, investigating the encoding-type effects unconfounded by
the material's nature required two more such meta-analyses, one on
the verbal-item subgroup versus the verbal-associative subgroup and
the other on the pictorial-item subgroup versus the pictorial-
associative subgroup. The SF effects required only two meta-analyses,
due to the limited number of available studies: one involving the
whole group and the other restricted to the verbal item subgroup.

The higher statistical power to detect activation within a larger
group of studies could have confounded these subtraction meta-
analyses between groups of unequal size (Owen et al., 2005). To
address this issue, we randomly selected a subsample of the larger
group, thus making the comparison between two equally sized
groups. For example, to compare SM effects between the verbal-item
subgroup (n=31) and the verbal-associative subgroup (n=12), we
randomly selected 12 studies for the comparison from the verbal-item
subgroup. An alternative to such a random selection would be to
select studies by matching on some variables, such as subject number
and statistical threshold. We chose a random selection approach for
the present study because it was more directly applicable, given the
relatively limited number of studies available in most subgroups. The
present subtraction analyses emphasized simple effects between the
subgroups. Alternatively, one could emphasize main effects by
collapsing across some subgroups. However, we chose to emphasize
simple effects in the present study because this allows stricter control
of the confounding between the two encoding variables (encoding
material and encoding type) and informal observation of interaction
effects via comparing sets of simple effects. The last point is important
because meta-analytic techniques for fMRI data do not yet extend to
formal analyses of interaction effects.

Meta-analytic techniques

For the activation likelihood estimation (ALE)meta-analysis (Laird
et al., 2005), data processing was carried out via the GingerALE 1.2
program (www.brainmap.org). The “icbm2tal” transform (Lancaster
et al., 2007) converted the Montreal Neurological Institute (MNI)
coordinates to Talairach coordinates (Talairach and Tournoux, 1988).
Individual studies' reported foci of maximal activation were modeled
as peaks of 3D Gaussian probability distributions, with a full-width
half-maximum (FWHM) of 10 mm. The 3D Gaussian distributions
were then summed to create an ALE map estimating each voxel's
activation likelihood across the entire set of studies. The ALE map's
statistical significance was determined via a permutation test of
randomly generated foci. Five thousand permutations were computed
using the same FWHM value and the same number of foci as was used
in computing the ALE map. For a subtraction meta-analysis, we
carried out a permutation test of the difference between two equally
sized groups. All permutation tests were thresholded by a false
discovery rate (FDR) value of pb0.05 (Genovese et al., 2002) and by
clusters of suprathreshold voxels exceeding 300 mm3. The ALE maps
in Figs. 1–5 are projected either onto an inflated population average
landmark surface (PALS) via CARET software (Van Essen, 2005) or
onto an International Consortium for Brain Mapping (ICBM) template
(Mazziotta et al., 2001).

Results

SM effects

Table 2 and Fig. 1 show the ALE meta-analysis results for all
included studies (see supplementary material available online
(Supplementary Fig. 1) for a series of coronal views). The results
indicated SM effects were mainly associated with five regions: the left

http://www.brainmap.org
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SM effects

Fig. 1. Brain regions associated with significant SM effects in a meta-analysis involving
all studies.
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IFC, bilateral fusiform cortex, bilateral MTL, bilateral PMC, and
bilateral PPC, in approximate order of decreasing spatial extent. The
left IFC cluster (Brodmann area [BA] 44, 45, 46, 47) included both the
anterior and posterior extent of the inferior frontal gyrus and
extended into the middle frontal gyrus's ventral extent. The fusiform
cortex clusters (BA 37) included both the anterior and posterior
extent of the fusiform gyrus. The MTL clusters centered on the
anterior hippocampal formation and extended into the amygdala. The
PMC clusters (BA 6) centered on the junction of the precentral sulcus
with the middle frontal gyrus. The PPC clusters (BA 7) centered on the
intraparietal sulcus.

Table 3 and Fig. 2 present the results from the ALE meta-analysis
for each subgroup of studies (see supplementary material available
online (Supplementary Figs. 2–5) for a series of coronal views). First,
the verbal-item subgroup mainly exhibited SM effects in the left IFC,
left fusiform cortex, left PMC, left PPC, and left MTL (see Fig. 2A), in
approximate order of decreasing spatial extent. Most clusters were
predominantly left-sided. Second, the pictorial-item subgroup mainly
exhibited SM effects in the fusiform cortex, hippocampal formation,
PMC, PPC, and IFC regions (Fig. 2B), in approximate order of
decreasing spatial extent. These clusters were nearly bilaterally
symmetrical, except for the predominantly left-sided PMC clusters.
Third, the verbal-associative subgroup mainly exhibited SM effects in
the left posterior IFC/insula, bilateral fusiform cortex, and left
hippocampal formation (Fig. 2C), in approximate order of decreasing
spatial extent. There were no significant SM effects within the PMC or
PPC regions. Finally, the pictorial-associative subgroup mainly
exhibited SM effects in the hippocampal formation, fusiform cortex,
PMC, left IFC, and right PPC (Fig. 2D), in approximate order of
decreasing spatial extent. Thus, in each subgroup, the major SM
effects occurred within a five-region network, identified by the meta-
analysis of all studies; however, the relative magnitudes of the five
regions' SM effects among the four subgroups showed rather large
differences. Yet, interpretation of these differences requires care,
given that the statistical power to detect activation differed among
these subgroups. The subtraction meta-analyses below circumvented
this problem by comparing two equal-size subgroups.

