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Prevailing theories of hippocampal function argue that memories are rapidly encoded by non-overlapping
memory traces. Concurrently, the hippocampus has been argued to integrate across related experiences, enabling
generalization. The cognitive neuroscience of memory has been transformed by the recent proliferation of
studies using pattern similarity analyses to investigate the neural substrates of memory in humans, marking an
exciting and signiﬁcant advance in our understanding of population-level neural representations. We provide an
overview of hippocampal pattern similarity studies published to date. By considering the eﬀects of stimulus type,
time-scale, and hippocampal subregions, we account for both increases and decreases in representational similarity. We argue that hippocampal representations for related memories are not ﬁxed. Instead, the evoked
representations are ﬂexibly modulated, depending on whether the current goal is to extract generalities or to
reinstate speciﬁc experiences. In the ﬁrst comprehensive review of hippocampal pattern similarity analyses, we
provide insight into the mechanisms of memory representation and implications for the interpretation of pattern
similarity more generally.

1. Hippocampal pattern similarity as a measure of
representational overlap
Eﬃcient goal-directed behaviour in everyday situations depends on
the ﬂexible use of memories at diﬀerent levels of representation.
Depending on the situation, it can be beneﬁcial to represent individual
experiences as unique and speciﬁc (Richards and Frankland, 2017).
After visiting a new city, it is useful to form distinct memories of the
diﬀerent events that took place (e.g., in Toronto, visiting the CN Tower
vs. walking around Kensington market). At other times, it can be beneﬁcial to integrate across multiple experiences, e.g. linking the memories of the CN Tower and Kensington market as events from the same
visit to Toronto, and keeping these memories separate from the events
from a diﬀerent vacation in Philadelphia (Fig. 1A). It seems likely that
both representations latently exist in parallel, but depending on the
goal of one’s current behaviour, only one of them is activated, or activated more strongly.
Over the past decade or so, researchers using functional magnetic
resonance imaging (fMRI) have relied on pattern analyses as a way of

uncovering the representations corresponding to memories and determining their relatedness. Both relative increases and decreases in
hippocampal pattern similarity have been reported as behaviourally
relevant, leading to diﬃculties in characterizing how the hippocampus
represents related events in memory. In this paper, we aim to review
and reconcile these ﬁndings, to discuss what theories of hippocampal
function would predict about hippocampal similarity patterns, and to
argue for the importance of one’s current behavioural goals when
considering hippocampal representations.
According to some models of memory, the hippocampus employs
sparse, separated patterns of activity to form memories rapidly and
reduce interference among them (Marr, 1971; McClelland et al., 1995;
O’Reilly et al., 2014; O’Reilly and Norman, 2002). In these models, the
neocortex complements the hippocampus by extracting generalities and
forming representations that abstract commonalities across memories.
A number of recent proposals, however, have suggested that the hippocampus may also play a role in memory integration, forming links
between related memory traces (Horner et al., 2015; Kumaran et al.,
2016; Schapiro et al., 2017). To reconcile these views, several research
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pattern similarity relative to stimuli that do not share a context. This would
suggest that the stimuli are represented not only as unrelated, but as diﬀerentiated. That is, voxels responding strongly to the ﬁrst stimulus become less
active for the second stimulus, and voxels responding weakly to the ﬁrst stimulus become more active for the second stimulus. In all three cases, the
predicted similarity between stimuli belonging to diﬀerent contexts does not
change, because no elements are shared.

Fig. 2. Segmentation of subﬁelds along the anterior-posterior hippocampal axis
in a representative participant. The inset images represent the corresponding
coronal slices on a T2-weighted structural scan. The segmentation depicted here
follows the OAP protocol (Olsen et al., 2013; Palombo et al., 2013; Yushkevich
et al., 2015), with subﬁeld deﬁnitions extended into the anterior hippocampal
head. The subﬁelds in the tail are not segmented into separate regions. Studies
focusing on the hippocampal long axis typically divide the hippocampus into
two segments (anterior vs. posterior to the uncal apex) or three segments
(head/body/tail; see above), while those focusing on subﬁelds tend to collapse
across the long axis.

groups have suggested that hippocampal function may diﬀer by subﬁeld and/or along its long axis (Fig. 2), with speciﬁc subregions differentially contributing to more integrated or diﬀerentiated forms of
memory. The anterior hippocampus and the cornu ammonis (CA) region 1 have both been proposed to play a role in forms of memory
integration, whereas the posterior hippocampus and dentate gyrus (DG)
have more consistently been suggested to support sparse and separated
representations (Berron et al., 2016; Collin et al., 2017; De Shetler and
Rissman, 2017; Duncan and Schlichting, 2018; Morton et al., 2017;
Olsen et al., 2012; Poppenk et al., 2013; Robin and Moscovitch, 2017).
Recent evidence from high-ﬁeld fMRI suggests that memory integration
can also be observed in CA3 (Grande et al., 2019).
If a brain area employs sparse, separated patterns, unrelated memories should have unrelated neural representations because their content has no (or minimal) overlap. Accordingly, patterns corresponding
to individual experiences should be somewhat stable and diﬀerentiable
from other experiences. Patterns present at encoding should, therefore,
be recapitulated at retrieval of the same event, a phenomenon referred
to as reinstatement (Fig. 1B). Sparse, orthogonal coding minimizes interference between memories and allows for the coding of speciﬁc,
episodic memories, a hallmark of hippocampal function (Moscovitch
et al., 2016; Tulving, 2002; Yonelinas, 2013). This leaves the question
of what occurs when memories are related, sharing some common aspects. One possibility is that related memories may have even more
dissimilar patterns than unrelated memories to maximally diﬀerentiate
similar representations and minimize interference among shared features (Duncan and Schlichting, 2018; McClelland et al., 1995). In
contrast, if a brain area is involved in extracting generalities across
similar experiences, related memories should have common features in

Fig. 1. A) Example stimuli (e.g. events from a vacation) in two diﬀerent contexts (e.g. two diﬀerent cities). B) Within-stimulus similarity can be computed
as the pattern overlap between two instances of the same stimulus (e.g., encoding and retrieval of the same experience or repeated presentations of the
same stimulus). All models predict that the same experience should be reinstated at retrieval and produce above-baseline similarity between patterns at
encoding and retrieval. A relative increase in within-stimulus similarity would
be observed if the correlation between the encoding pattern and the retrieval
pattern for a particular stimulus was greater than the correlation between the
encoding pattern for a particular stimulus and retrieval patterns of all other
stimuli. This panel only focuses on within-item similarity, but the oﬀ-diagonal
could reﬂect an increase, decrease, or no change in similarity for repeated
presentations of diﬀerent stimuli. C) Patterns of across-stimulus similarity,
produced by comparing the activity patterns for each stimulus to every other
stimulus, often fall into three categories: i) integration, ii) orthogonalization,
and iii) diﬀerentiation. i) Integration: Stimuli that share a context (e.g., events 1
and 2 which occurred in the same city) can display increased similarity relative
to those that do not (e.g., events 1 and 3, or a study-speciﬁc baseline). Such
similarity values would suggest that their representations are integrated due to
shared features such as spatial, temporal, and/or emotional context. ii)
Orthogonalization: Stimuli that share a context may also show no diﬀerence in
similarity relative to stimuli that do not share a context. This ﬁnding would
reﬂect no overlap between the neural populations recruited to represent each
stimulus. iii) Diﬀerentiation: Stimuli that share a context may show decreased
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terms of stimulus timing. The optimal gap between presentations of
related stimuli should be relatively short to obtain a reliable measure of
repetition suppression (Brozinsky et al., 2005; Henson et al., 2004),
though see Poppenk et al., 2016; van Turennout et al., 2000; Van
Turennout et al., 2003). In contrast, pattern similarity comparisons can
be made for any pair of stimuli across the entire study and, in fact,
greater temporal separation is recommended to enable better detection
of individual stimulus representations (Dimsdale-Zucker and
Ranganath, 2019; Popal et al., 2019). More studies are necessary to
speciﬁcally compare hippocampal pattern similarity and repetition
suppression measures to determine the degree of sensitivity and speciﬁcity oﬀered by each.
fMRI studies comparing the multivariate patterns of hippocampal
activity corresponding to diﬀerent types of related and unrelated stimuli can thus answer the questions of whether, and where, patterns of
voxel-level neural activity show signatures of memory diﬀerentiation
and integration. Insights from these studies can help to resolve the
competing, or perhaps complementary, views of the hippocampus
playing a role in the diﬀerentiation and integration of memories. Here,
we provide the ﬁrst comprehensive review of the literature examining
measures of hippocampal pattern similarity, and synthesize the evidence from these studies as it relates to notions of hippocampal integration and diﬀerentiation, based on the types of similarity and hippocampal subregions examined.3 In summary, we ﬁnd evidence for
both integration and diﬀerentiation of hippocampal patterns, and that
the prevalence of each depends on such factors as task demands, the
timescale of the comparisons, and hippocampal subregions. While these
factors clearly play a role, we argue that disparities in ﬁndings may
critically depend on whether integrated or diﬀerentiated representations were advantageous in a given experimental context, and propose
that future studies should focus on parametrically modulating the degree of integration/diﬀerentiation necessary to complete a task successfully.

their neural instantiation. Thus, memories featuring some overlapping
content should also entail overlapping memory traces, and the patterns
of neural activity corresponding to these memories should be similar to
some degree. These competing possibilities entail very diﬀerent interpretations of the role of the hippocampus in memory organization
(Fig. 1C).
With the recent development of higher-resolution functional magnetic resonance imaging (fMRI) techniques, protocols for delineating
the subﬁelds of the hippocampus (Yushkevich et al., 2015), and techniques for analyzing trial-level multivariate patterns of voxel activity
(Haxby, 2012; Haxby et al., 2001; Kriegeskorte and Kievit, 2013;
Norman et al., 2006), the past decade has seen a proliferation of human
neuroimaging studies examining hippocampal patterns of activity and
questions of neural representation. While the term pattern separation
typically refers to orthogonalization of representations at the neuronal
level (McClelland et al., 1995; Santoro, 2013; Schapiro et al., 2017), the
same logic has been applied to the diﬀerentiation of patterns at the
level of voxels, as macro-scale pattern separation.
The assumption of pattern similarity analyses is that particular
patterns of activity across voxels correspond to particular stimuli,
shaped by the contexts in which they are embedded (Kriegeskorte et al.,
2008; Kriegeskorte and Kievit, 2013). These contexts can be deﬁned by
many factors, including temporal and spatial features, perceptual features, goals, memory states, and others. Therefore, the degree of similarity between fMRI patterns corresponding to diﬀerent stimuli should
be informative about the underlying computations. We note that these
types of analyses diﬀer from univariate analyses, which focus on the
degree of activation rather than the pattern of activation across a population of voxels.
While the present review is focused on the information carried in
multi-voxel representations in the hippocampus, repetition suppression or
fMRI adaptation is another method used to measure representational
overlap. Repetition suppression relies on the reduction or plateauing of
neural response following the second presentation of the same stimulus
(Barron et al., 2016; Grill-Spector et al., 2006; Krekelberg et al., 2006;
Larsson et al., 2015). This measure has been reviewed in detail previously (Barron et al., 2016). Pattern similarity measures and repetition
suppression were found to be correlated (Drucker and Aguirre, 2009;
Sapountzis et al., 2010), but it has been argued that measures of representational similarity are particularly well-suited for regions with
columnar organization (Barron et al., 2016). Repetition suppression
and pattern similarity analyses can therefore be thought of as complementary, but not interchangeable. Importantly, repetition suppression does not only operate at the level of single repeated stimuli but can
also reveal overlapping neural codes for related stimuli, such as competing activated memories (Barron et al., 2013), non-spatial associative
networks of stimuli (Garvert et al., 2017), and may operate at diﬀerent
timescales which reﬂect diﬀerent cognitive processes (Epstein et al.,
2008).
Studies where both repetition suppression and pattern similarity
analyses were applied to the same dataset have revealed partial
agreement but also evidence of dissociations between the two methods
(Epstein and Morgan, 2012; Ward et al., 2013). Speciﬁcally, multivariate approaches are believed to reﬂect coarser topographical organization, whereas repetition suppression reﬂects the tuning of individual neurons or cortical columns (Drucker and Aguirre, 2009;
Epstein and Morgan, 2012; Hatﬁeld et al., 2016). In one of these studies, pattern similarity in several cortical regions across stimulus repetitions predicted subsequent explicit memory, whereas repetition
suppression related to implicit repetition priming (Ward et al., 2013).
These studies, however, did not focus on the hippocampus in ROIanalyses and found no evidence of hippocampal clusters in whole-volume searchlight analyses, highlighting the importance of direct comparisons between repetition suppression and pattern similarity analyses
for hippocampus-dependent tasks.
Representational similarity and repetition suppression also diﬀer in

