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Time-dependent transformations of memory
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Research has shown that sleep is beneficial for the long-term retention of memories. According to theories of memory consolidation, memories are gradually reorganized, becoming supported by widespread, distributed cortical networks, particularly during postencoding periods of sleep. However, the effects of sleep on the organization of memories in the
hippocampus itself remains less clear. In a 3-d study, participants encoded separate lists of word–image pairs differing in
their opportunity for sleep-dependent consolidation. Pairs were initially studied either before or after an overnight
sleep period, and were then restudied in a functional magnetic resonance imaging (fMRI) scan session. We used multivariate
pattern similarity analyses to examine fine-grained effects of consolidation on memory representations in the hippocampus.
We provide evidence for a dissociation along the long axis of the hippocampus that emerges with consolidation, such that
representational patterns for object–word memories initially formed prior to sleep become differentiated in anterior hippocampus and more similar, or overlapping, in posterior hippocampus. Differentiation in anterior hippocampal representations correlated with subsequent behavioral performance. Furthermore, representational overlap in posterior
hippocampus correlated with the duration of intervening slow wave sleep. Together, these results demonstrate that
sleep-dependent consolidation promotes the reorganization of memory traces along the long axis of the hippocampus.
[Supplemental material is available for this article.]

Reports suggest consolidation results in more integrated cortical
memory traces in the cortex (Richards et al. 2014; Tompary and
Davachi 2017; Cowan et al. 2020); however, it remains an open
question whether the active consolidation processes that support
memory reorganization across hippocampal–cortical networks
also transform hippocampal memory traces.
Research on the fate of the hippocampal trace with consolidation has often focused on questions about the permanence of
memories in the hippocampus. Theories of systems consolidation
have classically debated whether the hippocampal trace is timelimited (Alvarez and Squire 1994), or, rather, whether the hippocampus continues to represent memories in perpetuity (Nadel
and Moscovitch 1997; Winocur and Moscovitch 2011;
Moscovitch et al. 2016; Sekeres et al. 2018a). Another theory posits
that while the original hippocampal trace is transient, during retrieval the hippocampus reconstructs details of an experience
from cortical traces (Barry and Maguire 2019). Much research in
this vein has focused on investigating changes in hippocampal
blood-oxygenation level-dependent (BOLD) univariate activation
with time (Bosshardt et al. 2005a,b; Takashima et al. 2006, 2009;
Gais et al. 2007; Sterpenich et al. 2007, 2009; Yamashita et al.

The hippocampus has long been considered critical for encoding
new memories; however, the effects of consolidation on hippocampal memory traces has remained an area of active research.
Memories are thought to be stabilized for the long term as they become distributed across neocortical networks (Buzsáki 1989;
Alvarez and Squire 1994; McClelland et al. 1995), a process supported by mechanisms during sleep (Diekelmann and Born 2010;
Rasch and Born 2013). Whereas much research has been devoted
to understanding the hippocampal contributions to the long-term
retention of memories, open questions remain in considering how
sleep-dependent consolidation affects the organization of hippocampal traces.
The hippocampus has previously been shown to be critical for
binding disparate elements of an experience together (Cohen and
Eichenbaum 1993; Davachi 2006). Theories suggest that the hippocampus quickly encodes new experiences, while the cortex,
with a slower learning rate, gradually comes to represent the central features from this hippocampal trace, resulting in abstracted
memories that can be integrated into long-term cortical stores
(McClelland et al. 1995). Prior research has demonstrated evidence
for a coordinated hippocampal–cortical dialogue during sleep
(Andrade et al. 2011; Bergmann et al. 2012; Ngo et al. 2020) as
well as enhanced hippocampal–cortical functional connectivity after learning, facilitating the retention of memories (Tambini et al.
2010; Tompary et al. 2015; Murty et al. 2017; Cowan et al. 2021).

# 2021 Cowan et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the ﬁrst 12 months after the full-issue publication
date (see http://learnmem.cshlp.org/site/misc/terms.xhtml). After 12 months,
it is available under a Creative Commons License (AttributionNonCommercial 4.0 International), as described at http://creativecommons.
org/licenses/by-nc/4.0/.