Table 4 and Fig. 3 show comparison results for the verbal-item and
pictorial-item subgroups and for the verbal-associative and pictorial-
associative subgroups. There were three main sets of findings. First, in
both comparisons, the left IFC regions, extending into the ventral
extent of the middle frontal gyrus (BA, 44, 45, 46), showed greater SM
effects during verbal material encoding as compared to pictorial
material encoding (see Fig. 3A and E). Second, in both comparisons,
the bilateral fusiform/occipital cortex (Fig. 3B and F), bilateral
hippocampal formation (Fig. 3C and G), and bilateral PPC regions
(Fig. 3D and H) exhibited greater SM effects during pictorial material
encoding as compared to verbal material encoding. Finally, the
bilateral PMC (Fig. 3A) and left anterior fusiform regions (Fig. 3B)
showed greater SM effects during verbal item encoding than pictorial
item encoding. The peak coordinates (xyz=−46, −50, −24) in the
left anterior fusiform region were virtually identical to those
previously described as the “visual word form” region (for a review,
see McCandliss et al., 2003).

Table 5 and Fig. 4 show the comparison between the verbal-
associative and verbal-item subgroups and the comparison between
the pictorial-associative and pictorial-item subgroups. There were
three main sets of findings. First, in both comparisons, the left PMC
(Fig. 4A and D) and bilateral PPC regions (Fig. 4B, C, and F) exhibited
greater SM effects during the encoding of item information relative to
associative information. Second, the left hippocampal region showed
greater SM effects during pictorial-associative than during pictorial-
item encoding (Fig. 4E). Finally, the left posterior IFC (BA 45)/insular
region showed greater SM effects during verbal-associative than
during verbal-item encoding (Fig. 4A).

SF effects

Table 6 and Fig. 5 show the whole group ALE meta-analysis results
and the ALE meta-analysis for the verbal item subgroup alone (see
supplementary material available online (Supplementary Figs. 6 and 7)
for a series of coronal views). In the meta-analyses of the whole group
(see Fig. 5A), SF effects associated mostly with default-mode network
regions, including the posterior cingulate cortex (PCC)/precuneus
(BA 31, 23, 7), the TPJ (BA 40, 39), the superior frontal cortex (BA 8),
the anterior cingulate cortex (ACC)/ventromedial PFC (BA 32, 24), and
the frontal pole (BA 10), in approximate order of decreasing spatial
extent. Though most clusters were somewhat bilaterally symmetrical,
the TPJ cluster was larger in the right than in the left hemisphere. The
verbal-item subgroup results (see Fig. 5B) were highly comparable to
those for the whole group, except that each cluster was slightly smaller
in the subgroup analysis.

Discussion

SM effects

These results revealed that SM effects associatedmost consistently
with five neural regions: left IFC, bilateral fusiform cortex, bilateral
hippocampal formation, bilateral PMC, and bilateral PPC. Moreover,
the SMeffects'magnitude in these regions showed reliablemodulation
by the nature of the material (verbal or pictorial) and/or by encoding
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Fig. 2. Brain regions associated with significant SM effects in separate meta-analyses of the verbal-item (A), pictorial-item (B), verbal-associative (C), and pictorial-associative
(D) subgroups.
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type (itemor associative). As per the three-componentmodel outlined
in Introduction section, activation of the left IFC and fusiform cortex
regions may mediate content processing, activation of the hippocam-
pal formation may support storage operations, and activation of the
PMC and PPC regions may reflect attention during encoding. Separate
sections below discuss findings regarding the three component
regions.

Content processing: Left IFC and fusiform cortex
The left IFC is one of the regions most widely recognized as

exhibiting SM effects. Several encoding models have implicated PFC–
MTL interaction as the critical component of successful encoding
(Buckner et al., 1999; Fernandez and Tendolkar, 2001; Simons and
Spiers, 2003). In the present meta-analysis, the left IFC showed the
greatest SM effects by far, across all studies. The fusiform cortex,
which prior SM studies relatively neglected, showed the second-
greatest SM effects. Even though both of these regions showed strong
modulation of SM effects by the nature of the material, the two
regions' modulation directions were diametrically opposed. The left
IFC's SM effects were strong during verbal material encoding but
relatively weak during pictorial material encoding. In contrast, the
fusiform cortex's SM effects were robust during pictorial material
encoding but relatively modest (and predominantly lateralized to the
left) during verbal material encoding. Direct comparisons of equal-
sized groups of studies confirmed both the greater SM effects in the
left IFC during verbal material encoding and the greater SM effects in
the fusiform/occipital cortex during pictorial material encoding. Thus,
verbal material encoding strongly engaged the left IFC, known to
support controlled semantic/phonological retrieval and analysis
(Badre and Wagner, 2007; Dobbins and Wagner, 2005), whereas
pictorial material encoding strongly engaged the fusiform/occipital
cortex, known tomediate visuoperceptual analysis and differentiation
(Garoff et al., 2005; Kanwisher et al., 2001). This pattern of findings is
in accordance with the “task-dependency” principle (Otten and Rugg,
2001a; Rugg et al., 2002), which suggests successful encoding does
not depend on a set of fixed brain regions. Rather, a task's processing
requirements determine which brain regions will be functionally
critical for successful encoding.

