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Abstract
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The posteromedial cortex (PMC) is strongly linked to episodic memory and age-related memory
deficits. The PMC shows deactivations during a variety of demanding cognitive tasks as compared
to passive baseline conditions and has been associated with the default-mode of the brain.
Interestingly, the PMC exhibits opposite levels of functional MRI activity during encoding
(learning) and retrieval (remembering), a pattern dubbed the encoding/retrieval flip (E/R-flip).
Yet, the exact role of the PMC in memory function has remained unclear. This review discusses
the possible neurofunctional and clinical significance of the E/R-flip pattern. Regarding
neurofunctional relevance, we will review four hypotheses on PMC function: (1) the internal
orienting account (2) the self-referential processing account (3) the reallocation account and (4)
the bottom-up attention account. None of these accounts seem to provide a complete explanation
for the E/R-flip pattern in PMC. Regarding clinical relevance, we review work on aging and
Alzheimer’s disease, indicating that amyloid deposits within PMC, years before clinical memory
deficits become apparent. High amyloid burden within PMC is associated with detrimental
influences on memory encoding, in particular, the attenuation of beneficial PMC deactivations.
Finally, we discuss functional subdivisions within PMC that help to provide a more precise picture
of the variety of signals observed within PMC. Collective data from anatomical, task-related fMRI
and resting-state studies all indicate that the PMC is composed of three main regions, the
precuneus, retrosplenial, and posterior cingulate cortex, each with a distinct function. We will
conclude with a summary of the findings and provide directions for future research.
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Introduction
The posteromedial cortex (PMC) is strongly associated with episodic memory and
considered a central node of the default-mode (Buckner, Andrews-Hanna, & Schacter, 2008;
Raichle, et al., 2001). The default-mode network (DMN) involves a set of strongly
connected regions that in functional neuroimaging studies tends to be activated during rest
but deactivated during demanding cognitive tasks (Mazoyer, et al., 2001; McKiernan,
Kaufman, Kucera-Thompson, & Binder, 2003; Shulman, et al., 1997). According to the
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default-mode hypothesis, these deactivations arise, because PMC and other DMN regions
support cognitive processes that normally occur during rest, but must be temporarily shut
down when available resources are needed for active task performance (Raichle, et al.,
2001). Interestingly, successful learning of events (episodic encoding) has been associated
with reduced activity in the PMC, whereas successful retrieval of events (episodic retrieval)
has been associated with increased activity in the same region (e.g. Buckner, Raichle,
Miezin, & Petersen, 1996; Daselaar, Prince, & Cabeza, 2004; Hayama, Vilberg, & Rugg,
2012; Kim, 2011; Otten & Rugg, 2001; Shrager, Kirwan, & Squire, 2008; Wagner, et al.,
1998; Wagner, Shannon, Kahn, & Buckner, 2005). These opposing effects, which have been
dubbed the encoding/retrieval flip (E/R-flip), were originally reported by Daselaar, Cabeza,
and colleagues who observed this pattern not across participants in separate encoding and
retrieval studies, but within the same study and within the same participants for a variety of
stimuli and memory paradigms (Daselaar, et al., 2009). Since then, the E/R-flip pattern has
been replicated in several other studies (Gilbert, Armbruster, & Panagiotidi, 2011; Huijbers,
Pennartz, Cabeza, & Daselaar, 2009, 2011; Kim, Daselaar, & Cabeza, 2010; Vannini,
O'Brien, et al., 2011). Yet, despite the robustness of the E/R-flip, the functional significance
of this pattern and the role of the PMC in memory still remain unclear.
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This review aims to clarify the relation between the function of the PMC and the E/R-flip
pattern, and includes four different sections. The first section reviews studies that found the
E/R-flip pattern and discusses how the E/R-flip may lead to competition between encoding
and retrieval processes. The second section discusses the relevance of the E/R-flip for
clinical studies of aging and Alzheimer’s disease and provides a direct link between PMC
deactivations during encoding and memory-decline. The third section focuses on four
different hypotheses that could potentially explain the E/R-flip pattern in the PMC. The last
section of our review discusses anatomical, functional, and connectivity findings indicating
three functionally distinct subregions within PMC; the precuneus (Pcun), posterior cingulate
cortex (PCC), and retrosplenial cortex (RsC). Distinguishing between these subregions
should help to further clarify the role of PMC in memory function. The review ends with a
concluding section and directions for future research.

The Encoding / Retrieval Flip
Converging evidence for the encoding/retrieval flip
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The most powerful method for identifying brain regions associated with successful memory
encoding processes using fMRI is known as the subsequent memory paradigm. In this
paradigm, encoding trials are back-sorted based on whether they are subsequently
remembered (hit) or forgotten (miss). There have been numerous fMRI studies using this
paradigm, which have generally found greater activity for encoding hits than misses, or a
positive encoding success effect, in the medial temporal lobe (MTL), a pivotal region for
episodic memory function (Kim, 2011; Paller & Wagner, 2002; Uncapher & Wagner, 2009).