Corresponding author: ld24@columbia.edu
Article is online at http://www.learnmem.org/cgi/doi/10.1101/lm.053438.121.
28:329–340; Published by Cold Spring Harbor Laboratory Press
ISSN 1549-5485/21; www.learnmem.org

329

Learning & Memory

Downloaded from learnmem.cshlp.org on January 16, 2022 - Published by Cold Spring Harbor Laboratory Press

Transformations in hippocampal representations

2009; Milton et al. 2011; Watanabe et al. 2012; Ritchey et al. 2015;
Baran et al. 2016; Dandolo and Schwabe 2018) and the effects of
hippocampal lesions in animals and humans (Winocur et al.
2001; Frankland and Bontempi 2005; Winocur and Moscovitch
2011; Moscovitch et al. 2016) with mixed results. Interestingly,
pinpointing these effects along the long axis of the hippocampus
has also proven unclear. Some reports have found that only the anterior hippocampus exhibits time-dependent changes in retrievalrelated univariate activation, with evidence of decreases with delay
(Takashima et al. 2006; Milton et al. 2011; Dandolo and Schwabe
2018), but also evidence of greater activation for more remote,
compared with recent, memories (Bosshardt et al. 2005a,b). At
the same time, other studies have found decreases in univariate activation only in the posterior hippocampus (Bosshardt et al. 2005b;
Takashima et al. 2009; Yamashita et al. 2009; Milton et al. 2011;
Watanabe et al. 2012; Ritchey et al. 2015; Sekeres et al. 2018b).
Because of these conﬂicting ﬁndings, instead of asking just
about dependence or overall changes in activation in the hippocampus, theories and empirical research have instead increasingly
considered the organization of memory representations in the hippocampus (Robin and Moscovitch 2017; Sekeres et al. 2018a).
Broadly, using representational similarity analyses, several studies
have shown that hippocampal memory representations tend to become differentiated over learning, particularly for memories with
overlapping content (LaRocque et al. 2013; Schlichting et al.
2015; Chanales et al. 2017; Brunec et al. 2020). Furthermore, it
has been suggested that information is represented at different
scales or “granularity” along the long axis of the hippocampus,
in line with place ﬁeld size differences (Kjelstrup et al. 2008;
Komorowski et al. 2013), with anterior hippocampus representing
more similar, coarse-grained, or gist-like information, while the
posterior hippocampus represents ﬁne-grained, detail-oriented
representations (Evensmoen et al. 2013; Poppenk et al. 2013; Robin and Moscovitch 2017; Brunec et al. 2018, 2020). However, limited work has investigated whether this representational
organization is altered with consolidation. Reports have shown
that memory representations sharing overlapping content become
more similar over a delay (Tompary and Davachi 2017; Audrain
and McAndrews 2020), yet other work has found that hippocampal representations were not modulated by time (Ritchey et al.
2015; Ezzyat et al. 2018). Intriguingly, reports indicating greater
differentiation in memories in anterior compared with posterior
hippocampus with consolidation (Tompary and Davachi 2017;
Dandolo and Schwabe 2018; Ezzyat et al. 2018) raise the possibility
that the representational granularity along the anteroposterior axis
may be transformed with consolidation. Thus, more work is needed to understand how consolidation inﬂuences the representational structure of memories in the hippocampus. In particular, despite
much research connecting sleep to consolidation (Diekelmann
and Born 2010; Rasch and Born 2013), it remains unknown whether sleep-dependent processes facilitate such delay-dependent
transformations to the hippocampus.
Active processes in the sleeping brain seem to be optimized for
systems consolidation. Currently, the best mechanistic evidence
for sleep-dependent consolidation comes from studies on hippocampal replay showing the repeated reactivation of encodingrelated patterns of hippocampal activity (Buzsáki 1989; Wilson
and McNaughton 1994; Girardeau and Zugaro 2011), which seems
to be coordinated with replay in areas of the cortex (Ji and Wilson
2007; Peyrache et al. 2009; Wierzynski et al. 2009). It is thought
that the coupling between oscillations during non-REM sleep stages (particularly slow wave sleep [SWS])—including sharp wave ripples that support replay, thalamocortical spindles, and slow
oscillations—facilitates the hippocampal–cortical dialogue and information transfer to the cortex (Buzsáki 1996; Sirota et al. 2003;
Steriade 2006; Clemens et al. 2011; Mölle and Born 2011;
www.learnmem.org