This study had two other main findings involving content-
processing regions. First, the left posterior IFC/insular region exhibited
greater SM effects during verbal-associative than verbal-item encod-
ing (see Fig. 4A). Relative to an item-memory task, an associative-
memory task typically presents more information and requires more
elaborative information encoding. Thus, greater SM effects in the left
posterior IFC/insular region may reflect increased demands on
controlled semantic processing during verbal-associative encoding
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Fig. 3. Brain regions associated with variable SM effects in a comparison of the verbal-item and pictorial-item subgroups (upper panel), and a comparison of the verbal-associative
and pictorial-associative subgroups (lower panel).
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(Kirwan et al., 2008). Some evidence also suggests the lateral PFCmay
be involved in organizing multiple pieces of information in working
memory, thereby building associations among items (Blumenfeld and
Ranganath, 2007). Thus, greater SM effects in the left posterior IFC
region may also reflect increased demands on organizational proces-
sing during verbal-associative encoding.

Second, the left anterior fusiform region showed greater SM effects
during verbal-item than pictorial-item encoding (see Fig. 3B). The left
anterior fusiform region, which corresponded closely to previously
described “visual word form” region, is particularly responsive to visual
D E

A B

Associat

Associat

Verbal memory

Pictorial memory

Fig. 4. Brain regions associated with variable SM effects in a comparison of the verbal-ass
associative and pictorial-item subgroups (lower panel).
words and, according to some studies, is specialized for processing
orthography (Kirchhoff et al., 2000; McCandliss et al., 2003). Thus, the
SM effects in this region may contribute to orthographic information
encoding. However, this requires cautious interpretation because the
contrast between the pictorial-associative subgroup and the verbal-
associative subgroup showed the reverse effect in a similar region (see
Fig. 3F). The classification of associative-memory tasks with verbal and
pictorial stimuli into the pictorial-associative subgroupmayhave biased
the contrast. Further investigation is required to more fully understand
the nature of SM effects subserved by the left anterior fusiform region.
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ociative and verbal-item subgroups (upper panel), and a comparison of the pictorial-
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Fig. 5. Brain regions associated with significant SF effects in a meta-analysis involving the whole group (A) and one restricted to the verbal-item subgroup (B).
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Storage function: MTL
The MTL is widely recognized as the key structure in storage

operations (for a review, see Squire et al., 2004). The present meta-
analysis of all included studies indicated robust SM effects in this
region. The MTL clusters were centered at the anterior hippocampal
formation, suggesting that among the MTL subregions, this region
plays a critical role (Lepage et al., 1998). TheMTL clusters included the
amygdala, possibly reflecting the presentation of emotional stimuli in
some studies (e.g., Erk et al., 2003; Kensinger and Schacter, 2006). The
SM effects in the hippocampal formation showed strong modulation
by the nature of the material. Hippocampal SM effects were robust
and bilateral during pictorial material encoding but relatively weak
(and left-lateralized) during verbal material encoding. Direct compar-
isons of equal-sized groups of studies confirmed that both the left and
right hippocampal formation showed greater SM effects during
pictorial material encoding. This indicates an important neural basis
Table 2
SM effects: results from an ALE meta-analysis of all studies.

Lobe Region H BA

Frontal IFC, PMC, precentral gyrus L 44, 45, 46, 47, 6
IFC, PMC R 44, 46, 6
PreSMA L 8

Temporal Hippocampus, PHG, amygdala L 28, 34, 36
Hippocampus, PHG, amygdala R 28, 34, 36
Fusiform gyrus L 37, 20
Fusiform gyrus R 37

Parietal Intraparietal sulcus L 7, 19
Intraparietal sulcus R 7

Occipital Middle occipital gyrus R 18
Inferior occipital gyrus L 18

H, hemisphere; BA, Brodmann area; ALE, activation likelihood estimation; IFC, inferio
parahippocampal gyrus.
for why humans remember pictures better than they remember
words, a phenomenon confirmed in countless behavioral experiments
and called the “picture superiority effect” (e.g., Mintzer and
Snodgrass, 1999; Nelson et al., 1976). This finding also provides
moderate support for the novelty-encoding hypothesis (Tulving et al.,
1996), given that the SM studies' participants had high pre-
experimental familiarity with the verbal material used, but not with
the pictorial material. Though the support was moderate, due to the
confounding of novelty with stimulus type, available evidence (e.g.,
Gonsalves et al., 2005; Martin, 1999; O'Kane et al., 2005; Stern et al.,
1996) indicates that MTL activation magnitude depends on novelty,
even when it is more strictly controlled.

The present meta-analyses indicated that the SM effects on
associative- as well as item-memory centered on the hippocampal
formation. To investigate whether the analyses' use of a 10 mm kernel
may have blurred some distinctions in the MTL, we performed an
Talairach Volume
(mm3)

ALE
(×103)

x y z

, 4 −46 26 16 29632 66.5
48 8 30 4560 31.6
−6 16 48 880 20.2

−22 −10 −16 8736 50.0
18 −8 −16 5976 38.0

−42 −46 −22 14648 47.5
44 −52 −14 7712 53.8

−28 −76 36 3152 32.9
26 −62 46 1224 24.4
28 −86 6 576 21.0

−32 −90 −6 304 18.2

r frontal cortex; PMC, premotor cortex; SMA, supplementary motor area; PHG,



Table 3
SM effects: results from separate ALE meta-analyses of four subgroups of studies.