In contrast, several studies have also found less activity for hits than misses, or a negative
encoding success effect in the PMC (Figure 1; e.g. Daselaar, Prince, & Cabeza, 2004; Otten
& Rugg, 2001). These positive and negative encoding effects have led to the idea that the
MTL and PMC support distinct cognitive processes, which are both important for successful
memory encoding (Daselaar, et al., 2009; Vannini, O'Brien, et al., 2011). In contrast to the
negative encoding success effect in PMC during encoding, most retrieval studies report a
positive retrieval success effect in this region during memory retrieval, reflecting greater
rather than less activity for retrieval hits than misses (Hayama, Vilberg, & Rugg, 2012;
Spaniol, et al., 2009). Similar to the effects of memory encoding, a positive retrieval success
effect is assumed to reflect neural mechanisms contributing to the successful remembering
of past events.
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The E/R-flip pattern appears to be robust. First, it has been shown that this pattern occurs
regardless of the type of information (words, faces, spatial scenes), stimulus modality
(auditory or visual), and memory test (item or relational memory) (Figure 1B, Daselaar, et
al., 2009; Huijbers, Pennartz, Cabeza, & Daselaar, 2011). Initially, the E/R-flip was defined
using contrast of hits versus misses (encoding: hits < miss retrieval: hit > miss), but recently
a similar pattern has been demonstrated using hits as compared to fixation (Vannini,
Hedden, et al., 2012; Vannini, O'Brien, et al., 2011). Furthermore, the pattern is not
restricted to fMRI studies. Recent evidence suggests that the E/R-flip can also be observed
when using electroencephalography measurements during encoding and retrieval stages,
from cortical sources in PMC (Jaiswal, Ray, & Slobounov, 2010). Taken together, these
findings indicate that the E/R-flip pattern represents a robust neural activity pattern that
occurs independently of the specific memory task, stimulus characteristics, and
neuroimaging method being used.
Competition between encoding and retrieval
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Influential models of memory assume that encoding and retrieval cannot occur at the same
time and that the two processes compete for neural resources (Hasselmo, Bodelon, &
Wyble, 2002; Norman & O'Reilly, 2003; Yassa & Stark, 2011). In line with these models,
we have recently hypothesized that the E/R-flip could also lead to a competition between
encoding and retrieval states (Huijbers, Pennartz, Cabeza, & Daselaar, 2009). Given that
global activity in a particular brain region cannot increase and decrease at the same time, we
hypothesized that the negative encoding, and positive retrieval, success effects in PMC
cannot occur simultaneously and will interact.
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We investigated the hypothesis that the E/R-flip can lead to a competition using an fMRI
experiment in which participants encoded and retrieved information within a brief period of
time. Participants rapidly encoded words by processing their meaning (living/nonliving
decisions) and then performed an old/new word recognition task including words presented
at the word encoding phase intermixed with new words (Figure 2A). The key difference
with a standard old/new word recognition test is that, while recognizing the words,
participants also encoded spatial scenes that were presented in the background. The
paradigm was not simply measuring potential interference between viewing scenes and
making recognition responses, but specifically measured interference between successful
encoding and successful retrieval. Potential interference from perceptual or motor processes
was subtracted out, because all trials had scenes in the background and all involved
recognition responses. In line with a memory competition, we found that during successful
word retrieval the scenes were less likely to be successfully encoded, and vice versa (Figure
2B). Moreover, whereas previous studies found the E/R-flip pattern across encoding and
retrieval sessions, this study showed that the E/R-flip pattern could also be found within the
same session and within the same trials (Figure 2C). Thus, PMC showed greatest activity
when retrieval of words was successful and encoding of spatial scenes was unsuccessful,
and least activity when encoding of spatial scenes was successful and retrieval of words
unsuccessful (Figure 2D). In order to assess whether the apparent competition between
encoding and retrieval was the result of divided attention between word and scene
processing, we conducted a follow-up behavioral experiment. For this experiment, we
replaced the encoding task with an attention-task involving the detection of a small dot that
was flashed on the screen during memory retrieval (Figure 2E). In this case, we actually
found the opposite pattern: target-detection performance was worse, rather than better,
during unsuccessful retrieval (Figure 2F). This fits with the idea that unsuccessful retrieval
tends to coincide with a more demanding and extended search process (Rugg & Wilding,
2000), and thus less attention is available for concurrent target-detection. Together, these
findings indicate that a mere attentional account can not easily explain the competition
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between encoding and retrieval. Thus, similar to the findings regarding competition between
encoding and retrieval mediated by the hippocampus (Hasselmo, et al., 2002), our results
suggest that the E/R-flip pattern also reflects a processing bottleneck between encoding and
retrieval states. However, even though trail-by-trial fluctuations in theta or gamma
oscillations have been associated with differences in fMRI signal (Scheeringa, et al., 2011;
Scheeringa, et al., 2009) and theta power predicts encoding-related deactivations of the PMC
(White, et al., 2012), there is currently no direct evidence linking competitive neuronal
processes to the E/R-flip.
Clinical relevance of the encoding/retrieval flip
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Recently, clinical interest in PMC function has intensified following the development of
new neuroimaging tools that allow in-vivo visualization of amyloid-β deposition-one of the
hallmark pathologies of Alzheimer’s disease (AD). The accumulation of amyloid-β in
fibrillar plaques in conjunction with neurofibrillary tangles are the histopathological features
required for the post-mortem confirmation of AD (Braak & Braak, 1992). The recent
development of a molecular marker - Pittsburgh Compound-B (PiB) and other tracers has
made it possible to visualize fibrillar forms of amyloid-β in vivo using PET imaging (Klunk,
et al., 2004). Using PiB, it has been shown that in older adults PMC is particularly
vulnerable to early amyloid-β deposition (Buckner, et al., 2008). Although, tau-pathology
and hippocampal atrophy- are linked more closely to the clinical syndrome of memory
impairment, amyloid-β accumulation is one of the earliest preclinical markers of AD
(Frisoni, Fox, Jack, Scheltens, & Thompson, 2010; Jack, et al., 2010), and about one third of
clinically normal older adults already harbor amyloid-β within PMC (Sperling, et al., 2011).