Staresina et al. 2015). Indeed, our previously published work
from the present study provided supporting evidence that the density of thalamocortical sleep spindles (11–16 Hz) during overnight
sleep is related to enhanced hippocampal–cortical functional connectivity measures, and increased similarity, or greater representational overlap, among memories in the ventromedial prefrontal
cortex (vmPFC) (Cowan et al. 2020). Yet, while some prior work
has shown that features of sleep, including spindle density and
the duration of non-REM SWS, are related to decreased retrievalrelated hippocampal activation for memoranda learned prior to
sleep (Takashima et al. 2006; Baran et al. 2016; Hennies et al.
2016), it remains unclear how the reactivation of hippocampal
traces during replay may impact the way memories are organized
along the long axis of the hippocampus.
To examine the effects of sleep-dependent consolidation on
the neural representation of memories in the hippocampus, we designed a within-participant 3-d study using overnight polysomnography (PSG), functional magnetic resonance imaging (fMRI),
and behavioral measures of memory (Fig. 1). In this study, aspects
of which have been previously published (Cowan et al. 2020), participants ﬁrst studied a list of word–image pairs before sleeping
overnight (Sleep List), during which PSG was recorded. Upon waking in the morning, participants studied a new list of pairs
(Morning List). The word–image pairs from these two lists were
then restudied while undergoing an fMRI scan, intermixed with
a third, novel list of pairs (Single Study List). Associative memory
was tested immediately after the scan and again 24 h later. We compared measures of multivariate pattern similarity and univariate
BOLD signal for the lists learned prior to, or after, sleep to probe
how modulating the opportunity for sleep-dependent consolidation impacts the way memories are organized across the long axis
of the hippocampus. Furthermore, our design allowed us to examine how features of overnight sleep are related to the representational organization of memories learned prior to the sleep period,
as well as the behavioral beneﬁt of changes to the organization of
these memories. Thus, our study provides a novel examination of
the effects of sleep-dependent consolidation on the representation
of memories along the long axis of the hippocampus.

Results
Behavioral results
The results from the behavioral memory tests have been reported
previously (Cowan et al. 2020). In brief, according to a 3(Encoding
List: Sleep, Morning, Single Study) × 2(Test: Immediate, Delayed) ×
2(Category: scene–word, object–word) repeated measures analysis
of variance (ANOVA), associative memory performance was significantly better for pairs from the Sleep and Morning Lists compared
with the Single Study List; however, performance did not signiﬁcantly differ between the Sleep and Morning Lists (Encoding List
main effect: F(2,36) = 57.44, P < 0.0001), consistent with the twicepresented pairs from the Sleep and Morning Lists being better remembered compared to the Single Study List pairs, which were presented only once, and for the ﬁrst time, during the scan.
Additionally, a signiﬁcant main effect of test (F(1,18) = 136, P <
0.001) was indicative that performance was better for the Immediate test than Delayed test, consistent with forgetting over time.

Response times during restudy
Another way to assess memory in this task is to look at response
times (RTs) during the scan session, while participants rated their
associations between each word–image pair. Unlike the two subsequent memory tests, which follow the second exposure, RT data
provides an implicit measure of memory accessibility: if participants remember the previously studied Sleep and Morning Lists,
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average response time (s)

then we might expect faster RTs for pairs on these lists compared
with trials for the completely novel Single Study List when these
pairs are presented.
As shown in Figure 2, consistent with better implicit memory
for previously studied pairs, a 3(Encoding List: Sleep List, Morning
List, Single Study List) × 2(Category: object–word, scene–word) repeated measures ANOVA demonstrated that participants made signiﬁcantly faster responses for the Sleep List and Morning List pairs
compared with the novel Single Study List (main effect of List:
F(2,36) = 84.64, P < 0.0001; SL < SS t(37) = −8.74, P < 0.001; ML < SS
t(37) = −10.02, P < 0.001). Interestingly, participants were also
slightly faster to respond to the Morning List pairs than the Sleep
List pairs, perhaps because the former were more recently learned
(t(37) = 2.18, P = 0.04). The ANOVA also yielded a signiﬁcant main
effect of Category (F(1,18) = 30.01, P < 0.001) and a signiﬁcant List
× Category interaction effect (F(2,36) = 28.02, P < 0.0001), indicating
that RTs were not equated for the two categories of word–image
pairs. Participants responded faster to the object–word pairs compared with the scene–word pairs for both the Sleep List (t(18) =
−6.4, P < 0.001) and Morning List (t(18) = −6.73, P < 0.001). There
was not a signiﬁcant difference between the categories for the
Single Study List (t(18) = −0.79, P = 0.44), indicating the effect observed in the other Lists is not driven only by differential perceptual processing, but instead may indicate that the scene- and
object-associated stimuli were unevenly remembered at the time
of the reexposure in the scanner. There may therefore be a potential learning difference between the category of word–image pairs,
whereby object–word pairs may be easier or faster to learn and recall compared with scene–word pairs.

fMRI

Restudy:

Day 1
PM

Day 2
AM

SL & ML

Encoding:

1

scene

object

scene

object

scene

Figure 2. Response time during a functional magnetic resonance
imaging (fMRI) scan session. Average response time for judgments
made during the restudy scan were faster for pairs that had been previously studied, the Sleep List (blues, left) and Morning List (reds, middle), compared with the novel Single Study List pairs (yellows, right), providing an
implicit measure of memory retention. However, this beneﬁt was uneven
across categories: for both the Sleep and Morning List pairs, response
times were faster for the object–word pairs (darker shades) than scene–
word pairs (lighter shades).

jects, as the correlation between the all trial representational pattern similarity and subsequent memory, and by calculating a
“subsequent memory interitem pattern similarity” metric examining the organization of trials when sorted by later memory status. Together, these measures test how consolidation contributes
to transformations in memory traces that facilitate memory retention and maintenance. Finally, leveraging the design of this experiment (see Fig. 1), we examine whether features of the intervening
sleep period are related to the representational pattern for information initially learned prior to sleep. Together, this approach allows us to assess changes to the organization of memories and its
behavioral relevance, as well as the role of sleep in such
transformations.

Interitem pattern similarity in the hippocampus
We ﬁrst computed an “all trial interitem pattern similarity” measure across all trials regardless of later memory success, within
each Encoding List (Fig. 3A; see the Materials and Methods). This
more general similarity measure tests how the representations of
multiple events (trials) initially learned during the same session
change depending on the opportunity for sleep-dependent consolidation. In this analysis, higher values of interitem pattern similarity for a given memory could be interpreted as more overlap in the
representational patterns with other memories learned at the same
time (e.g., on the same list), while lower interitem pattern similarity values can be interpreted as differentiation among the representations for memories that had been learned at the same time.
As shown in Figure 3C, a repeated measures ANOVA with Encoding List (SL, ML, SS), Category (object–word, scene–word), Axis
region (anterior, posterior), and Hemisphere (right, left) as factors
resulted in a main effect of List (F(2,36) = 16.59, P < 0.0001). On average, the pairs encoded the night before (Sleep List) were more
differentiated from each other compared with the Single Study
List trials (SL < SS: t(151) = −3.4, P = 0.0008). This same pattern was
also evident for the Morning List pairs, with lower pattern similarity compared with the Single Study List trials (ML < SS: t(151) =
−5.0, P < 0.0001). In other words, the pattern similarity among
twice-studied pairs (SL, ML) was lower than the novel pairs (SS).
There was no signiﬁcant difference between the Sleep and Morning
List pairs (t(151) = 1.32, P = 0.19). Therefore, time or repetition seems
to lead to reductions in the overlap in the evoked representational
patterns across voxels.
Furthermore, the ANOVA yielded results suggesting anterior
and posterior hippocampus exhibited differential representational

Immediate ~24 Delayed
hours
Test
Test

Single Study

Day 3

Figure 1. Study design. For all encoding and restudy sessions, participants were asked to form an association between a word and an image.
Participants ﬁrst encoded the Sleep List (blue) before sleeping overnight
while polysomnography was recorded. The next morning (day 2), participants encoded a second set of novel word–image pairs (Morning List).
After a short delay (∼2 h), participants restudied these two sets of pairs, intermixed with novel pairs (Single Study List) in the functional magnetic
resonance imaging (fMRI) scanner. Source memory was tested immediately after the scan and after a 24-h delay (day 3).
www.learnmem.org
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To understand how sleep-dependent consolidation affects memory representations along the long axis of the hippocampus, we use
a multivariate pattern similarity analysis approach. We measure
the pattern of activity on each trial and compare it with patterns
elicited by all other trials learned during the same Encoding List,
to examine changes in the organization of memories depending
on delay from initial encoding (see the Materials and Methods).
We ﬁrst calculate a measure of “all trial” interitem pattern similarity, calculated across trials regardless of later memory success, separately for each Encoding List. Since the scan session consisted of
a restudy and ﬁrst encoding session, the all trial similarity measure
adjudicates overall delay-dependent differences in the patterns
evoked in response to the reactivation (or ﬁrst presentation) of
the pairs. We can then examine the behavioral beneﬁts of changes
to the representational organization. We test the relationship to
subsequent memory success on the memory tests both across sub-

Polysomnography

Morning List

0

Neuroimaging analysis: approach

Encoding
Encoding
Sleep
Sleep List overnight Morning
(SL)
List (ML)