Lobe Region H BA Talairach Volume
(mm3)

ALE
(×103)

x y z

Verbal item subgroup
Frontal IFC, PMC, precentral gyrus L 44, 45, 46, 47, 6, 4 −42 12 28 23024 36.9

IFC R 44 50 26 28 312 11.3
PMC R 6 50 6 30 2152 23.7
PreSMA L 8 −6 16 54 608 12.9
SMA L 6 −4 0 58 416 14.4

Temporal Hippocampus, amygdala L – −22 −14 −12 1688 20.5
Fusiform gyrus R 37 50 −52 −16 496 16.6
Fusiform gyrus, middle temporal gyrus L 37, 22 −44 −48 −22 6568 28.1

Parietal Intraparietal sulcus L 7, 19 −30 −76 36 2392 19.7
Intraparietal sulcus R 7, 19 30 −74 34 496 12.2

Pictorial item subgroup
Frontal IFC L 45 −48 30 14 1008 12.7

IFC L 44 −54 12 16 448 11.5
PMC L 6 −34 0 42 4280 16.9
PMC R 6 42 4 32 536 12.5
PreSMA L 8 −8 12 48 456 11.2

Temporal Hippocampus, PHG, amygdala L 28, 34 −22 −16 −10 5968 21.1
Hippocampus, PHG R 36 32 −18 −20 2472 20.5
PHG, amygdala R 34 16 −8 −16 544 13.7
Fusiform gyrus L 37 −30 −38 −12 1048 15.4
Fusiform gyrus L 37 −44 −72 −8 4208 14.9
Fusiform gyrus R 37 44 −54 −12 4384 24.2

Parietal Intraparietal sulcus L 7 −26 −60 34 440 12.0
Intraparietal sulcus R 40 46 −52 38 568 15.3
Intraparietal sulcus L 19 −26 −76 32 744 14.0

Occipital Middle occipital gyrus R 18 28 −86 6 1480 16.6
Verbal associative subgroup

Frontal IFC L 44, 45 −48 24 16 6424 28.0
IFC L 47 −32 20 −2 3008 18.1
Insula L 13 −44 4 −6 632 8.2
White matter L – −44 −6 28 848 9.3

Temporal Hippocampus L – −32 −12 −24 568 10.0
Amygdala L – −18 −6 −16 672 12.2
Amygdala R – 18 −2 −18 472 9.3
Fusiform gyrus R 37 44 −50 −10 856 10.9
Fusiform gyrus R 37 38 −34 −22 680 11.6
Fusiform gyrus L 20 −34 −38 −16 352 7.7
Fusiform gyrus L 37 −44 −50 −10 352 8.0

Pictorial associative subgroup
Frontal IFC L 47, 45 −42 30 −2 1344 10.8

PMC L 6 −44 0 26 1152 10.0
PMC L 6 −28 2 56 496 8.2
PMC R 6 42 8 30 528 10.9

Temporal Hippocampus, amygdala R – 20 −10 −14 3400 16.1
Hippocampus, amygdala, fusiform gyrus L 37 −20 −6 −14 6952 17.8
Fusiform gyrus R 37 40 −52 −16 4824 23.5
Fusiform gyrus R 19 42 −74 −4 1792 13.2

Parietal Intraparietal sulcus R 7 24 −62 46 1184 13.0
Intraparietal sulcus L 7 −14 −80 44 384 8.4

Occipital Inferior occipital gyrus L 18 −32 −90 −8 448 9.5
Sub-lobar Thalamus R – 22 −26 −6 320 10.6

For abbreviations, see Table 2.
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additional set of meta-analyses with a smaller kernel (5 mm). These
results were similar to the original ones, suggesting that the findings
do not reflect kernel size. The fact that the SM effects centered on the
hippocampus for both item- and associative-memory does not
support the view that the hippocampal formation and the adjacent
cortex (i.e., perirhinal/parahippocampal cortex) are functionally
dichotomized along the lines of associative-encoding versus item-
encoding (Brown and Aggleton, 2001; Davachi, 2006). Instead, this
finding suggests the hippocampal formation plays a central role and
the adjacent cortex plays a less essential, supplementary role in both
item- and associative-encoding (Squire et al., 2007). The left
hippocampal region showed greater SM effects during pictorial-
associative information encoding relative to pictorial-item informa-
tion (see Fig. 4E). This may reflect a greater demand for hippocampal
binding mechanisms during associative encoding (Kirwan et al.,
2008). However, one should interpret this with caution, given the
lack of differences in hippocampal SM effects for verbal-associative
compared to verbal-item encoding. This null effect may be attribut-
able, in part, to weak MTL involvement in both verbal-item and
verbal-associative tasks and to associated low statistical power.