Therefore, it is believed that amyloid-β accumulation begins many years - perhaps a decade
or more – prior to the emergence of the clinical syndrome of AD (Rowe, et al., 2010)
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Functional MRI studies have found evidence for disrupted PMC activity in older adults who
diagnosed with early stages of AD (Lustig, et al., 2003). Furthermore, healthy older adults
who are at high-risk of developing AD, for example those with relatively poor memory or
who carry the APEO-4 allele, already show a reduced negative encoding success effect in
the PMC, akin to AD patients (Miller, et al., 2008; Pihlajamaki, et al., 2010). Interestingly,
several fMRI studies have shown that many normal older adults who have high amounts of
amyloid-β also exhibit aberrant brain activity in the PMC during memory encoding
(Kennedy, et al., 2012; Mormino, et al., 2012; Sperling, et al., 2009). Recently, Vannini et.
al. (2012) specifically investigated the effects of amyloid-β in relation to the E/R-flip, by
directly contrasting the difference between the deactivations during successful encoding
with activations during successful retrieval (Figure 3A). Older adults showed a reduced E/Rflip within PMC, and this reduction was more pronounced in the older adults with highamounts of amyloid-β (Figure 3B). Although, it should be noted that this pattern was mostly
driven by a reduction of the negative encoding success effect. The reduced ability to
modulate the activation between encoding and retrieval was also related to decreased
performance in the memory task. In contrast, activity in hippocampus was not correlated
with levels of amyloid-β (Figure 3C) or performance. This finding provides a link between
aberrant amyloid-β levels, and the E/R-flip in the PMC. Yet, its remains debated if the
amyloid burden especially affects memory-related activity or leads to a more general failure
to modulate activity in the PMC (Nestor, Scheltens, & Hodges, 2004; Park, Polk, Hebrank,
& Jenkins, 2010).
Although amyloid accumulation has been strongly linked to synaptic activity (Selkoe, 2001),
the exact reason why amyloid starts to aggregate within the PMC is not entirely clear.
Several studies have shown that amyloid-β -under normal circumstances- serves as a
negative feedback signal that maintains neuronal activity within a normal dynamic range
(Cirrito, et al., 2005; Ting, Kelley, Lambert, Cook, & Sullivan, 2007). Thus, it has been
Neuropsychologia. Author manuscript; available in PMC 2013 December 01.
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suggested that the vulnerability of the PMC to amyloid-β might be a consequence of the
high-levels of synaptic activity in default-mode regions (Bero, et al., 2011; D. Zhang &
Raichle, 2010). This view is consistent with PET studies that found spatial overlap between
hypo-metabolism, disruption of connectivity and the accumulation of amyloid-β (Drzezga, et
al., 2011). Thus, the reason why the PMC might be particularly vulnerable to amyloid-β,
might be a consequence of it metabolic demands. These metabolic demands, in turn, might
reflect the PMC’s dynamic function, with both up-and down regulated activity in response
to cognitive demands as reflected by the E/R-flip pattern.

Theoretical accounts
The clinical research reviewed in the previous section suggests a link between PMC
integrity, the E/R-flip pattern, and episodic memory. However, these findings do not explain
the E/R-flip in terms of underlying cognitive processes. Four prevailing theories could
potentially explain the E/R-flip: (1) the internal orienting account, (2) the self-referential
processing account, (3) the reallocation account and (4) the bottom-up attention account.
Below, we discuss evidence in favor of, and opposition to, each account.
The internal orienting account
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The internal orienting account states that activity within the PMC and other DMN regions is
dependent on a competition between two modes of attention: attention towards information
coming from the external environment, and attention to internal processes and thoughts
(Nakao, Ohira, & Northoff, 2012; Wagner, et al., 2005). When attention is oriented to the
external environment the PMC is deactivated, but when attention is oriented internally the
PMC is activated. Evidence in support of the internal orienting account is provided by the
observation that a wide variety of studies found increased activity in the PMC using task
conditions that require processing of internally generated information. These tasks include
autobiographical memory retrieval, thinking about the future, mental imagery and complex
moral judgments (Greene, Sommerville, Nystrom, Darley, & Cohen, 2001; Hassabis,
Kumaran, & Maguire, 2007; Schacter, Addis, & Buckner, 2007; Szpunar, Watson, &
McDermott, 2007). In contrast, most studies that observed deactivations in PMC used task
conditions that require attention to external information (Mazoyer, et al., 2001; Raichle, et
al., 2001; Shulman, et al., 1997). The internal orienting account could explain the E/R-flip
when we simply assume that retrieval benefits from internally-oriented attention to memory
representations and drives up activity in PMC, while encoding benefits from externallyoriented attention to study items and drives down activity in PMC (Huijbers, et al., 2011).