2. Which patterns are being compared and how is pattern overlap
interpreted?
An important distinction that exists in studies of hippocampal activity patterns is whether patterns are compared across multiple instances of the same stimulus, or across multiple related, but diﬀerent,
stimuli (Fig. 1A). In this review, within-stimulus similarity refers to
comparing the pattern of activity corresponding to a single stimulus at
multiple instances, or across encoding and retrieval (Fig. 1B; red circles
in Fig. 3). In contrast, across-stimulus similarity refers to comparing
3
Review procedure: To ﬁnd papers pertaining to hippocampal pattern similarity, we searched the PubMed database in December 2018 using the search
terms [“hippocampus” AND “similarity”] and [“hippocampus” and “dissimilarity”]. Initial searches yielded 711 papers. Two independent raters (I.B. and
J.R.) screened these papers based on their titles and abstracts for empirical
papers using human participants that employed pattern similarity analyses including the hippocampus. We included any papers identiﬁed as potentially
relevant by either of the raters. This round of screening led to a list of 77 papers.
We conducted a second round of screening based on full texts. We screened the
papers for empirical studies employing human participants, fMRI methods, and
multivariate voxel-wise pattern analyses featuring a hippocampal region of
interest (ROI) or searchlight analyses that included the hippocampus. While
many of the studies reviewed included analyses of pattern similarity (i.e. representational similarity analysis, RSA), others used multivariate classiﬁcation
techniques (i.e. multi-voxel pattern analysis, MVPA). In cases of MVPA, successful classiﬁcation of an item or category suggests that the instances of this
item/category had similar patterns, allowing for accurate classiﬁcation, and
therefore we interpret these results to mean higher similarity within successfully-classiﬁed categories. Based on the second round of screening, and the
inclusion of additional papers found in the reference sections and subsequent
searches (last updated in May 2020), our ﬁnal list included 104 relevant papers
(Fig. 3A).
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does not diﬀer between conditions. The range of raw similarity values
also diﬀers between experiments, but the interpretation of the relative
values is the same across studies.
In each section, we provide a representative study to illustrate each
type of ﬁnding.
3. Consistency of within-stimulus representations with repetition
A ﬁnding of increased similarity for repeated presentations of the
same stimulus, relative to other stimuli, demonstrates that repeated
instances of a single stimulus can be consistent in their hippocampal
patterns of activity. This suggests that there are stable stimulus-speciﬁc
representations in the hippocampus, and that these stimulus-speciﬁc
patterns can be reinstated. The fact that reinstatement can be observed
across multiple timepoints suggests that pattern diﬀerentiation is not so
extreme that changing temporal context would lead to unrelated patterns of representation for the same item. The timescale at which patterns might be transformed or overwritten has been discussed previously (Frankland and Bontempi, 2005; Moscovitch et al., 2016;
Richards and Frankland, 2017; Sekeres et al., 2018; Winocur and
Moscovitch, 2011) and will not be a focus of the present review.
Several studies provide evidence for within-stimulus similarity in
the hippocampus by demonstrating increased similarity between encoding and/or retrieval patterns corresponding to associations between
images of objects and/or scenes (Alm et al., 2018; Backus et al., 2016;
Jonker et al., 2018; Lee et al., 2018; Liang and Preston, 2017; Mack and
Preston, 2016; Tompary et al., 2016; Tompary and Davachi, 2017)
(Fig. 3B). One such representative study examined encoding-retrieval
similarity object pairs, splitting them according to whether the entire
pair was subsequently remembered or not (Tompary et al., 2016). The
results suggested that subsequently remembered pairs had signiﬁcantly
higher within-stimulus (encoding-retrieval) similarity than forgotten
ones. Interestingly, even single visually similar images of scenes evoked
within-stimulus similarity making it possible to use brain activity patterns to correctly classify scenes judged by participants as identical to
one another (Bonnici et al., 2012a,b). In separate studies, patterns
evoked by individual scenes could reliably be diﬀerentiated (Fandakova
et al., 2019) and participants’ memory could be predicted by scenespeciﬁc encoding patterns (Lee et al., 2013). Other studies have shown
evidence for increased hippocampal similarity between repeated instances of stimuli that include speciﬁc spatial and temporal contexts
(Hassabis et al., 2009; Hsieh et al., 2014; Kalm et al., 2013; Kok and
Turk-Browne, 2018; Libby et al., 2014; Thavabalasingam et al., 2018).
Studies using more complex stimuli including ﬁlm clips, person-sceneobject associations and real autobiographical memories also report increased within-stimulus similarity in the hippocampus (Bonnici et al.,
2012c, 2013; Bonnici and Maguire, 2018; Chadwick et al., 2010, 2011;
Oedekoven et al., 2017; St-Laurent et al., 2014, 2015; van den Honert
et al., 2017).
Of the studies listed above, three reported correlations with behaviour (Fandakova et al., 2019; Thavabalasingam et al., 2018; Tompary
et al., 2016). Greater within-stimulus pattern similarity was related to
greater recall accuracy (Fandakova et al., 2019; Tompary et al., 2016),
and memory for their duration and order (Thavabalasingam et al.,
2018). In one study, correctly, but not incorrectly, recalled images were
accurately classiﬁed (Liang and Preston, 2017). In several other studies,
no correlations with behaviour were reported, but the representational
similarity analyses were weighted by recall vividness (St-Laurent et al.,
2014, 2015) or richness (Oedekoven et al., 2017).
Taken together, these studies support the notion of diﬀerentiated
stimulus-level representations in the hippocampus that can be distinguished from one another based on higher similarity values for the
same stimulus relative to other stimuli (see Fig. 1B). In the few studies
to examine within-stimulus similarity in hippocampal subﬁelds, similarity was found across multiple subﬁelds including subiculum, CA1,
and CA2/3/DG (Bonnici et al., 2012b; Bonnici et al., 2013; Tompary

Fig. 3. Dot matrix representing the A) total number of papers in each category
and B) pattern similarity ﬁndings within each category. The majority of these
papers reported an increase in pattern similarity between related stimuli relative to either unrelated stimuli or an otherwise-deﬁned study-speciﬁc baseline. The half-circles represent papers in which ﬁndings were mixed (for example, some ﬁndings reﬂected no change in similarity and others reﬂected an
increase).

patterns of activity corresponding to multiple stimuli, usually computed
between distinct stimuli that share a common feature such as a shared
context, semantic category or memory outcome (Fig. 1C; green circles
in Fig. 3). Findings of increased pattern similarity have very diﬀerent
implications for theories of hippocampal function depending on whether a relative increase is found within or across stimuli (Fig. 3). Here,
we use the term “stimulus” to refer to a single encounter (i.e. trial) with
a distinct stimulus or event, but these may be complex and associative
in nature, such as word-picture pairs, items in a spatial/temporal context, ﬁlm clips, or everyday episodes. Thus, within-stimulus similarity
may refer to multiple encoding instances of a word-picture association,
a repeatedly navigated route, or an episodic event. Within-stimulus
similarity is also frequently computed between encoding and retrieval
of the same stimulus (Fig. 1B). In contrast, across-stimulus similarity
may be computed between a class of stimuli associated with a common
context, such as words or images associated with a shared spatial
context, events within the same narrative context, or even across sets of
remembered or forgotten stimuli (Fig. 1C).
It is important to note that throughout this review we interpret
“similarity” in terms of assessing relative increases and decreases in similarity, rather than in terms of a comparison to a true numerical value
of zero. In the case of across-stimulus comparisons, increased similarity,
for example, would reﬂect greater similarity between stimuli belonging
to a particular category, relative to those belonging to a diﬀerent category. In the case of within-stimulus comparisons, increased similarity,
for example, would reﬂect higher encoding-retrieval pattern similarity
for remembered but not forgotten items. The observation of ‘null’ effects does not imply that the raw correlation between individual patterns is zero, but rather that the correlation between patterns of interest
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4.1. Integrated representations: increased across-stimulus similarity

et al., 2016). It is noteworthy that most studies reporting within-stimulus similarity employed complex items, such as multi-element associations between visual stimuli, stimuli embedded within speciﬁc
spatial/temporal contexts, and complex episodic events such as ﬁlm
clips or autobiographical memories. In contrast to the evidence reviewed above, one study showed that the ﬁrst and second presentation
of an object could be distinguished based on hippocampal patterns,
suggesting that stimulus-level hippocampal representations may not be
completely stable with repetition and that diﬀerentiation may occur at
the level of unique encounters even with identical stimuli (Manelis
et al., 2011). More research is needed to provide further evidence for
this possibility.
Five studies reported no within-stimulus similarity in the hippocampus (Ferreira et al., 2019; Robin et al., 2018; Staresina et al., 2012;
Wang et al., 2018; Xiao et al., 2017; Fig. 3B). Most of these studies used
word cues to elicit memory for associations (with scenes, other words,
or imagined events), raising the possibility that hippocampal reinstatement partly depends on stimulus type, with verbal cues les;s
likely to show evidence for stimulus-level reinstatement. We note that
by including the term hippocampus in the search methodology for this
review, the papers reviewed may over-represent the number of positive
hippocampal results, and under-represent the number of null ﬁndings of
within-stimulus similarity in the hippocampus.
The majority of these ﬁndings suggest that unique stimuli and their
features are maintained as distinct hippocampal representations.
However, this does not necessarily constitute evidence as to whether
stimulus-speciﬁc representations can be diﬀerentiated from one another. Evidence of within-stimulus similarity is not informative about
how that stimulus is represented relative to other stimuli with shared
content. If stimulus-level representations must be diﬀerentiable from
other stimuli despite shared aspects, they should elicit decreased similarity values relative to stimuli with no shared aspects. In contrast, if
stimulus-level representations are linked by virtue of shared content,
we would expect increased similarity values when related stimuli are
compared.