Attention during encoding: PMC and PPC
Few prior studies of SM effects have focused on PMC or PPC

regions; however, the present meta-analysis indicated significant SM
effects in these regions. The PMC clusters' center was at the junction of
the precentral sulcus and the middle frontal gyrus, while the PPC
clusters' centered at the intraparietal sulcus. Given that both PMC and
PPC regions are prominent components of a frontoparietal attention
system (Corbetta et al., 2008; Raz and Buhle, 2006), both may play
important roles in regulating attention during encoding. Both PMC



Table 4
Brain regions associated with variable SM effects for encoding verbal versus pictorial material.

Lobe Region H BA Talairach Volume
(mm3)

ALE
(x103)

x y z

Item memory: verbalNpictorial
Frontal IFC, PMC L 44, 6 −48 10 24 3792 20.1

IFC L 46 −40 26 2 1720 20.0
PMC R 6 52 6 26 1088 19.6

Temporal Fusiform gyrus L 37 −46 −50 −24 632 16.5
Item memory: pictorialNverbal

Frontal Precentral gyrus L 4 −32 −2 40 480 −14.7
Temporal Hippocampus. PHG L 28, 34, 36 −20 −16 −8 2064 −13.7

Hippocampus. PHG R 28, 34, 36 32 −10 −26 1840 −12.7
Fusiform gyrus L 37 −42 −64 −16 416 −10.4
Fusiform gyrus R 37 44 −54 −12 3536 −22.4

Parietal Intraparietal sulcus L 7 −26 −60 34 304 −12.0
Intraparietal sulcus R 40 46 −52 38 480 −15.2

Occipital Inferior occipital gyrus L 19 −44 −74 −6 352 −12.6
Middle occipital gyrus R 18 28 −86 4 1352 −16.5

Sub-lobar Putamen L – −24 10 −8 1032 −15.3
Associative memory: verbalNpictorial

Frontal IFC L 44, 45 −48 24 16 4384 24.9
Insula L 13 −32 18 0 1208 16.8

Associative memory: pictorialNverbal
Frontal PMC L 6 −26 −10 44 392 −7.6

White matter L – −36 −2 18 344 −8.7
Temporal Hippocampus L – −24 −10 −22 2344 −10.0

Hippocampus R – 40 −20 −18 1368 −7.3
Fusiform gyrus R 37 18 −60 −10 3440 −13.9
Fusiform gyrus R 19 26 −70 −16 1152 −7.1
Fusiform gyrus L 37 −42 −46 −22 1288 −14.1

Parietal Intraparietal sulcus R 7 24 −62 46 1024 −12.7
Precuneus L 7 −14 −80 44 392 −8.4

For abbreviations, see Table 2.
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and PPC regions showed greater SM effects during item-encoding
tasks than during associative-encoding tasks (see Fig. 4A and D).
Associative-encoding tasks present multiple pieces of information
simultaneously or successively within a trial (e.g., Prince et al., 2007;
Qin et al., 2007). Relatively weak SM effects in the PMC and PPC
Table 5
Brain regions associated with variable SM effects for associative encoding versus item enco

Lobe Region H BA

Verbal memory: associativeN item
Frontal IFC L 45

Insula L 13
Temporal Fusiform gyrus R 37

Verbal memory: itemNassociative
Frontal IFC L 46

PMC L 6
PMC R 6
Precentral gyrus L 4

Temporal Fusiform gyrus L 37
Fusiform gyrus L 37

Parietal Intraparietal sulcus R 19
Intraparietal sulcus L 7

Pictorial memory: associativeN item
Temporal Hippocampus, amygdala L –

Hippocampus L –

Fusiform gyrus R 19
Parietal Intraparietal sulcus R 7
Occipital Inferior occipital gyrus R 19

Pictorial memory: itemNassociative
Frontal PMC L 6
Temporal Fusiform gyrus R 37

Fusiform gyrus L 19
Parietal Intraparietal sulcus L 19

Intraparietal sulcus R 40
Occipital Middle occipital gyrus R 18
Sub-lobar Globus pallidus L –

For abbreviations, see Table 2.
regions during associative-encoding tasks may reflect a variable
attentional focus, in terms of both space and time, associated with
such presentations. The SM effects in PMC regions were greater
during verbal-item than pictorial-item encoding (Fig. 3A), whereas
the SM effects in PPC regions were greater during pictorial material
ding.

Talairach Volume
(mm3)

ALE
(×103)

x y z

−46 22 14 1008 17.7
−32 18 −2 1040 16.6
38 −34 −22 424 11.4

−42 38 8 1048 −8.8
−40 6 32 1400 −15.4
52 6 24 664 −10.7

−44 −12 50 424 −10.7
−38 −60 −10 440 −9.3
−42 −44 −22 328 −10.4
28 −76 42 304 −8.6

−24 −64 32 728 −12.4

−20 −6 −12 536 14.5
−32 −30 −12 760 12.0
18 −60 −10 416 13.6
22 −62 46 648 12.3
42 −74 −4 648 12.8

−34 −10 28 3576 −11.0
44 −58 −10 608 −13.2

−44 −72 −10 376 −10.2
−26 −76 32 736 −13.7
46 −52 38 696 −15.3
30 −84 6 424 −10.3

−22 −16 −8 752 −16.8



Table 6
SF effects: results from ALE meta-analyses of all studies and of the verbal-item subgroup.