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Evidence in opposition to the internal orienting account is provided by several fMRI studies
that used experimental paradigms involving internally-oriented attention, including mental
rotation, mental calculation and working memory (Habeck, et al., 2005; Stanescu-Cosson, et
al., 2000; Vingerhoets, de Lange, Vandemaele, Deblaere, & Achten, 2002). Here, we give
three examples. First, Vingerhoets et. al. (2002) showed that mental rotation of a complex
object is associated with less activity within the PMC, as compared to a control object that
required no rotation. Second, Stancescu-Cosson et. al. (2000) showed that mental calculation
with a small set of numbers evokes more activity within PMC versus calculations with a
large set. Finally, Habeck et. al (2005) showed that the maintenance of a large set of items in
working memory results in deactivations of the PMC as compared to maintenance of a small
set. All these findings are inconsistent with the idea that conditions that require more
internal attention evoke greater PMC activity.
Recently, the internal orienting account was directly tested by Huijbers et al. (2011a) by
using a task that scanned encoding and retrieval of both externally-presented and internallygenerated sounds and images (Figure 4A–C). In the external condition, participants viewed
Neuropsychologia. Author manuscript; available in PMC 2013 December 01.
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images or sounds associated with words (e.g., “duck”), whereas in the internal condition
they imagined similar images or sounds. Although the internal condition also included
external, visual cues, behavioral results verified that vivid mental imagery enhanced
memory encoding (Figure 4E). In other words, orienting of attention toward imagined
experiences resulted in improved memory encoding. If orienting of attention is the main
driver of PMC activity, one would expect a reversal of the E/R-flip when imagery benefits
encoding (Figure 4F). In other words, a positive, rather than, a negative encoding success
effect in the internal condition. Compatible with the internal orienting account, we found
more PMC activity during mental imagery and this activity correlated with the mental
experience (Figure 4D). Also in line with the internal orienting account, the conventional E/
R-flip in PMC was observed in the external-condition. However, counter to the internal
orienting account, PMC also showed the E/R-flip pattern for the internal condition
In sum, the differences in fMRI signal observed within the PMC during encoding and
retrieval are not adequately described by the internal orienting account (Huijbers, et al.,
2011; Nakao, Ohira, & Northoff, 2012). Another account is that the ER-flip pattern does not
reflect internal processing per se, but that it is linked to the self-referential nature of the
cognitive processes involved in episodic memory tasks.
The self-referential processing account
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The self-referential processing account states that activity within the PMC, together with
other DMN regions, including medial prefrontal cortex (mPFC), reflects attention to selfreferential thoughts (Buckner & Carroll, 2007; Northoff, et al., 2006). For example, PMC
shows increased activity when a personality profile is judged as self-descriptive, or when
judging photos made by oneself versus someone else (St Jacques, Conway, Lowder, &
Cabeza, 2011). Self-referential thought can also incorporate spatial features. For instance,
when navigating a virtual maze, individuals who use an egocentric spatial strategy - based
on internal proprioceptive information from ones own body – show more PMC activity than
those who use an allocentric strategy - based on external perceptual information from the
environment (e.g. Jordan, Schadow, Wuestenberg, Heinze, & Jäncke, 2004). Further support
for the self-referential processing account is provided by studies using a variety of tasks that
require self-referential information, such as autobiographical memory retrieval, imaging
one’s self in the future, and theory of mind (Daselaar, et al., 2008; Dodell-Feder, KosterHale, Bedny, & Saxe, 2011; Schacter, et al., 2007; Szpunar, et al., 2007). The self-referential
processing account could potentially explain the E/R-flip when one assumes that orienting to
self-referential information benefits episodic retrieval and is associated with an increase in
PMC activity. At the same time, encoding may benefit from externally-oriented attention
and therefore is associated with decreased PMC activity. The self-referential processing
account could explain why encoding internally-generated information is associated with a
negative encoding success effect in PMC (Figure 4), even though these mental images are
internally generated, they are not necessarily self-referential.
Evidence at odds with the self-referential processing account is provided by studies that
examined the influence of self-referential processes on memory encoding (Gutchess,
Kensinger, & Schacter, 2010; Macrae, Moran, Heatherton, Banfield, & Kelley, 2004).
Information that is regarded as self-referential is often remembered better, consistent with
the levels of processing model (Craik & Lockhart, 1972). The levels of processing model
states that information processed at deeper levels, which includes self-referential
information, is encoded better, and therefore, more likely to be remembered. Analogous to
our experimental test of the internal orienting account (Huijbers, et al., 2011), the selfreferential processing account would predict that self-referential encoding should be
accompanied by a positive encoding success effect rather than a negative encoding success
effect. Yet, available evidence does not seem to support this hypothesis. For example,
Neuropsychologia. Author manuscript; available in PMC 2013 December 01.
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Macrae et. al. (2004) only reported a positive encoding success effect for self-referential
information in the mPFC. Furthermore, Gutchess et. al 2010 actually found the conventional
negative encoding success effect in PMC for self-referential information in healthy young
individuals, but not in older adults. Further evidence seemingly at odds is provided by fMRI
studies in humans investigating pain. The sensation of pain causes reorienting of attention
toward one’s own body, thus an egocentric orienting of attention. However, unlike selfreferential navigation, the sensation of pain typically reduces activity in the PMC (Kong, et
al., 2010; B. A. Vogt, Derbyshire, & Jones, 1996). Thus, for the self-referential processing
account to hold, it seems that self-referential processing requires both a representation of
self in context to other information. In sum, circumstantial evidence does not clearly support
the self-referential processing account. However, as an explanation for the E/R-flip, the selfreferential processing account has not yet been explicitly tested. A third account frames
PMC function in terms of reallocation of available resources.