The majority of the papers in this review provided evidence for
increased similarity between hippocampal patterns of activity for related stimuli (Fig. 3B). A major factor leading to across-stimulus similarity appeared to be common spatial content, including those in which
stimuli were associated with a common spatial context, scene, location
or direction in space (Kim et al., 2017; Kim and Maguire, 2018; Kyle
et al., 2015a,b; Libby et al., 2014; Ritchey et al., 2015; Robin et al.,
2018; Stokes et al., 2015; Sulpizio et al., 2014; Tompary and Davachi,
2017; Wagner et al., 2016; Xiao et al., 2017). Another common aspect
was shared temporal context or temporal proximity of stimuli (Ezzyat
and Davachi, 2014; Hsieh et al., 2014; Kyle et al., 2015a, b; Schapiro
et al., 2012, 2016). Some studies reported that the unique combination
of temporal and spatial context, or more complex forms of event or
associative context, drove increased similarity between stimuli in
memory (Deuker et al., 2016; Dimsdale-Zucker et al., 2018; Hannula
et al., 2013; Jiang et al., 2015; Libby et al., 2019; Milivojevic et al.,
2015, 2016; Nielson et al., 2015; Schlichting et al., 2015). These studies
suggest that while the hippocampus may have unique patterns of activity corresponding to stimuli, those with shared content (especially
temporal and spatial) have some overlap in their neural representation.
Such ﬁndings support the conclusion that the hippocampus plays a role
in representing forms of context in its patterns of neural activity.
Across-stimulus similarity in the hippocampus, however, is not
limited to stimuli with a common spatial-temporal context. Several
studies report evidence for increased hippocampal similarity between
stimuli that share more abstract elements or processes, such as attentional state, reward status, or emotional state, relative to stimuli that do
not (2016a; Cordova et al., 2019; Mack et al., 2016; Wagner et al.,
2020; Wolosin et al., 2013; Zeithamova et al., 2018) (Fig. 3B). In one
such representative study, participants viewed paintings and were instructed to pay attention to either the room the painting was in or the
art style of the painting (Aly and Turk-Browne, 2016a). Higher hippocampal pattern similarity was observed for paintings encoded in the
same attentional state, relative to those encoded in diﬀerent attentional
states. These results suggest that similar contexts, even those determined purely by the current experimental task, drive similarity between otherwise equally related stimuli (paintings). In addition, there is
evidence from a number of studies that items with a common memory
outcome (e.g. recollected vs. familiar, remembered vs. forgotten, high
vs. low vividness) have increased across-item similarity (Dandolo and
Schwabe, 2018; Doxey et al., 2018; Kirwan et al., 2014; Kragel and
Polyn, 2016; Rissman et al., 2016; Schlichting et al., 2014; Thakral
et al., 2020; Uncapher et al., 2015; van den Honert et al., 2016; van
Dongen et al., 2016; Wagner et al., 2016). These results in particular
seem to be at odds with studies reported above showing decreased similarity between related items over the course of learning, an issue to
which we will return below. Finally, a number of studies also report
that stimuli with common semantic and visual features show increased
similarity of hippocampal patterns (Blumenthal et al., 2018; Boccia
et al., 2019; Huﬀman and Stark, 2014; Kuhl et al., 2012; Liang et al.,
2012; Wagner et al., 2016; Xiao et al., 2016), suggesting that even
properties of solitary stimuli might lead to similarities in the hippocampal neural representations corresponding to those stimuli.
Of the papers reporting increased across-stimulus similarity, eight
reported correlations showing that behavioural performance scaled
with the extent of pattern similarity (Alm et al., 2018; Aly and TurkBrowne, 2016a; Hsieh et al., 2014; Kyle et al., 2015b; Libby et al., 2014;
Schlichting et al., 2014; Wolosin et al., 2013; Zeithamova et al., 2018).
For example, greater pattern similarity was associated with sequence
memory (Hsieh et al., 2014), the ability to recall competing spatial
contexts (Kyle et al., 2015b), recognition of stimuli bound to diﬀerent
contexts (Libby et al., 2014) or associates (Schlichting et al., 2014),
reward value (Wolosin et al., 2013; Zeithamova et al., 2018), and the
ability to retrieve task features accurately depending on attentional

4. Flexibility of across-stimulus representations
When examining across-stimulus similarity, that is, patterns of representation corresponding to distinct but related stimuli, there are
three possible predictions with diﬀerent implications for hippocampal
mechanisms (Fig. 1C). The simplest view to take when comparing
across stimulus-level fMRI patterns is that they are a linear combination
of their constituent parts. For example, if two events are paired with the
same city (Fig. 1A), the two corresponding representations should both
carry the same amount of ‘city’ information, and the remaining unexplained pattern corresponds to the speciﬁcs of each event. This process would produce increased similarity between stimulus-level representations, because each event-city pairing would require a
representation only partially overlapping with other event-city pairings
(integration). Such a ﬁnding would suggest that the hippocampus plays
a role in representing the integration of distinct events by virtue of
overlapping content. A second possibility is that that the speciﬁc eventcity bindings would correspond to new, independent representations,
speciﬁc to only that particular event-city combination. Thus, distinct
but related stimuli might have unrelated patterns of hippocampal representation, consistent with sparse coding (orthogonalization – no
shared similarity). The third possibility is that related items have decreased similarity to one another compared with unrelated items, indicating not just a lack of a relationship between related stimuli but
repulsion (diﬀerentiation; Duncan and Schlichting, 2018). Diﬀerentiated memory traces may facilitate the separation of related stimuli
and reduce interference between them to promote learning of individual items. We review evidence for each of these three types of
ﬁndings in turn and provide an illustrative example for each type.
200
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and functional connectivity patterns (Conroy et al., 2013; Guntupalli
et al., 2016; Haxby et al., 2011; Koch et al., 2020). Across-participant
representations were found to be aligned while participants followed
the same narrative (Hasson, 2004; Hasson et al., 2010) and even when
they recalled it (Chen et al., 2017; Heusser et al., 2018). This correspondence in evoked patterns was found to be schema-dependent in the
medial prefrontal cortex (Baldassano et al., 2018) and segmented by
event boundaries (Baldassano et al., 2017). Interestingly, none of these
studies reported evidence of across-participant pattern similarity in the
hippocampus, but rather in a network of regions consisting of the
medial prefrontal and posterior cingulate cortices. The absence of such
a hippocampal eﬀect suggests that hippocampal codes are participantunique, and shared experience may be dependent on cortical modulation, activation of schemas, and anticipation of upcoming events. It may
also be that due to the nature of the method, which has relied exclusively on temporally-extended, naturalistic stimuli, hippocampal
contributions are less crucial (Zuo et al., 2020), compared to explicit
encoding and retrieval. From a methodological standpoint, it is also
worth noting that the medial temporal lobes, especially anterior and
ventral aspects, tend to have lower signal-to-noise ratio than many
cortical regions. Segmenting the hippocampus into subﬁelds results in
further signal reduction (Hrybouski et al., 2019; Nau, 2020). The resulting increase in noise may obscure any eﬀects that might otherwise
be present in the hippocampus. However, signal could be boosted by
only averaging over regions that respond similarly – if subﬁeld-speciﬁc
eﬀects are present, averaging across the entire hippocampus could reduce signals associated with eﬀects of interest.

state (Aly and Turk-Browne, 2016a). Interestingly, one study reported a
beneﬁt of similarity during delayed retrieval, but dissimilarity during
encoding, suggesting that diﬀerent mnemonic demands may diﬀerentially beneﬁt from pattern (dis-)similarity (Alm et al., 2018). Another
study reported that only memories successfully retrieved after a delay
showed a signiﬁcant negative relationship between stimulus-speciﬁc
encoding-retrieval similarity and similarity among stimuli at retrieval
(Tompary and Davachi, 2017). Several other studies reported results
split according to categorical behavioural measures, again consistently
highlighting an eﬀect of higher pattern similarity. Stimuli judged as
closer together in time tended to have higher pattern similarity (Deuker
et al., 2016; Ezzyat and Davachi, 2014; Kyle et al., 2015b; Nielson et al.,
2015; Schapiro et al., 2013), although in one case, stimuli judged as
close in space were found to have lower pattern similarity (Kyle et al.,
2015a).
Evidence pertaining to subﬁeld speciﬁcity for across-stimulus similarity is mixed, but broadly consistent with a role for CA1 in integration. Several of the studies examining hippocampal subﬁelds found
comparable increases in pattern similarity in all subﬁelds (Aly and
Turk-Browne, 2016b; Schapiro et al., 2016; Wolosin et al., 2013). One
study reported more distinctive coding for diﬀerent spatial environments in CA3/DG compared to CA1 (Kyle et al., 2015a). Three studies
investigating navigation in 3D virtual environments reported that the
subiculum speciﬁcally coded for similar heading directions (Chadwick
et al., 2015; Kim and Maguire, 2018; Shine et al., 2019), and in one
case, the amount of heading information in the entorhinal-subicular
region related to participants’ performance (Chadwick et al., 2015). The
CA1 was implicated in integrating across unrelated stimuli linked by a
common stimulus (Schlichting et al., 2014), consistent with its proposed role in comparing current inputs with stored, related representations (Chen et al., 2015; Duncan et al., 2012; Olsen et al.,
2012). Another study found increased similarity in CA1 and subiculum
when participants compared temporal relations compared to a non-relational task (Cordova et al., 2019), suggesting these regions may be
involved preferentially in coding temporal information. Because relatively few studies have suﬃcient spatial resolution to examine subﬁelds, and because many studies collapse across DG, CA2 and CA3,
future high-resolution investigations are needed to resolve the conditions under which similar vs. dissimilar coding in hippocampal subﬁelds can be observed.
The majority of studies examining the hippocampal long axis provide evidence of pattern similarity in the anterior, compared to the
posterior hippocampus, consistent with the notion that the anterior
hippocampus represents global contexts and integrates across individual stimuli. Anterior hippocampal patterns tended to be more similar for stimuli with shared spatial contexts than those with nonshared contexts (Hannula et al., 2013; Kim et al., 2017; Libby et al.,
2014, 2019; Ritchey et al., 2015; Wagner et al., 2016). More broadly,
the anterior hippocampus represented spatiotemporal distances between items or events (Deuker et al., 2016; Nielson et al., 2015), even
conceptual distances based on abstract dimensions, and was also found
to represent the updating of conceptual knowledge and formation of
associations (Mack et al., 2016; Schlichting et al., 2015; Theves et al.,
2019). One study found evidence for representation of more abstract,
integrative associations in the anterior hippocampus, and simpler associations in the posterior hippocampus (Collin et al., 2015). Interestingly, the opposite pattern has also been reported in two studies which
found greater similarity for stimuli with shared spatial contexts in the
posterior, relative to anterior, hippocampus (Robin et al., 2018;
Tompary and Davachi, 2017). One study also reported greater similarity for exemplars from the same category in the posterior, relative to
anterior, hippocampus (Dandolo and Schwabe, 2018).
Recent studies have leveraged the observation that similar clusters
in the brain represent stimuli in a similar manner across participants to
derive across-participant measures of representational similarity. Such
approaches include inter-subject alignment based on representational

4.2. Orthogonal representations: no diﬀerence in across-stimulus similarity
In contrast to the studies reviewed above, a number of studies reported no diﬀerence in similarity between related stimuli relative to
unrelated stimuli, or chance-level classiﬁcation (Ferreira et al., 2019;
Huﬀman and Stark, 2017; Kafkas et al., 2017; Kluen et al., 2019;
LaRocque et al., 2013; Lee et al., 2018; Liuzzi et al., 2019; Martin et al.,
2013; Morgan et al., 2011; Raykov et al., 2020; Ren et al., 2020; Robin
et al., 2018; Senoussi et al., 2016; van den Honert et al., 2017) (Fig. 3B,
open green circles). Many of these studies involved classiﬁcation of
visual/semantic categories of images, including faces, objects, and
scenes, and failed to ﬁnd reliable diﬀerentiation of these categories
based on hippocampal patterns of activity. This pattern of hippocampal
results often contrasts with ﬁndings from nearby neocortical regions
which show stimulus speciﬁcity (Liang et al., 2012; LaRocque et al.,
2013; Martin et al., 2013). Despite not ﬁnding any changes in representational similarity overall, one study reported a signiﬁcant negative correlation between memory for individual faces, scenes, and
objects and representational overlap in the hippocampus, suggesting
that lower similarity was beneﬁcial to memory for individual stimuli
(LaRocque et al., 2013).
While it is diﬃcult to draw conclusions based on null ﬁndings, this
lack of similarity between categories of stimuli is predicted by pattern
separation accounts of hippocampal function. If related items are encoded by sparse, diﬀerentiated patterns of activity, we predict no increase in similarity between two exemplars of a given category (e.g. two
human faces) compared with exemplars from diﬀerent categories (e.g. a
face and an object). A representative example of this pattern of ﬁndings
was observed in a study which reported no diﬀerence in hippocampal
similarity between stimuli belonging to the same category, relative to
those belonging to diﬀerent categories (LaRocque et al., 2013). Despite
the null eﬀect of category overall, however, greater dissimilarity between a particular stimulus and other stimuli in the same category was
predictive of better memory. These results support the notion that
hippocampal representations are orthogonal, and that greater diﬀerentiation may support the ability to recall them. An alternative interpretation is that the hippocampus is not sensitive to these categories of
stimuli, and therefore does not have discernible representations at the
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participants connected previously unrelated story elements in the posterior, but not anterior, hippocampus (Milivojevic et al., 2015). Two
studies using searchlight analyses investigating learning-related pattern
diﬀerentiation found posterior hippocampal clusters (Berens et al.,
2018; Schlichting et al., 2015). While the evidence is still preliminary,
these studies suggest that the posterior hippocampus shows a lower
degree of similarity between related items relative to the anterior hippocampus. The conditions under which anterior vs. posterior hippocampal representations diverge should continue to be investigated in
future experiments.