Lobe Region H BA Talairach Volume
(mm3)

ALE
(×103)

x y z

All studies
Frontal Frontal pole L 10 −26 54 22 368 9.9

Frontal pole R 10 38 46 18 704 8.8
Superior frontal cortex L 8 −36 30 38 2632 16.2
Superior frontal cortex R 8 24 36 36 880 13.4
Superior frontal cortex R 8 34 32 42 400 7.8
ACC, ventromedial PFC B 32, 24 0 44 2 2176 13.2

Temporal Superior temporal gyrus L 22 −48 −14 −8 720 10.5
Parietal PCC, precuneus B 31, 23, 7 0 −26 38 9992 19.0

TPJ L 40 −52 −56 32 1136 11.8
TPJ R 40, 39 54 −46 30 6448 21.9

Verbal item subgroup
Frontal Frontal pole R 10 36 50 20 304 7.3

Superior frontal cortex L 8 −36 30 40 584 10.9
Superior frontal cortex L 8 −22 34 38 1000 12.5
Superior frontal cortex R 8 34 24 44 2056 9.9
ACC, ventromedial PFC B 32, 24 0 44 2 2232 13.1

Parietal PCC B 31, 23 −2 −26 38 3432 13.1
Precuneus B 7 8 −64 34 2696 14.2
TPJ L 40 −54 −48 42 616 8.3
TPJ R 40, 39 52 −48 34 5160 16.1

Occipital Cuneus L 19 −8 −80 32 408 8.8

ACC, anterior cingulate cortex; PFC, prefrontal cortex; PCC, posterior cingulate cortex; TPJ, temporoparietal junction. For other abbreviations, see Table 2.
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than verbal material encoding (see Fig. 3D and H). These findings
suggest the PMC region may mainly support attention to conceptual
representations, whereas the PPC region may mainly mediate
attention to perceptual representations. This hypothesis is consistent
with the findings that (i) divided attention during the encoding of
words attenuates SM effects in the posterior frontal cortex and other
regions (Uncapher and Rugg, 2008) and (ii) selective attention to
perceptual features enhances the SM effects in the PPC and other
regions (Uncapher and Rugg, 2009).

Laterality effects
Prior studies (Golby et al., 2001; Kelley et al., 1998) comparing

encoding activities for verbal and pictorial material predominantly
focused on laterality effects. In the present meta-analysis, the studies
using verbal material exhibited predominantly left-lateralized SM
effects, whereas the studies using pictorial material showed slightly
left-lateralized SM effects in the IFC and more bilaterally balanced SM
effects in other regions. While certain classes of pictorial material may
predominantly engage right-hemispheric processing, most pictorial
material is, at least in part, dually (i.e., verbally and visually) codable
and may involve both left- and right-hemispheric processing. For
example, pictures of common objects, which were among the most
commonly used pictorial materials in prior SM studies (e.g., Dickerson
et al., 2007; Garoff et al., 2005), are particularly amenable to dual
encoding. Future meta-analyses may address whether different types
of pictorial material (e.g., objects, scenes, faces) are associated with
differential laterality effects. The SM effects in the left IFC during
pictorial material encoding may reflect involvement of semantic/
conceptual information.

SF effects

This meta-analysis's results revealed SF effects associated mostly
with default-mode network regions, including the PCC/precuneus,
ACC/ventromedial PFC, TPJ, superior frontal cortex, and frontal pole.
Though previous researchers noted an association between the
default-mode network and SF effects (Daselaar et al., 2004; Kim et
al., 2010; Park and Rugg, 2008; Shrager et al., 2008; Turk-Browne et
al., 2006), the evidence was equivocal, with most studies suggesting
only parts of the network were involved. The present meta-analysis
provided more definitive evidence, by correlating most of the
network's key components and by integrating results across studies.
As noted in Introduction section, increased activity in the default-
mode network during an attention-demanding task likely signals
mind-wandering or brief lapses in attention (Christoff et al., 2009;
Mason et al., 2007; McKiernan et al., 2006; Weissman et al., 2006).
The SF effects' association with the default-mode network may
reflect this factor. However, the association may not be “compul-
sory” but rather tied to encoding “exogenous” information, which is
the case in most SM studies. When encoding “endogenous”
information, such as episodes of imagining the future or the
viewpoint of another person, some default-mode network regions
may be associated with SM rather than SF effects. Consistent with
this view, research has shown increased activity in the medial PFC, a
key component of the default-mode network, is not detrimental,
but beneficial, to encoding self-referential information (Macrae et
al., 2004) or episodes of social cognition (Harvey et al., 2007;
Mitchell et al., 2004).

This study did not include a formal analysis of encoding variables
(e.g., verbal versus pictorial) due to the limited number of available
studies. However, the analysis confined to the verbal-item subgroup
yielded results that were highly comparable to those involving the
whole group. Thus, SF effects seem to be relatively consistent across
various encoding variables; a few prior studies have also suggested
this conclusion (Daselaar et al., 2004; Park and Rugg, 2008). Though
most clusters were bilaterally comparable regarding magnitude, the
TPJ cluster was stronger in the right than in the left hemisphere,
possibly suggesting the right TPJ's more critical role in mind-
wandering. Consistent with this finding, evidence suggests the right
TPJ is more critically involved in reorienting attention, and, possibly,
in self-referential processing, than the left TPJ is (for reviews, see
Corbetta et al., 2008; Decety and Lamm, 2007). Alternatively, if the
effect is specific to verbal stimuli, the finding may suggest more
critical involvement of the TPJ contralateral to the “specialized”
hemisphere in mind-wandering. Further studies are needed to
differentiate between these two possibilities.