The reallocation account
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The reallocation account states that activity within the PMC reflects spontaneous cognitive
memory processes that occur during wakeful rest (Gusnard & Raichle, 2001; McKiernan,
Kaufman, Kucera-Thompson, & Binder, 2003). These resting state processes are disrupted
whenever cognitive resources are required for the performance of active tasks, resulting in
decreased activity within regions of the default-mode network, including PMC (Raichle, et
al., 2001) In contrast, when task-related resources are not required, they revert back to the
default-mode processes and activity within the PMC increases again. In line with the
reallocation account, task-induced deactivations in PMC have been shown to be proportional
to task demands (e.g. McKiernan, et al., 2003; Park, et al., 2010). Thus, when cognitive
demands increase and more resources are reallocated, PMC activity is reduced. At the same
time, when cognitive demands are low, spontaneous task-irrelevant processes come to the
fore, and activity within the PMC increases. Note that the reallocation account makes no
specific claim about whether these processes are linked to memory per se (Mason, et al.,
2007; Weissman, Roberts, Visscher, & Woldorff, 2006). The reallocation account could
explain the E/R-flip. When we assume that encoding and retrieval processes put different
demands on cortical resources. Specifically, encoding draws additional resources when it is
successful, while retrieval – as a more automatic process -- draws more resources when it is
unsuccessful leading to additional, demanding, retrieval attempts (McClelland,
McNaughton, & O'Reilly, 1995).
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We recently tested the reallocation account in relation to memory retrieval, using a
manipulation of retrieval lags within the context of a continuous recognition paradigm
(Huijbers, Pennartz, & Daselaar, 2010). Using shorter and longer lags between encoding and
retrieval, we varied the task-demands on episodic memory. If the PMC and the other DMN
regions are associated with task demands, one would expect that activity would be greater
for the longer than the shorter lags. At the same time, regions associated with longer lags
should be more reliant on episodic memory regions such as the MTL (Ranganath, Heller,
Cohen, Brozinsky, & Rissman, 2005) Behavioral results confirmed that retrieval for long
lags was more difficult than for short lags. The fMRI results indicated three distinct activity
patterns within the PMC. First, RsC - together with the MTL - showed a pattern consistent
with retrieval from long-term episodic memory, showing a relatively flat response for short
lags, but a sharp increase for longer lags (Figure 5). In contrast, regions overlapping with the
dorsal attention system (Corbetta, Patel, & Shulman, 2008) - including Pcun and dorsal
parietal cortex - showed the opposite pattern, decreased activity with longer lags. However,
counter to the reallocation account, PCC and the other DMN regions showed a V-shaped
pattern as a function of retrieval lag. Specifically, between short to medium repetition lags
activity decreased, but for medium to long lags, these regions showed an increase in activity
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(Figure 5). These findings suggest a complex interaction between task demands and the
recruitment of memory. For example, at long delays the PMC activates as a consequence of
task-relevant memory processes. Yet, at short delays, cognitive demands are so low they
might leave room for mind-wandering again resulting in PMC activations. Regardless of
exact interpretation, these results indicate that the reallocation account alone also cannot
explain the E/R-flip within PMC. A fourth account explains the E/R-flip pattern by
distinguishing between bottom-up and top-down attention systems.
The bottom-up attention account
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The bottom-up attention account, which is a component of the Attention-to-Memory model
(AtoM) (Cabeza,Ciaramelli, Olson, & Moscovitch, 2008; Ciaramelli, Grady, Levine, Ween,
& Moscovitch, 2010; Ciaramelli, Grady, & Moscovitch, 2008), has previously been used to
explain the E/R-flip in ventral parietal cortex, but it could be extended to explain the E/Rflip in PMC (Cabeza, et al., 2011). Top-down attention typically refers to attention that is
guided by goals, while bottom-up attention refers to the capture of attention by incoming
sensory information (Corbetta & Shulman, 2002; Knudsen, 2007). According to the AtoM
model, bottom-up attention is not only captured by sensory information, but also by
information coming from the memory system. According to AtoM, the E/R-flip reflects a
different relationship between bottom-up attention and memory success during typical
retrieval tasks and typical encoding tasks (Cabeza, Ciaramelli, Olson, & Moscovitch, 2008;
Cabeza, et al., 2011; Huijbers, et al., 2011). During typical retrieval tasks, bottom-up
attention is often captured by recovered memories, and hence bottom-up attention tends to
be associated with retrieval success. During typical encoding tasks, in contrast, to-beencoded stimuli are at the focus of top-down attention, and bottom-up attention is often
captured by irrelevant thoughts or environmental stimuli, thereby establishing a link
between bottom-up attention and encoding failure (Cabeza, 2008). Consistent with the
bottom-up attention account, fMRI studies have found that ventral parietal cortex, a region
associated with bottom-up attention, overlaps between bottom-up attention and retrieval
success (Cabeza, et al., 2011) and between bottom-up attention and encoding failure
(Uncapher, Hutchinson, & Wagner, 2011).