stimulus or category level. Again, we note that our search procedure
likely underrepresented the number of studies with null ﬁndings in the
hippocampus so we highlight the studies above as a sample of studies
demonstrating a lack of similarity between representations in the hippocampus.
4.3. Diﬀerentiated representations: decreased across-stimulus similarity
Finally, a number of papers have also demonstrated decreased similarity between related stimuli in the hippocampus, consistent with a
diﬀerentiation account of hippocampal patterns (Berens et al., 2018;
Chanales et al., 2017; Copara et al., 2014; Dimsdale-Zucker et al., 2018;
Ezzyat et al., 2018; Favila et al., 2016; Hulbert and Norman, 2014;
Jenkins and Ranganath, 2016; Koolschijn et al., 2019; Kyle et al.,
2015b; LaRocque et al., 2013; Schlichting et al., 2015; Wing et al.,
2020) (Fig. 3B, darker green circles). The majority of studies showing a
relative decrease in similarity involved stimuli with large degrees of
overlap in content or context. These studies included stimuli that share
temporal or spatial context such as overlapping routes, room sequences,
or object sequences, all showing decreased representational similarity
compared to unrelated stimuli (Chanales et al., 2017; Dimsdale-Zucker
et al., 2018; Jenkins and Ranganath, 2016; Kyle et al., 2015a). Even
more abstract sets of related associations, such as multiple objects with
overlapping associations, have shown decreased similarity relative to
baseline measures (Ezzyat et al., 2018; Favila et al., 2016; Hulbert and
Norman, 2014; LaRocque et al., 2013; Schlichting et al., 2015). Studies
reported that participants with greater learning-related pattern diﬀerentiation showed greater improvements in behavioural discrimination
(Hulbert and Norman, 2014), and another study showed a similar nonsigniﬁcant trend at delayed recall (Ezzyat et al., 2018). Three studies
also provided evidence that pattern dissimilarity predicted memory for
event order (Jenkins and Ranganath, 2016), knowledge structure
(Koolschijn et al., 2019) and model-weighted novel learning (Berens
et al., 2018).
This collection of results suggests that learning stimuli with a high
degree of overlap in their episodic content and context leads to diﬀerentiation of neural patterns in the hippocampus. Several of these studies
reported an increase in pattern diﬀerentiation over time, including reconﬁguration related to changes in the learned relational structure
(Koolschijn et al., 2019), overnight (Ezzyat et al., 2018), and over the
course of learning (Berens et al., 2018; Chanales et al., 2017; Favila
et al., 2016; Hulbert and Norman, 2014). In one such representative
study, experimenters used pairs of similar scenes. The scenes belonging
to each pair were then presented to participants alongside the same
face, or diﬀerent faces. After learning these associations, hippocampal
patterns for scenes paired with the same face were signiﬁcantly less
similar to one another, relative to those for scenes paired with diﬀerent
faces (Favila et al., 2016). This evidence further supports the notion
that hippocampal dissimilarity is related to learning and reducing interference between related stimuli. In the three studies in this subset
that examined hippocampal subﬁelds, all found evidence for diﬀerentiation in regions including CA2/3/DG (Copara et al., 2014;
Dimsdale-Zucker et al., 2018; Kyle et al., 2015b), though in one study
the cluster of interest also overlapped with the subiculum and CA1
(Kyle et al., 2015b). These ﬁndings are consistent with a specialized
role for DG in pattern separation, as predicted by anatomical models. In
some cases, both relative decreases and increases in similarity can be
observed, depending on the subﬁeld. For example, one study found that
stimuli with shared spatial context were represented more similarly in
CA1, but were diﬀerentiated in CA2/3/DG (Dimsdale-Zucker et al.,
2018).
Few studies have systematically examined hippocampal pattern
diﬀerentiation along its anteroposterior axis. One study reported that
both same-day and overnight pattern diﬀerentiation was greater in the
anterior, compared to the posterior hippocampus (Ezzyat et al., 2018).
Another study reported a signiﬁcant decrease in pattern similarity after

5. Reconciling pattern similarity ﬁndings
The evidence compiled here suggests that perceiving and remembering related items can result in both higher and lower hippocampal pattern similarity. While task-speciﬁc aspects and diﬀerent
hippocampal subregions undoubtedly contributed to the variability in
results, it is possible that integrated/diﬀerentiated representations
could be uncovered in the same studies if diﬀerent behavioural outcomes were optimal. When examining within-stimulus similarity values,
a clear pattern of ﬁndings emerged: most of the studies we examined
found evidence for the reinstatement of encoding patterns associated
with speciﬁc stimuli at retrieval. Similarity values for the same item at
encoding vs. retrieval tended to be signiﬁcantly greater than the similarity between the same item at encoding vs. other items at retrieval.
Stability of single-stimulus representations is beneﬁcial because it
would imply processing eﬃciency: the recruitment of the same neural
population for the same stimulus suggests that it was successfully encoded and not perceived as novel on the second presentation. This
conclusion is supported by several studies which found that greater
encoding-retrieval similarity was related to better memory performance
(Alm et al., 2018; Tompary et al., 2016; Tompary and Davachi, 2017).
That said, stable single-stimulus representations may not be detectable
in the hippocampus for all types of stimuli, particularly if the task is not
associative (LaRocque et al., 2013; Staresina et al., 2012).
Most of the studies examining pattern similarity across stimuli have
reported increased pattern similarity among stimuli with shared content, such as spatial, temporal, encoding context, relative to stimuli
with no shared content. Many of these studies have also reported that
higher across-stimulus pattern similarity was associated with better
memory performance (Aly and Turk-Browne, 2016a; Kuhl et al., 2012;
Schlichting et al., 2014; Zeithamova et al., 2018), suggesting that
higher similarity was advantageous in the speciﬁc tasks used. Another
group of studies, however, has reported lower across-item pattern similarity for stimuli with overlapping content. Many of these studies
reported that better behavioural performance was associated with
lower pattern similarity (Favila et al., 2016; Hulbert and Norman, 2014;
LaRocque et al., 2013). Interestingly, many studies reporting both
higher and lower across-stimulus pattern similarity used, on the surface
level, similar paradigms, including repetitive presentations of the same
stimuli.
An important open question, therefore, concerns the conditions
under which stimuli show a relative increase or decrease in similarity.
We will discuss these conditions in turn below, but we would like to
acknowledge a baseline degree of noise in fMRI data and studies with
small samples (which is the case in a majority of fMRI studies published
to date), so no explanation will fully account for every study published
in the ﬁeld. We would also like to note that in the approximately 100
studies we reviewed, no two studies had identical fMRI acquisition and
preprocessing parameters. We do not aim to critique any acquisition or
preprocessing schemes because parameters at both of these steps are
tailored to the experimental question, but diﬀerent temporal and spatial
resolutions of the datasets may have contributed to discrepancies in the
observed results.
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6. What determines whether representations are integrated or
not?

fMRI.
6.2. How stable are hippocampal representations over time?

The studies reporting increased and decreased similarity between
related stimuli may seem to oﬀer competing evidence for the nature of
hippocampal representations. Despite the broad range of paradigms and
analytic parameters, we propose that ﬁndings of increased and decreased similarity in the hippocampus may in fact be complementary,
and vary based on several key factors. These factors include the degree
of similarity between the stimuli, the goal of the experimental task, the
amount of time since learning and degree of experience with the stimuli, and the anatomical subregion of the hippocampus.

An outstanding question is how stable within- or across-stimulus
representations are over longer periods of time. One study found that
only object-scene pairs that were remembered after a 1-week period,
but not those that were forgotten, showed encoding-retrieval similarity
(Tompary and Davachi, 2017). Another study reported successful
classiﬁcation of diﬀerent highly memorable autobiographical memories
years after they were ﬁrst encoded (Bonnici et al., 2012a; Bonnici and
Maguire, 2018). The stability of patterns corresponding to diﬀerent
memories over the years is diﬃcult to establish because the precise
localization of individual voxels over multiple years may be impossible,
but these data suggest that even if the patterns corresponding to different memories are transformed to an extent, they remain diﬀerentiated.
Items that share no content tend to show no similarity at any time
point (Dandolo and Schwabe, 2018). Studies that investigated stimuli
with shared content reported both decreases and increases in similarity
over time. Decreases in similarity were observed over the course of
learning within the experiment (Berens et al., 2018; Chanales et al.,
2017) and overnight (Ezzyat et al., 2018; Ritchey et al., 2015), and
increases were observed after a week (Tompary and Davachi, 2017).
Thus, there may be a trade-oﬀ between decreasing similarity over the
course of learning distinct representations, but increases over longer
timescales as memories become more generalized. Behavioural ﬁndings
seem to support this trade-oﬀ, with some studies showing increased
diﬀerentiation relating to better behavioural performance during
learning, and others showing increased similarity relating to better
memory performance at retrieval. Thus, it is possible that diﬀerentiation is initially advantageous when encoding partially overlapping stimuli, but that over time the similarities between stimuli are represented, perhaps reﬂecting transformation of representations with
time (Robin and Moscovitch, 2017; Winocur and Moscovitch, 2011;
Sekeres et al., 2018). Future studies are needed to examine hippocampal representations at diﬀerent degrees of remoteness.
A related question concerns the relationship between the dynamics
during ongoing processing and patterns evoked when retrieving the
formed memories. A recent study suggests that more dissimilarity in
hippocampal voxelwise timecourses while participants were navigating
to a familiar goal was related to a more eﬃcient navigational strategy
(Brunec, Bellana et al., 2018). Hippocampal patterns corresponding to
overlapping routes were found to diverge over the course of experience
(Chanales et al., 2017). Similarly, divergence between stimulus-level
patterns over the course of learning was found to correspond to an efﬁcient learning model (Berens et al., 2018) and to better behavioural
performance (Hulbert and Norman, 2014). However, patterns of similarity (and dissimilarity) during ongoing processing may be unrelated
to patterns at delayed testing. It is possible, for example, that some tasks
elicit similarity between related stimuli during learning, but that these
patterns diverge over time (or vice versa). It would be important to
relate moment-to-moment dynamics during encoding to pattern similarity at retrieval to establish whether speciﬁc activation states support
better encoding or inﬂuence the way memories are formed.
The degree of overlap between pre-encoding and encoding timepoints predicts later memory (Sadeh et al., 2019), suggesting that
greater stability of neural patterns during encoding may enable more
integration. Further, the persistence and reactivation of patterns across
rest predicted later memory performance (Gruber et al., 2016; Schapiro
et al., 2018; Schuck and Niv, 2019; Tambini and Davachi, 2013). Along
similar lines, an intracranial EEG study reported that the speed at which
participants were able to name pictures following sentences was predicted by the degree of pattern overlap in hippocampal ﬁeld potentials
between the sentence and picture intervals (Jafarpour et al., 2017).
We would like to note that we intentionally focused only on studies