A fundamental source of SF as well as SM effects is trial-to-trial
variability in participants' encoding performances. Though
researchers commonly view this intertrial variability as “noise” in
the data and rarely interpret it, it may also reflect a systematic
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factor. Recent research (Fox et al., 2005; Fransson, 2006; Golland et al.,
2008) based on intrinsic low-frequency (b0.1 Hz) blood-oxygen-level-
dependent signal fluctuations indicated that the brain recurrently
oscillates between an externally oriented processing mode, which
reflects increased activity in the task-positive network and decreased
activity in the task-negative/default-mode network, and an internally
oriented processing mode, which correlates with increased activity in
the task-negative network and decreased activity in the task-positive
network (for a review, see Fox and Raichle, 2007). Increasing evidence
also indicates these ongoing activity fluctuations contribute to intertrial
variability inmany aspects of perception and behavior (Boly et al., 2007;
Fox et al., 2007; Li et al., 2007; for a review, seeNorthoff et al., 2010). The
present findings on SF and SM effects are in line with this evidence.
Specifically, the findings indicate that the stimuli presented at the
externally oriented processing phase (i.e., increased activity in the task-
positive network and decreased activity in the task-negative network)
tend to be effectively encoded, whereas the stimuli presented at the
internally oriented processing phase (i.e., increased activity in the task-
negative network and decreased activity in the task-positive network)
tend to bepoorly encoded (compare Figs. 1 and5).Moregenerally, these
findings support the view that “measured neuronal responses represent
an approximately linear superposition of task-evoked neuronal activity
and ongoing spontaneous activity” (Fox and Raichle, 2007).

Conclusions

The present study performed a meta-analysis of functional MRI
studies using an SM approach. The meta-analysis of SM effects
indicated they most consistently associated with five neural
regions: the left IFC, bilateral fusiform cortex, bilateral hippocampal
formation, bilateral PMC, and bilateral PPC. Comparisons of SM
effects among the four subgroups of studies, formed by crossing
two major study divisions (verbal versus pictorial material and
item versus associative encoding), yielded three main sets of
Appendix A. Details of individual studies

1st Author Year Number of participants Nature of material Type o

Subsequent memory effects (rememberedN forgotten)
Axmacher 2008 30 Verbal Item
Baker 2001 18 Verbal Item
Brassen 2006 13 Verbal Item
Buckner 2001 14 Verbal Item
Canli 2002 24 Pictorial Item
Cansino 2002 17 Pictorial Associa
Chee 2004 16 Verbal Item
Chee 2003 16 Verbal Item
Clark 2003 17 Verbal Item
de Zubicaray 2005 14 Verbal Item
Dennis 2008 14 Pictorial Item
Dennis 2007 12 Verbal Item
Dickerson 2007 15 Pictorial Item
Duverne 2009 16 Verbal Item
Erk 2003 10 Verbal Item
Erk 2005 10 Verbal Item
Fischer 2007 24 Pictorial Item
Fletcher 2003 9 Verbal Item
Fliessbach 2007 19 Verbal Item
Fliessbach 2006 21 Verbal Item
Garoff 2005 12 Pictorial Item
Gold 2006 15 Verbal Associa
Gonsalves 2004 11 Verbal Associa
Gottlieb 2010 20 Pictorial Associa
Gutchess 2005 14 Pictorial Item
Habib 2008 20 Verbal Associa
Harvey 2007 12 Pictorial Item
Haskins 2008 14 Verbal Associa
Heinze 2006 15 Verbal Item
findings. First, the left IFC and bilateral fusiform cortex, which are
canonical content-processing regions, showed “mirror-imaged”
modulation of SM effects by the nature of the material. The left
IFC showed greater SM effects during verbal material encoding than
during pictorial material encoding, whereas the fusiform cortex
showed greater SM effects during pictorial material encoding than
verbal material encoding. Second, the bilateral hippocampal
regions, which are critical for storage operations, showed greater
SM effects during pictorial material encoding compared to verbal
material encoding, possibly reflecting greater hippocampal in-
volvement in processing novel, rather than familiar, information.
The left hippocampal region showed greater SM effects during
pictorial-associative than pictorial-item encoding, possibly reflect-
ing a greater demand on hippocampal binding mechanisms during
associative encoding. Third, both PMC and PPC regions, which may
support attention during encoding, showed greater SM effects
during item encoding relative to associative encoding, possibly
reflecting a constant attentional focus that is higher during item
encoding. The meta-analysis of SF effects indicated they associated
mostly with default-mode network regions, including the anterior
and posterior medial cortex, the bilateral TPJ, and the bilateral
superior frontal cortex. Recurrent activity oscillations between the
task-positive and task-negative/default-mode networks may ac-
count for trial-to-trial variability in participants' encoding perfor-
mances, which is a fundamental source of both SM and SF effects.
Taken together, the present findings clarify the neural activity
supporting successful encoding, as well as the neural activity
leading to encoding failure.
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f encoding Study task Retention intervala Number of foci