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As noted above, the bottom-up attention account was originally used to explain the E/R-flip
in ventral parietal cortex (Cabeza, Ciaramelli, & Moscovitch, 2012; Cabeza, et al., 2008),
but one could extend it to explain the E/R-flip in PMC. This extension is supported by the
fact that in many conditions, PMC behaves similarly as the ventral parietal cortex. For
example, both regions tend to deactivate during demanding cognitive conditions and are
assumed to be core components of the DMN (Buckner, et al., 2008; McKiernan, et al.,
2003). However, whereas the ventral parietal cortex has been linked to bottom-up attention
by functional neuroimaging and patient data in attention and episodic memory domains
(Cabeza, et al., 2008; Corbetta & Shulman, 2002), the link in the literature between PMC
and bottom-up attention is not as strong.
In sum, none of the four accounts adequately explain the E/R-flip pattern within the PMC.
These cognitive accounts are also not mutually exclusive. For example, internal orienting
might engage more self-referential processing. Likewise, bottom-up orienting to salient
information might lead to greater reallocation of resources (Raichle, et al., 2001). At present,
there is no overarching account that can fully explain PMC’s behavior in various cognitive
conditions. The lack of a uniform theory of PMC function might also reflect the fact that the
PMC is not a single uniform brain region, and aforementioned accounts might actually be
more-or-less applicable to distinct regions within PMC. Thus, in order to obtain a more
complete picture of the functional role of PMC, it is critical to consider the existence of
different subregions within PMC more carefully.
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One critical issue when interpreting fMRI results regarding PMC is that there is considerable
evidence indicating functional subdivisions within PMC. Thus, simply considering these
different areas as a single PMC region with one unitary function can hinder our
understanding of the PMC. As noted at the beginning of this review, three major regions can
be roughly discriminated within PMC: RsC, Pcun, and PCC.
The E/R-flip has been reported most consistently within PCC and Pcun (e.g. Daselaar, et al.,
2009; Vannini, et al., 2011). Regarding RsC, a small number of fMRI studies that generally
involved memory for contextual information have even reported positive encoding success
effects in this region (Davachi, Mitchell, & Wagner, 2003; Hayes, Nadel, & Ryan, 2007;
Kim & Cabeza, 2007; Staresina & Davachi, 2006; Uncapher, Otten, & Rugg, 2006). In other
words, RsC has been found to show increased activity during both encoding and retrieval,
particularly for context-dependent information. As discussed below, these findings might
relate to the strong coupling between RsC and the hippocampal memory system. In the next
section, we describe the evidence derived from anatomical data, task-related fMRI, and
resting state fMRI studies for functional subregions in PMC, involving RsC, Pcun and PCC.
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Anatomical data from macaque monkey and humans, indicate that the RsC, Pcun and PCC
each have distinct cortical connections and consist of different anatomical Brodmann Areas
(BA). RsC is a relatively small region located at the ventral and posterior end of the
cingulate gyrus and includes BA 29 and 30. RsC has dense anatomical connections to
regions within the MTL - including the hippocampus and entorhinal cortex - as well as the
thalamus (Kobayashi & Amaral, 2007; B. A. Vogt, Vogt, & Laureys, 2006; B.A. Vogt,
Vogt, Perl, & Hof, 2001). In humans, damage to RsC can result in memory deficits that
mimic problems observed after hippocampal insult, providing a direct link between episodic
memory and RsC function (Milner, 1966; Valenstein, et al., 1987). Pcun is a relatively large
region located dorsal and posterior to the cingulate gyrus, anterior to the parieto-occipital
sulcus and includes Brodmann areas 7a and 7b. Pcun has dense anatomical connections to
prefrontal and other parietal regions, as well as the striatum and thalamus (Margulies, et al.,
2009). Finally, PCC is located at the center of PMC between RsC and Pcun, and includes
Brodmann areas 23 and 31. Monkey and human data have shown that PCC has the strongest
reciprocal connections with the other DMN regions, VPC and mPFC (Kobayashi & Amaral,
2007; Margulies, et al., 2009). Thus, although RsC, Pcun and PCC are closely adjacent
regions with strong interconnectivity, human and animal data also indicate that these regions
show clear anatomical differences.
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Further evidence for different sub-regions within PMC is provided by data from task-related
fMRI studies in humans. RsC is typically associated with cognitive processes also ascribed
to MTL, including recollection of past events and spatial navigation (Vann, Aggleton, &
Maguire, 2009). Pcun is mostly associated with mental imagery and is often referred to as
the “mind’s eye” (Daselaar, Porat, Huijbers, & Pennartz, 2010; Fletcher, et al., 1995).
Besides mental imagery, the Pcun has also been implicated in top-down attention, working
memory and self-referential processes (Cavanna & Trimble, 2006; Corbetta, et al., 2008).
The PCC is activated in a variety of task-conditions closely related to episodic memory
(Buckner, et al., 2008; Spreng, Mar, & Kim, 2009) and deactivated in a variety of taskconditions that have no direct episodic component (McKiernan, et al., 2003). It should be
noted that due to the lower spatial resolution of functional MRI, activity in RsC often
extends into the ventral PCC (Vann, et al., 2009). Yet, several fMRI studies on memory
retrieval have reported functional dissociations between the RsC, Pcun and PCC within the
same task, again indicating that these sub-regions have distinct functions in episodic
memory (Daselaar, Fleck, & Cabeza, 2006; Huijbers, Pennartz, & Daselaar, 2010;
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Yonelinas, Otten, Shaw, & Rugg, 2005). For instance, using recognition confidence
functions both Yonelinas et. al. (2005) and Daselaar et. al. (2006) found distinct patterns in
RsC, Pcun and PCC relating differentially to recollection and familiarity-based recognition.