6.1. How do task factors shape hippocampal representations?
What factors determine whether stimulus representations are similar
(integrated)? Increased across-stimulus similarity between stimuli with
the same context relative to diﬀerent contexts suggests that the representations of individual stimuli include contextual information. It is
possible that diﬀerent types of context diﬀerentially bias towards integration vs. diﬀerentiation. For example, relating multiple stimuli to
the same spatial context is an eﬃcient manner of relating overlapping
mnemonic representations and integrating them (Copara et al., 2014;
Kyle et al., 2015b; Libby et al., 2014, 2019; Tompary and Davachi,
2017). Similarly, linking stimuli in time may give rise to memory for
temporal context and the ability to judge the order of events (DuBrow
and Davachi, 2014; Ezzyat and Davachi, 2014; Hsieh et al., 2014),
especially for stimuli that share both temporal and spatial context
(Dimsdale-Zucker et al., 2018). In contrast, hippocampal pattern dissimilarity has been observed for similar scenes paired with the same
face (Favila et al., 2016). Integrating multiple stimuli linked to the same
spatiotemporal context may be advantageous because the scene can
activate a distributed representation (thinking of one restaurant can
activate all events that had occurred there). In contrast, diﬀerentiating
multiple presentations of the same face (person) may be advantageous
as it aﬀords higher memory speciﬁcity (similar experiences with the
same person). These same principles may apply more generally to the
diﬀering demands of other tasks, depending on whether it is advantageous to have integrated or distinct memory representations. Distinctiveness, however, can result from patterns that share no overlap (orthogonal), or that are dissimilar (diﬀerentiated).
What determines whether stimulus representations are unrelated (orthogonal) or dissimilar (diﬀerentiated)? While some studies found increased similarity, discussed above, others reported ‘null’ ﬁndings - no
evidence of increased or decreased similarity across stimuli with shared
content. There are two possibilities that could produce these results,
which are not mutually exclusive. First, it is possible that only stimuli
with a large degree of overlap need to be representationally repelled
(Hulbert and Norman, 2014; Ritvo et al., 2019). Second, it is possible
that dissimilarity is only measurable with fMRI for stimuli with a large
degree of overlap. With high degrees of stimulus overlap, the activity of
neurons supporting the representation of one stimulus should be decreased when a second, highly overlapping stimulus is encountered.
Stimuli with small degrees of overlap might be dissimilar but not detectable due to the resolution of fMRI, producing null ﬁndings.
It is important to note, however, that the correspondence between
hippocampal fMRI signal and local ﬁeld potentials measured by depth
electrodes is weak (Ekstrom, 2010; Ekstrom et al., 2009). While hippocampal activity patterns provide meaningful insight into cognition in
humans, as reviewed here, it is unclear how these patterns emerge from
hippocampal cellular ﬁring. Nonetheless, analogous representational
similarity analyses have been applied to recordings of single neurons in
rodents, providing a converging approach and evidence for contextspeciﬁc coding in electrophysiological data (McKenzie et al., 2014,
2016). Future investigations are needed to establish how responses of
single neurons translate into population-level responses measured by
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Fig. 4. The same experiences can be retrieved
in a ﬂexible manner. In some cases, integration
is beneﬁcial, as it enables us to extract the
generalities across experiences and shape our
future behaviour. Increased similarity would
be expected between all related experiences in
such cases as activation would spread from the
target event to related events. At other times,
the representation of speciﬁc instances is beneﬁcial, as it enables us to retrieve precise, detailed memories. In this case, increased similarity would be expected between elements of
the target experience (red nodes), while nonrelevant elements would be inhibited, resulting
in decreased similarity (blue nodes).

reporting hippocampal pattern similarity ﬁndings. Several researchers
have also reported on interactions between hippocampal univariate
activity and cortical voxelwise representations. These studies highlight
the key role of the link between hippocampal univariate responses and
cortical pattern changes in both novel memory formation and reactivation at retrieval (Cooper and Ritchey, 2020; Long et al., 2016;
Ritchey et al., 2013; St-Laurent et al., 2015). Reconciling the evidence
for univariate vs. multivariate hippocampal eﬀects, and further exploring hippocampal-cortical interactions, are key avenues for future
work in this ﬁeld.

2012; Olsen et al., 2012). One study found dissociable patterns in different subﬁelds such that CA1 had increased similarity and CA2/3/DG
had decreased similarity between closely related events (DimsdaleZucker et al., 2018). Most of the reviewed studies, however, did not
have suﬃcient resolution to examine diﬀerences in hippocampal subﬁelds and often collapsed across them. Based on the ﬁnding of opposite
patterns in diﬀerent subﬁelds, collapsing across these may result in null
ﬁndings in the hippocampus overall.

6.3. How do hippocampal representations diﬀer by subregion?

The hippocampal capacity to integrate and diﬀerentiate experiences
may be crucial to adaptive goal-directed behaviour. Diﬀerent situations
in our lives necessitate shifts between integrative and distinctive forms
of encoding and retrieval. For example, when driving along a familiar
street to a new goal, it would be adaptive to inhibit representations of
competing routes that encompass that same familiar street. Similarly,
when attempting to remember a friend’s most recent birthday party,
retrieving all birthday party memories would be detrimental, as it
would produce interference. In contrast, when a detour during navigation is necessary, retrieving an integrated representation of an entire
neighbourhood would be beneﬁcial, as would being able to draw on
multiple memories when planning a future birthday party. In the real
world, therefore, adaptive behaviour in diﬀerent situations might require varying degrees of similarity between hippocampal patterns
corresponding to related experiences (Fig. 4). Evidence for switches
between pattern reinstatement and separation depending on trial-wise
changes in task demands have been reported in high-frequency activity
measured by intracranial electrocorticography in humans (Lohnas
et al., 2018). These data provide converging conclusions with fMRI
ﬁndings and highlight the importance of considering what constitutes
an adaptive response at each point in time.
The notion that situation-speciﬁc goals can shape neural responses
is also consistent with a recent theoretical framework which highlights
the importance of distinguishing between the neurocomputational operations and the representational content that underlie a given cognitive process (Cowell et al., 2019). Evidence suggests that the hippocampus preferentially represents high-dimensional, complex associative
information, constructed from simpler, lower-dimensional single-item/
feature representations supported by cortical regions in the ventral visual stream and medial temporal lobe. This account could explain some
of the ‘null’ results discussed above (e.g. LaRocque et al., 2013; Martin
et al., 2013). In these studies, participants were presented with single

7. Hippocampal representations underlie ﬂexible memory use

Studies examining diﬀerences along the anteroposterior axis of the
hippocampus oﬀer more evidence for integration in the anterior relative to the posterior hippocampus. Integration was found based on
shared spatiotemporal content and more abstract association formation
(Collin et al., 2015; Deuker et al., 2016; Nielson et al., 2015; Ritchey
et al., 2015; Schlichting et al., 2014; Theves et al., 2019). These ﬁndings
suggest that the anterior hippocampus is involved in more generalized
or conceptual representations (Collin et al., 2017; Poppenk et al., 2013;
Robin and Moscovitch, 2017; Sheldon and Levine, 2016). Evidence
regarding the nature of representations in the posterior hippocampus is
less conclusive, but several studies reported evidence for diﬀerentiation
(Berens et al., 2018; Milivojevic et al., 2015; Schlichting et al., 2015).
These patterns are consistent with a recent study showing higher similarity between voxel patterns in the anterior relative to the posterior
hippocampus, suggesting that intrinsic hippocampal dynamics could
support this diﬀerence (Brunec, Bellana et al., 2018). Interestingly,
three studies have shown that after various delays, pattern similarity
tends to be higher in the posterior relative to the anterior hippocampus
(Dandolo and Schwabe, 2018; Ezzyat et al., 2018; Tompary and
Davachi, 2017), meriting further investigation into memory transformation along the long axis.
Consistent with theoretical predictions, a number of studies reported diﬀerentiation in regions including DG (Copara et al., 2014; Kyle
et al., 2015b), though these regions also included areas CA2/3 which
remain very diﬃcult to diﬀerentiate from DG in human neuroimaging
at 3 T (Olsen et al., 2019; Wisse et al., 2017; Yushkevich et al., 2015).
One high-resolution study reported successful decoding of highly similar lures in the DG (Berron et al., 2016). Some evidence points to a
role for CA1 in integration (Schlichting et al., 2014), consistent with its
hypothesized role as a comparator (Chen et al., 2015; Duncan et al.,
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objects with no associative demand, and thus task demands may not
have recruited hippocampal representations in the ﬁrst place. Importantly, the view presented in Cowell et al. (2019) holds that a brain
region’s representational content is dissociable from the operations
applied to it; the same operation (e.g., pattern completion) is recapitulated across the diﬀerent types of content represented throughout
the ventral visual stream and MTL. In the hippocampus, a pattern
completion operation applied to the high-dimensional associative representations enables the recollection of a complex episode when presented with a partial cue of that episode. Likewise, a pattern separation
operation applied at encoding would support diﬀerentiation of the
high-dimensional associative representations in the hippocampus.
Thus, depending on the optimal behavioural strategy in a given situation, the operations can switch ﬂexibly, but the underlying high-dimensional associative hippocampal representations to which these operations are applied remain the same.
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8. Conclusions
In this review, we discussed the ﬁndings from a wide range of studies reporting diﬀerential similarity and dissimilarity eﬀects in the
hippocampus relating to varied paradigms. To reconcile this diverse
body of research, future studies should test whether increases and decreases in similarity can both facilitate memory depending on diﬀerent
experimental parameters, such as stimulus characteristics, task demands, time of testing and precise hippocampal localization. This approach would also allow us to test intra-individual hippocampal pattern
ﬂexibility to determine if certain individuals are biased towards integration vs. diﬀerentiation, regardless of the task. More broadly, this
line of research would provide some insight into perhaps one of the
most critical issues regarding this ﬁeld of study: how the same realworld experience is represented depending on whether we are attempting to extract generalities or to draw on speciﬁc experiences.
Acknowledgments
At the time of article preparation, J.R. and I.K.B. were supported by
postdoctoral and doctoral awards, respectively, from the Alzheimer
Society of Canada. R.K.O. is supported by grants from the Alzheimer
Society of Canada,Natural Sciences and Engineering Research Council
of Canada (NSERC; grant RGPIN-2017-06178), and Canadian Institutes
of Health Research (CIHR). M.D.B. is supported by Discovery and
Accelerator grants from NSERC (grant RGPIN-2020-05747), CIHR
(grant 377289), a Scholar Award from the James S. McDonnell
Foundation, and a Canada Research Chair. M.M. is supported by CIHR
(grantsMOP49566 andMOP125958), and NSERC (grant A8347).
References
Alm, K.H., Ngo, C.T., Olson, I.R., 2018. Hippocampal signatures of awake targeted
memory reactivation. Brain Struct. Funct. 224 (2), 713–726.
Aly, M., Turk-Browne, N.B., 2016a. Attention stabilizes representations in the human
hippocampus. Cereb. Cortex 26 (2), 783–796. https://doi.org/10.1093/cercor/
bhv041. bhv041.
Aly, M., Turk-Browne, N.B., 2016b. Attention promotes episodic encoding by stabilizing
hippocampal representations. Proc. Natl. Acad. Sci. 113 (4), E420–E429.
Backus, A.R., Bosch, S.E., Ekman, M., Grabovetsky, A.V., Doeller, C.F., 2016. Mnemonic
convergence in the human hippocampus. Nat. Commun. 7 (1). https://doi.org/10.
1038/ncomms11991.
Baldassano, C., Chen, J., Zadbood, A., Pillow, J.W., Hasson, U., Norman, K.A., 2017.
Discovering event structure in continuous narrative perception and memory. Neuron
95 (3). https://doi.org/10.1016/j.neuron.2017.06.041. 709-721.e5.
Baldassano, C., Hasson, U., Norman, K.A., 2018. Representation of real-world event
schemas during narrative perception. J. Neurosci. 38 (45), 9689–9699. https://doi.
org/10.1101/252718.
Barron, H.C., Dolan, R.J., Behrens, T.E.J., 2013. Online evaluation of novel choices by
simultaneous representation of multiple memories. Nat. Neurosci. 16 (10),
1492–1498. https://doi.org/10.1038/nn.3515.
Barron, H.C., Garvert, M.M., Behrens, T.E.J., 2016. Repetition suppression: a means to
index neural representations using BOLD? Philos. Trans. R. Soc. B: Biol. Sci. 371
(1705), 20150355. https://doi.org/10.1098/rstb.2015.0355.