Semantic, orthographic Short 17
Semantic, orthographic Short 10
Semantic Short 7
Recognition Short 13
Subjective judgment Long 36

tive Spatial Short 16
Semantic Long 5
Semantic Long 2
Phonological Short 15
Intentional encoding Short 6
N-back Short 17
Semantic Short 7
Spatial Short 7
Semantic Short 10
Semantic Short 6
Semantic Short 3
Spatial Short 2
Semantic, orthographic Short 5
Semantic, orthographic Short 13
Intentional encoding Short 4
Visualizing Long 37

tive Visualizing Short 4
tive Visualizing Short 2
tive Spatial Short 8

Spatial Short 17
tive Intentional encoding Short 4

Spatial Short 12
tive Semantic Short 9

Intentional encoding Short 7

(continued on next page)



Appendix A (continued)

1st Author Year Number of participants Nature of material Type of encoding Study task Retention intervala Number of foci

Henson 2005 22 Verbal Item Orthographic Short 19
Jackson 2004 12 Verbal Associative Visualizing Short 9
Kao 2005 16 Pictorial Item Judgment of learning Short 9
Kensinger 2007 20 Pictorial Item Spatial, visualizing Short 14
Kensinger 2006 21 Pictorial Associative Spatial Short 9
Kim 2007 16 Verbal Item Semantic Short 11
Kirwan 2008 14 Verbal Associative Semantic, visualizing Short 2
Macrae 2004 22 Verbal Item Semantic Short 4
Maril 2003 17 Verbal Associative Visualizing Short 10
Miller 2008 17 Pictorial Associative Subjective judgment Short 19
Mitchell 2004 17 Pictorial Associative Sequencing Short 2
Morcom 2003 14 Verbal Item Semantic Short 42
Nichols 2006 16 Pictorial Item Spatial Short 8
Otten 2007 18 Verbal Item Visualizing Long 3
Otten 2001 15 Verbal Item Semantic Short 19
Otten 2002 16 Verbal Item Semantic, phonological Short 13
Otten 2001 17 Verbal Item Semantic, phonological Short 9
Park 2008 20 Verbal Associative Semantic, phonological Short 1
Park 2008 17 Verbal Associative Semantic, phonological Short 6
Prince 2007 12 Verbal Associative Semantic Short 4
Qin 2007 20 Pictorial Associative Subjective judgment Short 20
Qin 2009 20 Pictorial Associative Intentional encoding 3 hrs 2
Ranganath 2005 15 Pictorial Item Spatial Short 25
Ranganath 2004 13 Verbal Associative Semantic, visualizing Short 21
Raye 2002 12 Verbal Item Reading Short 5
Reber 2002 12 Verbal Item Directed forgetting Short 4
Schott 2006 25 Verbal Item Phonological Short 26
Sergerie 2005 18 Pictorial Item Spatial Short 25
Shrager 2008 14 Verbal Item Semantic Short 4
Sommer 2005 15 Pictorial Associative Spatial Short 20
Sommer 2005 15 Pictorial Associative Spatial Short 17
Spencer 2009 12 Pictorial Item Spatial Long 3
Sperling 2003 16 Pictorial Associative Subjective judgment Short 5
Staresina 2006 16 Verbal Associative Visualizing Short 6
Tendolkar 2007 20 Pictorial Item Spatial Short 5
Tsukiura 2010 20 Pictorial Associative Spatial Short 5
Uncapher 2009 15 Pictorial Associative Spatial, visualizing Short 11
Uncapher 2006 20 Verbal Associative Semantic Short 6
Uncapher 2005 18 Verbal Item Semantic Long 14
Uncapher 2008 15 Verbal Item Semantic Short 9
Wagner 1998 13 Verbal Item Semantic Short 9
Weis 2004 16 Pictorial Item Spatial Short 7
Wittmann 2005 16 Pictorial Item Judgment of reward Short 13

Subsequent forgetting effects (forgottenN remembered)
Axmacher 2008 30 Verbal Item Semantic, orthographic Short 7
Clark 2003 20 Verbal Item Phonological Short 15
Daselaar 2004 14 Verbal Associative Subjective judgment Short 14
Duverne 2009 16 Verbal Item Semantic Short 2
Gonsalves 2004 11 Verbal Associative Visualizing Short 2
Kim 2010 12 Verbal Item Semantic Short 8
Miller 2008 17 Pictorial Associative Subjective judgment Short 11
Otten 2007 18 Verbal Item Visualizing Long 4
Otten 2001 15 Verbal Item Semantic Short 6
Otten 2001 17 Verbal Item Semantic, phonological Short 6
Park 2008 20 Verbal Associative Semantic, phonological Short 12
Raye 2002 12 Verbal Item Reading Short 4
Schott 2006 25 Verbal Item Phonological Short 10
Shrager 2008 14 Verbal Item Semantic Short 14
Turk-Browne 2006 16 Pictorial Item Spatial Short 3
Wagner 2001 13 Verbal Item Semantic Short 12
Weis 2004 16 Pictorial Item Spatial Short 2

Descriptions of details are limited to the experimental conditions included in the meta-analysis. aShort=30 min or less; Long=24 h or more.
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Appendix B. Supplementary data

Supplementary data to this article can be found online at
doi:10.1016/j.neuroimage.2010.09.045.
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