Also, Summerfield et. al. (2009) found that the RsC has a more general role in
autobiographical retrieval, while the PCC distinguishes “real” from “imagined” events. In
sum, fMRI-task data clearly indicate that the RsC, Pcun and PCC are functionally distinct
regions within PMC.
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In line with both anatomical and task-data, resting-state fMRI data provide further evidence
that PMC is composed of at least three distinct sub-regions, each connected to a distinct
cortical network (Damoiseaux, et al., 2006; Yeo, et al., 2011; S. Zhang & Li, 2012). Using a
standard seed-based connectivity analysis (Chao-Gan & Yu-Feng, 2010) on previously
published resting-state data (Huijbers, et al., 2011), we visualized the relative connectivity
of the RsC, PCC and Pcun. Resting-state scans were collected in two 8 minutes sessions
with a Phillips Intera 3.0T (TR 2000 ms, TE 30 ms, 34 slices, voxel size 2.3 × 2.3 × 3-mm,
see Huijbers et. al. 2011 for details). Seeds, with a radius of 6mm, were defined by the local
maxima from the triple dissociation between the PMC subregions taken from the memory
study that manipulated retrieval lags (Huijbers et. al. 2010, MNI coordinates: RsC(x,y,z) =
[-6,-51,15], Pcun(x,y,z) = [6,-60,51] and PCC(x,y,z) = [0,-51,33]). Connectivity difference
maps were created by subtracting each seed-map from the other seed-maps (i.e., RsC –
Pcun; Pcun - PCC; PCC – Pcun). Next, a random effects analysis was conducted using a
one-sample t-test (P < 0.001, cluster size = 10), resulting in six group-maps. Finally, using a
conjunction approach, we extracted the relative connectivity of each PMC seed ([RsC > Pun
RsC > PCC], [Pcun > PCC Pcun > RsC], [PCC > RsC PCC > Pcun]). The resulting seedmaps again confirmed that the RsC, Pcun and PCC are neuroanatomically distinct regions,
each preferentially connected to a different cortical network (Figure 5B). Specifically, the
RsC is associated more with the hippocampal-memory system (Vann, et al., 2009), the Pcun
is associated more with the dorsal-attention system (Corbetta, et al., 2008), and the PCC is
associated more with the default-mode network (Buckner, et al., 2008). Note again, that due
to the relatively low spatial resolution of functional MRI, connectivity of the RsC extends
somewhat into the most ventral part of PCC. In sum, the anatomical, fMRI-task, and restingstate connectivity data clearly indicate that the RsC, Pcun and PCC form functionally
distinct regions within the PMC.
Conclusions
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The PMC reliably shows opposing levels of activation during encoding and retrieval, the E/
R-flip pattern, and this can lead to a competition between encoding and retrieval states. In
terms of clinical relevance, age-related pathology, specifically amyloid deposition within the
PMC, has detrimental effects on the E/R-flip. Thus, E/R-flip is an interesting candidate for
tracking longitudinal changes in episodic memory during pre-clinical stages of Alzheimer’s
disease (Sperling, et al., 2011). We also reviewed four hypotheses that may explain the E/Rflip pattern, the internal orienting account, the self-referential processing account, the
reallocation account, and the bottom-up attention account. The internal orienting account
asserts that PMC involvement in encoding and retrieval is dependent on the internal vs.
external orientation of attentional. The self-referential processing account explains PMC
activity in terms of orienting toward self-relevant thoughts versus the external environment.
The reallocation account states that the activation differences in PMC depend on taskdemands and follows response times. Finally, the bottom-up attention account asserts that
activity within default-mode regions reflects bottom-up orienting of attention towards
information retrieved from memory. Finally, we addressed the issue that hinders
understanding of the PMC. Specifically, anatomical studies, task-based fMRI studies, and
resting state fMRI studies all indicate that PMC is not a single, homogeneous, region but
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consists of different sub regions, the retrosplenial cortex, the posterior cingulate cortex and
the precuneus, each making separate contributions to memory encoding and retrieval. Future
research should take these distinctions into account in order to clarify the E/R-flip pattern in
PMC.
On a final note, the underlying neuronal mechanisms that give rise to the E/R-flip are still
unknown. The fMRI signal is known to correlate with local field potentials and is believed
to reflect a combination of neuronal input and output (Logothetis, Pauls, Augath, Trinath, &
Oeltermann, 2001). Recently, it has been shown that electrical stimulation can induce BOLD
deactivations in highly connected brain regions through inhibitory neuronal input
(Logothetis, et al., 2010). One possible mechanism is that the E/R-flip in the PCC reflects a
combination of fMRI signal from inhibitory input in layers II and III and excitatory output in
layers V and VI. For example, inhibitory input from sensory regions could drive encodingrelated deactivations in the PCC, while excitatory output to the parahippocampus could
drive retrieval-related activations. However, human imaging studies currently lack the
temporal and spatial resolution to investigate such mechanisms. Studies in monkeys and
epilepsy patients, that involve intracranial recording techniques with high spatial and
temporal resolution should help to elucidate the neural mechanisms that underlie the E/Rflip.