205

Neuroscience and Biobehavioral Reviews 118 (2020) 196–208

I.K. Brunec, et al.

patterns carry information about objects in temporal context. Neuron 81 (5),
1165–1178. https://doi.org/10.1016/j.neuron.2014.01.015.
Huﬀman, D.J., Stark, C.E.L., 2014. Multivariate pattern analysis of the human medial
temporal lobe revealed representationally categorical cortex and representationally
agnostic hippocampus: representationally agnostic hippocampus. Hippocampus 24
(11), 1394–1403. https://doi.org/10.1002/hipo.22321.
Huﬀman, D.J., Stark, C.E., 2017. The inﬂuence of low-level stimulus features on the representation of contexts, items, and their mnemonic associations. Neuroimage 155,
513–529.
Hulbert, J.C., Norman, K.A., 2014. Neural diﬀerentiation tracks improved recall of
competing memories following interleaved study and retrieval practice. Cereb.
Cortex 25 (10), 3994–4008.
Jafarpour, A., Piai, V., Lin, J.J., Knight, R.T., 2017. Human hippocampal pre-activation
predicts behavior. Sci. Rep. 7 (1), 5959.
Jenkins, L.J., Ranganath, C., 2016. Distinct neural mechanisms for remembering when an
event occurred. Hippocampus 26 (5), 554–559.
Jiang, J., Brashier, N.M., Egner, T., 2015. Memory meets control in hippocampal and
striatal binding of stimuli, responses, and attentional control states. J. Neurosci. 35
(44), 14885–14895.
Jonker, T.R., Dimsdale-Zucker, H., Ritchey, M., Clarke, A., Ranganath, C., 2018. Neural
reactivation in parietal cortex enhances memory for episodically linked information.
Proc. Natl. Acad. Sci. 115 (43), 11084–11089.
Kafkas, A., Migo, E.M., Morris, R.G., Kopelman, M.D., Montaldi, D., Mayes, A.R., 2017.
Material speciﬁcity drives medial temporal lobe familiarity but not hippocampal
recollection. Hippocampus 27 (2), 194–209.
Kalm, K., Davis, M.H., Norris, D., 2013. Individual sequence representations in the medial
temporal lobe. J. Cognit. Neurosci. 25 (7), 1111–1121.
Kim, M., Maguire, E.A., 2018. Encoding of 3D head direction information in the human
brain. Hippocampus 29 (7), 619–629.
Kim, M., Jeﬀery, K.J., Maguire, E.A., 2017. Multivoxel pattern analysis reveals 3D place
information in the human hippocampus. J. Neurosci. 37 (16), 4270–4279.
Kirwan, C.B., Ashby, S.R., Nash, M.I., 2014. Remembering and imagining diﬀerentially
engage the hippocampus: a multivariate fMRI investigation. Cogn. Neurosci. 5 (3–4),
177–185.
Kluen, L.M., Dandolo, L.C., Jocham, G., Schwabe, L., 2019. Dorsolateral prefrontal cortex
enables updating of established memories. Cereb. Cortex 29 (10), 4154–4168.
Koch, G.E., Paulus, J.P., Coutanche, M.N., 2020. Neural patterns are more similar across
individuals during successful memory encoding than during failed memory encoding.
Cereb. Cortex 30 (7), 3872–3883. https://doi.org/10.1093/cercor/bhaa003.
Kok, P., Turk-Browne, N.B., 2018. Associative prediction of visual shape in the hippocampus. J. Neurosci. 38 (31), 6888–6899.
Koolschijn, R.S., Emir, U.E., Pantelides, A.C., Nili, H., Behrens, T.E.J., Barron, H.C., 2019.
The hippocampus and neocortical inhibitory engrams protect against memory interference. Neuron 101 (3). https://doi.org/10.1016/j.neuron.2018.11.042. 528541.e6.
Kragel, J.E., Polyn, S.M., 2016. Decoding episodic retrieval processes: frontoparietal and
medial temporal lobe contributions to free recall. J. Cognit. Neurosci. 28 (1),
125–139. https://doi.org/10.1162/jocn_a_00881.
Krekelberg, B., Boynton, G.M., van Wezel, R.J.A., 2006. Adaptation: from single cells to
BOLD signals. Trends Neurosci. 29, 250–256.
Kriegeskorte, N., Kievit, R.A., 2013. Representational geometry: integrating cognition,
computation, and the brain. Trends Cogn. Sci. 17 (8), 401–412.
Kriegeskorte, N., Mur, M., Bandettini, P.A., 2008. Representational similarity analysisconnecting the branches of systems neuroscience. Front. Syst. Neurosci. 2, 4.
Kuhl, B.A., Rissman, J., Wagner, A.D., 2012. Multi-voxel patterns of visual category representation during episodic encoding are predictive of subsequent memory.
Neuropsychologia 50 (4), 458–469.
Kumaran, D., Hassabis, D., McClelland, J.L., 2016. What learning systems do intelligent
agents need? Complementary learning systems theory updated. Trends Cogn. Sci. 20
(7), 512–534.
Kyle, C.T., Smuda, D.N., Hassan, A.S., Ekstrom, A.D., 2015a. Roles of human hippocampal
subﬁelds in retrieval of spatial and temporal context. Behav. Brain Res. 278,
549–558.
Kyle, C.T., Stokes, J.D., Lieberman, J.S., Hassan, A.S., Ekstrom, A.D., 2015b. Successful
retrieval of competing spatial environments in humans involves hippocampal pattern
separation mechanisms. Elife 4, e10499.
LaRocque, K.F., Smith, M.E., Carr, V.A., Witthoft, N., Grill-Spector, K., Wagner, A.D.,
2013. Global similarity and pattern separation in the human medial temporal lobe
predict subsequent memory. J. Neurosci. 33 (13), 5466–5474.
Larsson, J., Solomon, S.G., Kohn, A., 2015. FMRI adaptation revisited. Cortex 80,
154–160.
Lee, A.C., Brodersen, K.H., Rudebeck, S.R., 2013. Disentangling spatial perception and
spatial memory in the hippocampus: a univariate and multivariate pattern analysis
fMRI study. J. Cognit. Neurosci. 25 (4), 534–546.
Lee, S.-H., Kravitz, D.J., Baker, C.I., 2018. Diﬀerential representations of perceived and
retrieved visual information in hippocampus and cortex. Cereb. Cortex.
Liang, J.C., Preston, A.R., 2017. Medial temporal lobe reinstatement of content-speciﬁc
details predicts source memory. Cortex 91, 67–78.
Liang, J.C., Wagner, A.D., Preston, A.R., 2012. Content representation in the human
medial temporal lobe. Cereb. Cortex 23 (1), 80–96.
Libby, L.A., Hannula, D.E., Ranganath, C., 2014. Medial temporal lobe coding of item and
spatial information during relational binding in working memory. J. Neurosci. 34
(43), 14233–14242.
Libby, L.A., Reagh, Z.M., Bouﬀard, N.R., Ragland, J.D., Ranganath, C., 2019. The hippocampus generalizes across memories that share item and context information. J.
Cognit. Neurosci. 31 (1), 24–35.

Drucker, D.M., Aguirre, G.K., 2009. Diﬀerent spatial scales of shape similarity representation in lateral and ventral LOC. Cereb. Cortex 19, 2269–2280.
DuBrow, S., Davachi, L., 2014. Temporal memory Is shaped by encoding stability and
intervening item reactivation. J. Neurosci. 34 (42), 13998–14005. https://doi.org/
10.1523/JNEUROSCI.2535-14.2014.
Duncan, K.D., Schlichting, M.L., 2018. Hippocampal representations as a function of time,
subregion, and brain state. Neurobiol. Learn. Mem. 153, 40–56.
Duncan, K., Ketz, N., Inati, S.J., Davachi, L., 2012. Evidence for area CA1 as a match/
mismatch detector: a high-resolution fMRI study of the human hippocampus.
Hippocampus 22 (3), 389–398. https://doi.org/10.1002/hipo.20933.
Ekstrom, A., 2010. How and when the fMRI BOLD signal relates to underlying neural
activity: the danger in dissociation. Brain Res. Rev. 62 (2), 233–244.
Ekstrom, A., Suthana, N., Millett, D., Fried, I., Bookheimer, S., 2009. Correlation between
BOLD fMRI and theta-band local ﬁeld potentials in the human hippocampal area. J.
Neurophysiol. 101 (5), 2668–2678. https://doi.org/10.1152/jn.91252.2008.
Epstein, R.A., Morgan, L.K., 2012. Neural responses to visual scenes reveals inconsistencies between fMRI adaptation and multivoxel pattern analysis.
Neuropsychologia 50 (4), 530–543.
Epstein, R.A., Parker, W.E., Feiler, A.M., 2008. Two kinds of fMRI repetition suppression?
Evidence for dissociable neural mechanisms. J. Neurophysiol. 99, 2877–2886.
Ezzyat, Y., Davachi, L., 2014. Similarity breeds proximity: pattern similarity within and
across contexts is related to later mnemonic judgments of temporal proximity.
Neuron 81 (5), 1179–1189. https://doi.org/10.1016/j.neuron.2014.01.042.
Ezzyat, Y., Inhoﬀ, M.C., Davachi, L., 2018. Diﬀerentiation of human medial prefrontal
cortex activity underlies long-term resistance to forgetting in memory. J. Neurosci. 38
(48), 10244–10254.
Fandakova, Y., Leckey, S., Driver, C.C., Bunge, S.A., Ghetti, S., 2019. Neural speciﬁcity of
scene representations is related to memory performance in childhood. NeuroImage
199, 105–113.
Favila, S.E., Chanales, A.J.H., Kuhl, B.A., 2016. Experience-dependent hippocampal
pattern diﬀerentiation prevents interference during subsequent learning. Nat.
Commun. 7 (1). https://doi.org/10.1038/ncomms11066.
Ferreira, C.S., Charest, I., Wimber, M., 2019. Retrieval aids the creation of a generalised
memory trace and strengthens episode-unique information. NeuroImage 201,
115996.
Frankland, P.W., Bontempi, B., 2005. The organization of recent and remote memories.
Nat. Rev. Neurosci. 6 (2), 119–130. https://doi.org/10.1038/nrn1607.
Garvert, M.M., Dolan, R.J., Behrens, T.E., 2017. A map of abstract relational knowledge in
the human hippocampal–entorhinal cortex. ELife 6. https://doi.org/10.7554/eLife.
17086.
Grande, X., Berron, D., Horner, A.J., Bisby, J.A., Düzel, E., Burgess, N., 2019. Holistic
recollection via pattern completion involves hippocampal subﬁeld CA3. J. Neurosci.
39 (41), 8100–8111.
Grill-Spector, K., Henson, R., Martin, A., 2006. Repetition and the brain: neural models of
stimulus-speciﬁc eﬀects. Trends Cogn. Sci. 10, 14–23.
Gruber, M.J., Ritchey, M., Wang, S.-F., Doss, M.K., Ranganath, C., 2016. Post-learning
hippocampal dynamics promote preferential retention of rewarding events. Neuron
89 (5), 1110–1120.
Guntupalli, J.S., Hanke, M., Halchenko, Y.O., Connolly, A.C., Ramadge, P.J., Haxby, J.V.,
2016. A model of representational spaces in human cortex. Cereb. Cortex 26 (6),
2919–2934.
Hannula, D.E., Libby, L.A., Yonelinas, A.P., Ranganath, C., 2013. Medial temporal lobe
contributions to cued retrieval of items and contexts. Neuropsychologia 51 (12),
2322–2332. https://doi.org/10.1016/j.neuropsychologia.2013.02.011.
Hassabis, D., Chu, C., Rees, G., Weiskopf, N., Molyneux, P.D., Maguire, E.A., 2009.
Decoding neuronal ensembles in the human hippocampus. Curr. Biol. 19 (7),
546–554. https://doi.org/10.1016/j.cub.2009.02.033.
Hasson, U., 2004. Intersubject synchronization of cortical activity during natural vision.
Science 303 (5664), 1634–1640. https://doi.org/10.1126/science.1089506.
Hasson, Uri, Malach, R., Heeger, D.J., 2010. Reliability of cortical activity during natural
stimulation. Trends Cogn. Sci. 14 (1), 40–48. https://doi.org/10.1016/j.tics.2009.10.
011.
Hatﬁeld, M., McCloskey, M., Park, S., 2016. Neural representation of object orientation: a
dissociation between MVPA and repetition suppression. Neuroimage 139, 136–148.
Haxby, J.V., 2012. Multivariate pattern analysis of fMRI: the early beginnings.
Neuroimage 62 (2), 852–855.
Haxby, J.V., Gobbini, M.I., Furey, M.L., Ishai, A., Schouten, J.L., Pietrini, P., 2001.
Distributed and overlapping representations of faces and objects in ventral temporal
cortex. Science 293 (5539), 2425–2430.
Haxby, J.V., Guntupalli, J.S., Connolly, A.C., Halchenko, Y.O., Conroy, B.R., Gobbini,
M.I., Hanke, M., Ramadge, P.J., 2011. A common, high-dimensional model of the
representational space in human ventral temporal cortex. Neuron 72 (2), 404–416.
Henson, R.N., Rylands, A., Ross, E., Vuilleumeir, P., Rugg, M.D., 2004. The eﬀect of repetition lag on electrophysiological and haemodynamic correlates of visual object
priming. NeuroImage 21, 1674–1689.
Heusser, A.C., Fitzpatrick, P.C., Manning, J.R., 2018. How is experience transformed into
memory? BioRxiv. https://doi.org/10.1101/409987.
Horner, A.J., Bisby, J.A., Bush, D., Lin, W.-J., Burgess, N., 2015. Evidence for holistic
episodic recollection via hippocampal pattern completion. Nat. Commun. 6 (1).
https://doi.org/10.1038/ncomms8462.
Hrybouski, S., MacGillivray, M., Huang, Y., Madan, C.R., Carter, R., Seres, P., Malykhin,
N.V., 2019. Involvement of hippocampal subﬁelds and anterior-posterior subregions
in encoding and retrieval of item, spatial, and associative memories: longitudinal
versus transverse axis. NeuroImage 191, 568–586. https://doi.org/10.1016/j.
neuroimage.2019.01.061.
Hsieh, L.-T., Gruber, M.J., Jenkins, L.J., Ranganath, C., 2014. Hippocampal activity