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•

Posteromedial cortex (PMC) deactivates when Encoding and activates when
Retrieving

•

Pre-clinical markers of Alzheimer's are linked to PMC changes and the E/R-flip

•

Four neurocognitive accounts are discussed that can possibly explain the E/Rflip

•

Future research on PMC function requires consideration of its functional
subregions
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Figure 1.

Panel A In green, overlapping activity in the medial temporal lobe and posteromedial cortex
during encoding and retrieval. The lines shows the average time course of activity during
successful encoding (ENC) in blue and successful retrieval (RET) in orange for both
regions. Adapted from Vannini et. al. (2011). Panel B shows the encoding/retrieval flip in
four different experiments using (1) faces, (2) spatial scenes (3) word pairs and (4) single
words. Bars demonstrate the negative encoding success effect in PMC during encoding
(ENC: MISS -HIT) in blue and the positive retrieval success effect (RET: HIT - MISS) in
orange. Adapted from Daselaar et. al. (2009).
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Figure 2.
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Panel A. shows the experimental design of the concurrent scene encoding/word retrieval
task. Panel B. shows the behavioral results, the accuracy of memory encoding (d-prime) is
lower for successful (HIT) as compared to unsuccessful (MISS) retrieval. Panel C shows
brain activity within PMC when encoding and retrieval occur concurrently. Panel D. brain
activity: the green bars at the bottom represent average PMC activity within the PMC for
unsuccessful (MISS) / successful (HIT) encoding (ENC) and retrieval (RET). Panel E.
shows the experimental design of the attentional control experiment: target-detection of
visual dots compared to word retrieval. Panel F. shows the behavioral results, an opposite
pattern as compared concurrent encoding/retrieval. The accuracy of target detection (dprime) is higher for successful (HIT) as compared to unsuccessful (MISS) retrieval. Adapted
from Huijbers et. al. (2009).
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Panel A: In blue, brain regions along the left midline and hemisphere that show
deactivations during memory encoding (Baseline – HIT, P < 0.01) for young and elderly In
orange, brain regions that show activations during memory retrieval (HIT - Baseline, P <
0.01). In green, E/R-flip chance: overlapping activity between encoding (Baseline – HIT, P
< 0.01) and retrieval (HIT – Baseline, P < 0.01). Panel B: Bars demonstrate the average
activity in PMC during encoding in blue and retrieval in orange, separately for young
(YNG), elderly (ELD) with low (PiB-) and high (PiB+) amounts of amyloid-β deposition.
Panel C: The PMC shows a correlation between the fMRI signal and amyloid-β (R =
−0.43). The hippocampus, a control regions, shows no correlation between the fMRI signal
and amyloid-beta (R = 0.05). Adapted from Vannini, et. al. 2012.
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Figure 4.
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Top left and right corners show the experimental design. At the top left, on day 1 individuals
encoded cues using visual (VIS) and auditory (AUD) imagery (internal) or visual and
auditory perception (external). In the bottom left corner, the bars represent activity within a
sub regions of the PMC (MNI(x,y,z) = 9,−57,18), associate with visual imagery (dark green),
auditory imagery (dark yellow), visual perception (light green) and auditory perception
(light yellow). Bottom middle, lines indicate level of activity for visual imagery (green),
auditory imagery (yellow) isolated according to the “richness” of the mental experience.
Adapted from Daselaar et. al. (2010). Top middle shows the PMC - as identified using
resting-state fMRI - in order to specify the default-mode network regions as regions of
interest. Top right corner shows the experimental design at day 2, individuals retrieved the
experience from day 1 by indicating whether they used visual imagery, auditory imagery,
visual perception or auditory perception to encode the cue. Bottom right corner, the bars
represent overall activity within the PMC, as identified by functional connectivity during
resting-state fMRI. In blue, negative encoding success effect. separately for internal (INT)
and external (EXT) conditions, In orange, positive retrieval success effect. Adapted from
Huijbers et. al. (2011).
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Figure 5.

Panel A. shows brain regions significantly activated during memory retrieval and modulated
by a task-difficulty (easy/short-delay vs. difficult/long-delay). In blue the retrosplenial
cortex (RsC), which shows more activity for longer delays. Note that RsC connectivity
extends into the ventral PCC and does not exactly match anatomical boundaries. In green the
posterior cingulate cortex (PCC), which shows an interaction between long and short delays.
In red, the precuneus (Pcun), which shows less activity for longer delays, a pattern
consistent with the reallocation account. Adapted from Huijbers et al. (2010). Panel B
shows the relative functional connectivity of each these of regions with a distributed cortical
network. In blue the RsC which is part of the hippocampal-memory network. In green the
PCC which is part of the default-mode network and in red, the Pcun which is part of the
dorsal attention network.
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Figure 6.

Simplified representation of the cortical networks involved in episodic memory. On the left
the lateral surface and right the medial surface of the left-hemisphere. In orange, regions that
tend to activate during both encoding and retrieval, which include the hippocampal-memory
network, consisting of the hippocampal formation (HF) and the retrosplenial cortex (RsC)
and the dorsal-attention network consisting of the precuneus (Pcun), the dorsal parietal
cortex (DPC) and the lateral prefrontal cortex (lPFC). In blue regions that tend to show the
encoding/retrieval flip, including default-mode network regions: posterior cingulated cortex
(PCC), the ventral parietal cortex (VPC) and medial prefrontal cortex (mPFC).
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