206

Neuroscience and Biobehavioral Reviews 118 (2020) 196–208

I.K. Brunec, et al.

Poppenk, J., McIntosh, A.R., Moscovitch, M., 2016. FMRI evidence of equivalent neural
suppression by repetition and prior knowledge. Neuropsychologia 90, 159–169.
https://doi.org/10.1016/j.neuropsychologia.2016.06.034.
Raykov, P.P., Keidel, J.L., Oakhill, J., Bird, C.M., 2020. The brain regions supporting
schema-related processing of people’s identities. Cogn. Neuropsychol. 37 (1–2), 8–24.
https://doi.org/10.1080/02643294.2019.1685958.
Ren, J., Huang, F., Zhou, Y., Zhuang, L., Xu, J., Gao, C., Qin, S., Luo, J., 2020. The
function of the hippocampus and middle temporal gyrus in forming new associations
and concepts during the processing of novelty and usefulness features in creative
designs. NeuroImage 214, 116751. https://doi.org/10.1016/j.neuroimage.2020.
116751.
Richards, B.A., Frankland, P.W., 2017. The persistence and transience of memory. Neuron
94 (6), 1071–1084.
Rissman, J., Chow, T.E., Reggente, N., Wagner, A.D., 2016. Decoding fMRI signatures of
real-world autobiographical memory retrieval. J. Cognit. Neurosci. 28 (4), 604–620.
Ritchey, M., Wing, E.A., LaBar, K.S., Cabeza, R., 2013. Neural similarity between encoding and retrieval is related to memory via hippocampal interactions. Cereb.
Cortex 23 (12), 2818–2828. https://doi.org/10.1093/cercor/bhs258.
Ritchey, M., Montchal, M.E., Yonelinas, A.P., Ranganath, C., 2015. Delay-dependent
contributions of medial temporal lobe regions to episodic memory retrieval. ELife 4,
e05025.
Ritvo, V.J., Turk-Browne, N.B., Norman, K.A., 2019. Nonmonotonic plasticity: how
memory retrieval drives learning. Trends Cogn. Sci. 23 (9), 726–742.
Robin, J., Moscovitch, M., 2017. Details, gist and schema: Hippocampal–neocortical interactions underlying recent and remote episodic and spatial memory. Curr. Opin.
Behav. Sci. 17, 114–123. https://doi.org/10.1016/j.cobeha.2017.07.016.
Robin, J., Buchsbaum, B.R., Moscovitch, M., 2018. The primacy of spatial context in the
neural representation of events. J. Neurosci. 38 (11), 2755–2765.
Sadeh, T., Chen, J., Goshen-Gottstein, Y., Moscovitch, M., 2019. Overlap between hippocampal pre-encoding and encoding patterns supports episodic memory.
Hippocampus 29 (9), 836–847.
Santoro, A., 2013. Reassessing pattern separation in the dentate gyrus. Front. Behav.
Neurosci. 7, 96.
Sapountzis, P., Schluppeck, D., Bowtell, R., Peirce, J.W., 2010. A comparison of fMRI
adaptation and multivariate pattern classiﬁcation analysis in visual cortex.
NeuroImage 49, 1632–1640.
Schapiro, A.C., Kustner, L.V., Turk-Browne, N.B., 2012. Shaping of object representations
in the human medial temporal lobe based on temporal regularities. Curr. Biol. 22
(17), 1622–1627. https://doi.org/10.1016/j.cub.2012.06.056.
Schapiro, A.C., Rogers, T.T., Cordova, N.I., Turk-Browne, N.B., Botvinick, M.M., 2013.
Neural representations of events arise from temporal community structure. Nat.
Neurosci. 16 (4), 486–492. https://doi.org/10.1038/nn.3331.
Schapiro, A.C., Turk-Browne, N.B., Norman, K.A., Botvinick, M.M., 2016. Statistical
learning of temporal community structure in the hippocampus. Hippocampus 26 (1),
3–8. https://doi.org/10.1002/hipo.22523.
Schapiro, A.C., Turk-Browne, N.B., Botvinick, M.M., Norman, K.A., 2017. Complementary
learning systems within the hippocampus: a neural network modelling approach to
reconciling episodic memory with statistical learning. Philos. Trans. R. Soc. B: Biol.
Sci. 372 (1711), 20160049.
Schapiro, A.C., McDevitt, E.A., Rogers, T.T., Mednick, S.C., Norman, K.A., 2018. Human
hippocampal replay during rest prioritizes weakly learned information and predicts
memory performance. Nat. Commun. 9 (1), 1–11.
Schlichting, M.L., Zeithamova, D., Preston, A.R., 2014. CA1 subﬁeld contributions to
memory integration and inference. Hippocampus 24 (10), 1248–1260.
Schlichting, M.L., Mumford, J.A., Preston, A.R., 2015. Learning-related representational
changes reveal dissociable integration and separation signatures in the hippocampus
and prefrontal cortex. Nat. Commun. 6 (1). https://doi.org/10.1038/ncomms9151.
Schuck, N.W., Niv, Y., 2019. Sequential replay of nonspatial task states in the human
hippocampus. Science 364 (6447), eaaw5181. https://doi.org/10.1126/science.
aaw5181.
Sekeres, M.J., Winocur, G., Moscovitch, M., Anderson, J.A., Pishdadian, S., Martin
Wojtowicz, J., St-Laurent, M., McAndrews, M.P., Grady, C.L., 2018. Changes in
patterns of neural activity underlie a time-dependent transformation of memory in
rats and humans. Hippocampus 28 (10), 745–764.
Senoussi, M., Berry, I., VanRullen, R., Reddy, L., 2016. Multivoxel object representations
in adult human visual cortex are ﬂexible: an associative learning study. J. Cognit.
Neurosci. 28 (6), 852–868.
Sheldon, S., Levine, B., 2016. The role of the hippocampus in memory and mental construction: memory and mental construction. Ann. N.Y. Acad. Sci. 1369 (1), 76–92.
https://doi.org/10.1111/nyas.13006.
Shine, J.P., Valdes-Herrera, J.P., Tempelmann, C., Wolbers, T., 2019. Evidence for allocentric boundary and goal direction information in the human entorhinal cortex and
subiculum. Nat. Commun. 10 (1), 1–10.
Staresina, B.P., Henson, R.N., Kriegeskorte, N., Alink, A., 2012. Episodic reinstatement in
the medial temporal lobe. J. Neurosci. 32 (50), 18150–18156.
St-Laurent, M., Abdi, H., Bondad, A., Buchsbaum, B.R., 2014. Memory reactivation in
healthy aging: evidence of stimulus-speciﬁc dediﬀerentiation. J. Neurosci. 34 (12),
4175–4186.
St-Laurent, M., Abdi, H., Buchsbaum, B.R., 2015. Distributed patterns of reactivation
predict vividness of recollection. J. Cognit. Neurosci. 27 (10), 2000–2018.
Stokes, J., Kyle, C., Ekstrom, A.D., 2015. Complementary roles of human hippocampal
subﬁelds in diﬀerentiation and integration of spatial context. J. Cognit. Neurosci. 27
(3), 546–559.
Sulpizio, V., Committeri, G., Galati, G., 2014. Distributed cognitive maps reﬂecting real
distances between places and views in the human brain. Front. Hum. Neurosci. 8,
716.

Liuzzi, A.G., Dupont, P., Peeters, R., Bruﬀaerts, R., De Deyne, S., Storms, G.,
Vandenberghe, R., 2019. Left perirhinal cortex codes for semantic similarity between
written words deﬁned from cued word association. NeuroImage 191, 127–139.
Lohnas, L.J., Duncan, K., Doyle, W.K., Thesen, T., Devinsky, O., Davachi, L., 2018. Timeresolved neural reinstatement and pattern separation during memory decisions in
human hippocampus. Proc. Natl. Acad. Sci. 115 (31), E7418–E7427. https://doi.org/
10.1073/pnas.1717088115.
Long, N.M., Lee, H., Kuhl, B.A., 2016. Hippocampal mismatch signals are modulated by
the strength of neural predictions and their similarity to outcomes. J. Neurosci. 36
(50), 12677–12687. https://doi.org/10.1523/JNEUROSCI.1850-16.2016.
Mack, M.L., Preston, A.R., 2016. Decisions about the past are guided by reinstatement of
speciﬁc memories in the hippocampus and perirhinal cortex. NeuroImage 127,
144–157. https://doi.org/10.1016/j.neuroimage.2015.12.015.
Mack, M.L., Love, B.C., Preston, A.R., 2016. Dynamic updating of hippocampal object
representations reﬂects new conceptual knowledge. Proc. Natl. Acad. Sci. 113 (46),
13203–13208.
Manelis, A., Reder, L.M., Hanson, S.J., 2011. Dynamic changes in the medial temporal
lobe during incidental learning of object–location associations. Cereb. Cortex 22 (4),
828–837.
Marr, D., 1971. Simple memory: theory for archicortex. Philos. Trans. R. Soc. B: Biol. Sci.
262, 23–81.
Martin, C.B., McLean, D.A., O’Neil, E.B., Köhler, S., 2013. Distinct familiarity-based response patterns for faces and buildings in perirhinal and parahippocampal cortex. J.
Neurosci. 33 (26), 10915–10923.
McClelland, J.L., McNaughton, B.L., O’reilly, R.C., 1995. Why there are complementary
learning systems in the hippocampus and neocortex: insights from the successes and
failures of connectionist models of learning and memory. Psychol. Rev. 102 (3), 419.
McKenzie, S., Frank, A.J., Kinsky, N.R., Porter, B., Rivière, P.D., Eichenbaum, H., 2014.
Hippocampal representation of related and opposing memories develop within distinct, hierarchically organized neural schemas. Neuron 83 (1), 202–215. https://doi.
org/10.1016/j.neuron.2014.05.019.
McKenzie, S., Keene, C.S., Farovik, A., Bladon, J., Place, R., Komorowski, R., Eichenbaum,
H., 2016. Representation of memories in the cortical–hippocampal system: results
from the application of population similarity analyses. Neurobiol. Learn. Mem. 134,
178–191. https://doi.org/10.1016/j.nlm.2015.12.008.
Milivojevic, B., Vicente-Grabovetsky, A., Doeller, C.F., 2015. Insight reconﬁgures hippocampal-prefrontal memories. Curr. Biol. 25 (7), 821–830. https://doi.org/10.
1016/j.cub.2015.01.033.
Milivojevic, B., Varadinov, M., Grabovetsky, A.V., Collin, S.H., Doeller, C.F., 2016.
Coding of event nodes and narrative context in the hippocampus. J. Neurosci. 36
(49), 12412–12424.
Morgan, L.K., MacEvoy, S.P., Aguirre, G.K., Epstein, R.A., 2011. Distances between realworld locations are represented in the human hippocampus. J. Neurosci. 31 (4),
1238–1245.
Morton, N.W., Sherrill, K.R., Preston, A.R., 2017. Memory integration constructs maps of
space, time, and concepts. Curr. Opin. Behav. Sci. 17, 161–168. https://doi.org/10.
1016/j.cobeha.2017.08.007.
Moscovitch, M., Cabeza, R., Winocur, G., Nadel, L., 2016. Episodic memory and beyond:
the hippocampus and neocortex in transformation. Annu. Rev. Psychol. 67 (1),
105–134. https://doi.org/10.1146/annurev-psych-113011-143733.
Nau, M., 2020. Functional Imaging of the Human Medial Temporal Lobe: A
Neuroscientist’s Guide to fMRI Pulse Sequence Optimization. OSF. https://osf.io/
nxtkv/.
Nielson, D.M., Smith, T.A., Sreekumar, V., Dennis, S., Sederberg, P.B., 2015. Human
hippocampus represents space and time during retrieval of real-world memories.
Proc. Natl. Acad. Sci. 112 (35), 11078–11083.
Norman, K.A., Polyn, S.M., Detre, G.J., Haxby, J.V., 2006. Beyond mind-reading: multivoxel pattern analysis of fMRI data. Trends Cogn. Sci. 10 (9), 424–430.
O’Reilly, R.C., Norman, K.A., 2002. Hippocampal and neocortical contributions to
memory: advances in the complementary learning systems framework. Trends Cogn.
Sci. 6 (12), 505–510.
O’Reilly, R.C., Bhattacharyya, R., Howard, M.D., Ketz, N., 2014. Complementary learning
systems. Cogn. Sci. 38 (6), 1229–1248.
Oedekoven, C.S., Keidel, J.L., Berens, S.C., Bird, C.M., 2017. Reinstatement of memory
representations for lifelike events over the course of a week. Sci. Rep. 7 (1), 14305.
Olsen, R.K., Moses, S.N., Riggs, L., Ryan, J.D., 2012. The hippocampus supports multiple
cognitive processes through relational binding and comparison. Front. Hum.
Neurosci. 6. https://doi.org/10.3389/fnhum.2012.00146.
Olsen, R.K., Palombo, D.J., Rabin, J.S., Levine, B., Ryan, J.D., Rosenbaum, R.S., 2013.
Volumetric analysis of medial temporal lobe subregions in developmental amnesia
using high-resolution magnetic resonance imaging. Hippocampus 23 (10), 855–860.
https://doi.org/10.1002/hipo.22153.
Olsen, R.K., Carr, V.A., Daugherty, A.M., La Joie, R., Amaral, R.S., Amunts, K.,
Augustinack, J.C., Bakker, A., Bender, A.R., Berron, D., 2019. Progress update from
the hippocampal subﬁelds group. Alzheimer’s Dementia: Diagn. Assess. Dis. Monit.
11, 439–449.
Palombo, D.J., Amaral, R.S., Olsen, R.K., Müller, D.J., Todd, R.M., Anderson, A.K., Levine,
B., 2013. KIBRA polymorphism is associated with individual diﬀerences in hippocampal subregions: evidence from anatomical segmentation using high-resolution
MRI. J. Neurosci. 33 (32), 13088–13093.
Popal, H., Wang, Y., Olson, I.R., 2019. A guide to representational similarity analysis for
social neuroscience. Social Cogn. Aﬀect. Neurosci. 14 (11), 1243–1253. https://doi.
org/10.1093/scan/nsz099.
Poppenk, Jordan, Evensmoen, H.R., Moscovitch, M., Nadel, L., 2013. Long-axis specialization of the human hippocampus. Trends Cogn. Sci. 17 (5), 230–240. https://doi.
org/10.1016/j.tics.2013.03.005.

207

Neuroscience and Biobehavioral Reviews 118 (2020) 196–208

I.K. Brunec, et al.

hippocampal-neocortical regions support empathy for pain. Social Cogn. Aﬀect.
Neurosci. 1–12.
Wang, W.-C., Wing, E.A., Murphy, D.L., Luber, B.M., Lisanby, S.H., Cabeza, R., Davis,
S.W., 2018. Excitatory TMS modulates memory representations. Cogn. Neurosci. 9
(3–4), 151–166.
Ward, E.J., Chun, M.M., Kuhl, B.A., 2013. Repetition suppression and multi-voxel pattern
similarity diﬀerentially track implicit and explicit visual memory. J. Neurosci. 33
(37), 14749–14757.
Wing, E.A., Geib, B.R., Wang, W.-C., Monge, Z., Davis, S.W., Cabeza, R., 2020. Cortical
overlap and cortical-hippocampal interactions predict subsequent true and false
memory. J. Neurosci. 40 (9), 1920–1930. https://doi.org/10.1523/JNEUROSCI.
1766-19.2020.
Winocur, G., Moscovitch, M., 2011. Memory transformation and systems consolidation. J.
Int. Neuropsychol. Soc. 17 (5), 766–780.
Wisse, L.E., Daugherty, A.M., Olsen, R.K., Berron, D., Carr, V.A., Stark, C.E., Amaral, R.S.,
Amunts, K., Augustinack, J.C., Bender, A.R., 2017. A harmonized segmentation
protocol for hippocampal and parahippocampal subregions: why do we need one and
what are the key goals? Hippocampus 27 (1), 3–11.
Wolosin, S.M., Zeithamova, D., Preston, A.R., 2013. Distributed hippocampal patterns
that discriminate reward context are associated with enhanced associative binding. J.
Exp. Psychol. Gen. 142 (4), 1264.
Xiao, X., Dong, Q., Chen, C., Xue, G., 2016. Neural pattern similarity underlies the
mnemonic advantages for living words. Cortex 79, 99–111.
Xiao, X., Dong, Q., Gao, J., Men, W., Poldrack, R.A., Xue, G., 2017. Transformed neural
pattern reinstatement during episodic memory retrieval. J. Neurosci. 37 (11),
2986–2998.
Yonelinas, A.P., 2013. The hippocampus supports high-resolution binding in the service
of perception, working memory and long-term memory. Behav. Brain Res. 254,
34–44.
Yushkevich, P.A., Amaral, R.S., Augustinack, J.C., Bender, A.R., Bernstein, J.D., Boccardi,
M., Bocchetta, M., Burggren, A.C., Carr, V.A., Chakravarty, M.M., 2015. Quantitative
comparison of 21 protocols for labeling hippocampal subﬁelds and parahippocampal
subregions in in vivo MRI: towards a harmonized segmentation protocol. Neuroimage
111, 526–541.
Zeithamova, D., Gelman, B.D., Frank, L., Preston, A.R., 2018. Abstract representation of
prospective reward in the hippocampus. J. Neurosci. 38 (47), 10093–10101.
Zuo, X., Honey, C.J., Barense, M.D., Crombie, D., Norman, K.A., Hasson, U., Chen, J.,
2020. Temporal integration of narrative information in a hippocampal amnesic patient. NeuroImage 213 116658713180.

Tambini, A., Davachi, L., 2013. Persistence of hippocampal multivoxel patterns into
postencoding rest is related to memory. Proc. Natl. Acad. Sci. 110 (48),
19591–19596.
Thakral, P.P., Madore, K.P., Addis, D.R., Schacter, D.L., 2020. Reinstatement of event
details during episodic simulation in the hippocampus. Cereb. Cortex 30 (4),
2321–2337. https://doi.org/10.1093/cercor/bhz242.
Thavabalasingam, S., O’Neil, E.B., Lee, A.C., 2018. Multivoxel pattern similarity suggests
the integration of temporal duration in hippocampal event sequence representations.
NeuroImage 178, 136–146.
Theves, S., Fernandez, G., Doeller, C.F., 2019. The hippocampus encodes distances in
multidimensional feature space. Curr. Biol. 29 (7), 1226–1231.
Tompary, A., Davachi, L., 2017. Consolidation promotes the emergence of representational overlap in the hippocampus and medial prefrontal cortex. Neuron 96 (1),
228–241.
Tompary, A., Duncan, K., Davachi, L., 2016. High-resolution investigation of memoryspeciﬁc reinstatement in the hippocampus and perirhinal cortex. Hippocampus 26
(8), 995–1007.
Tulving, E., 2002. Episodic memory: from mind to brain. Annu. Rev. Psychol. 53 (1),
1–25. https://doi.org/10.1146/annurev.psych.53.100901.135114.
Uncapher, M.R., Boyd-Meredith, J.T., Chow, T.E., Rissman, J., Wagner, A.D., 2015. Goaldirected modulation of neural memory patterns: implications for fMRI-based memory
detection. J. Neurosci. 35 (22), 8531–8545.
van den Honert, R.N., McCarthy, G., Johnson, M.K., 2016. Reactivation during encoding
supports the later discrimination of similar episodic memories. Hippocampus 26 (9),
1168–1178.
van den Honert, R.N., McCarthy, G., Johnson, M.K., 2017. Holistic versus feature-based
binding in the medial temporal lobe. Cortex 91, 56–66.
van Dongen, E.V., Kersten, I.H., Wagner, I.C., Morris, R.G., Fernández, G., 2016. Physical
exercise performed four hours after learning improves memory retention and increases hippocampal pattern similarity during retrieval. Curr. Biol. 26 (13),
1722–1727.
van Turennout, M., Ellmore, T., Martin, A., 2000. Long-lasting cortical plasticity in the
object naming system. Nat. Neurosci. 3 (12), 1329–1334.
Van Turennout, M., Bielamowicz, L., Martin, A., 2003. Modulation of neural activity
during object naming: eﬀects of time and practice. Cereb. Cortex 13 (4), 381–391.
Wagner, I.C., van Buuren, M., Bovy, L., Fernández, G., 2016. Parallel engagement of regions associated with encoding and later retrieval forms durable memories. J.
Neurosci. 36 (30), 7985–7995.
Wagner, I.C., Rütgen, M., Lamm, C., 2020. Pattern similarity and connectivity of

208