Sleep List
3
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with successful associative memory (r = −0.46, robust regression:
β = −5.54, P = 0.002). Thus, lower similarity, or greater differentiation, among the sleep-related anterior hippocampal representations was related to better associative memory for those pairs.
The correlation between all trial interitem pattern similarity and
associative memory was not signiﬁcant in the right posterior hippocampus (r = 0.19, robust: β = 0.89, P = 0.45). The correlations between similarity and subsequent memory for the right anterior
and posterior hippocampus showed a marginally signiﬁcant difference according to a Williams’ test for dependent correlations (t =
−1.96, P = 0.067). Additionally, correlations between interitem pattern similarity and correct associative memory were not signiﬁcant
in any region of the left hippocampus (left anterior: r = 0.11, posterior: r = −0.03, all Ps > 0.05).
For scene–word pairs, the all trial interitem pattern similarity
did not signiﬁcantly correlate with correct associative memory in
any region of the hippocampus in the right hemisphere (anterior:
r = −0.26, posterior: r = 0.02) or the left hemisphere (anterior: r =
−0.08, posterior: r = −0.16), perhaps in line with the RT category
differences presented above (Fig. 2). Therefore, differentiation in

patterns by category and hemisphere. In addition to main effects of
Axis (F(1,18) = 36.01, P < 0.0001) and Category (F(1,18) = 10.38, P =
0.005), there were signiﬁcant interaction effects between Category × Axis (F(1,18) = 25.46, P < 0.0001), Category × Hemisphere
(F(1,18) = 17.48, P = 0.0006), and Category × Hemisphere × Axis
(F(1,18) = 10.86, P = 0.004). These interactions seemed to be driven
by a signiﬁcant difference between the representations of scene–
word and object–word pairs in the posterior but not the anterior
hippocampus (posterior: t(113) = 6.64, P < 0.0001; anterior: t(113) =
1.26, P = 0.21), and signiﬁcant category differences in the
right hemisphere, but not in the left hemisphere (right: t(113) =
6.46, P < 0.00001; left: t(113) = 1.54, P = 0.13). Thus, the object–
word and scene–word pairs seem to be particularly differentiable
in the right posterior hippocampus.
These results provide evidence for greater differentiation in
the representation pattern of information that is reexposed after
a delay compared with novel information, raising the possibility
that consolidation may contribute to the transformation in the organization of memories, although these results cannot differentiate between the effect of time versus repetition on the
representations. The all trial interitem
pattern similarity results also suggest
that category information may be differA
entially represented across hemispheres
Sleep List
and the long axis of the hippocampus.

All trial inter-item pattern similarity
Morning List

r

Relationship between interitem
pattern similarity and memory

WISE

FANCY

...

TIDY

mean (all SL r)

mean (all ML r)

C
all trial inter-item pattern similarity (z)

anterior hipp

posterior hipp

...

...

CALM

B

COLD

left hippocampus

ABLE
mean (all SS r)

right hippocampus

0.06
0.04
0.02
0
0.06

scene-word
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SHARP
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While the all trial interitem pattern similarity results are suggestive of changes in
how memories are represented, we next
queried the behavioral signiﬁcance of
this representational organization. We assessed whether the extent of overlap or
differentiation in the representations for
memories encoded at the same time confers a beneﬁt on the subsequent memory
tests by examining the relationship between the all trial interitem pattern similarity and the behavioral measure of
associative memory (collapsed across the
Immediate and Delayed tests). For this
analysis, we used the Morning List as a
within-participant control for both the
brain and behavioral measures. Each participant’s Morning List interitem pattern
similarity and memory performance was
subtracted from these corresponding
measures from the Sleep List. As many features overlap for the Sleep and Morning
Lists, including that both were seen twice
with the second presentation during the
restudy scan, this subtraction analysis allows us to better isolate effects due to the
sleep-ﬁlled delay that is speciﬁc to the
Sleep List. We therefore refer to this subtraction measure as a “sleep-speciﬁc” similarity. For all across-subjects analysis, we
used robust regression to downweight
the inﬂuence of potential outliers (see
the Materials and Methods).
As shown in Figure 4, for the object–
word pairs, all trial interitem pattern similarity in the right anterior hippocampus
showed a signiﬁcant negative correlation

Single Study

r

0.04
0.02
0
SL ML SS SL ML SS
anterior
posterior

SL ML SS
anterior

SL ML SS
posterior

Figure 3. All trial interitem pattern analysis in anterior and posterior hippocampus. (A) To compute
the all trial interitem pattern analysis, patterns of activation across voxels within regions of interest
(ROIs) were extracted for each trial and sorted by the Encoding List during which it was ﬁrst learned.
All trials within a List were correlated across runs, separated by category, and averaged, resulting in a
similarity metric for each List. (B) Representative images of anterior and posterior hippocampus ROIs,
deﬁned for each participant in each hemisphere (see the Materials and Methods). (C) Overall there
was greater differentiation for object–word pairs in the Sleep and Morning Lists compared with the
Single Study List. All trial interitem pattern similarity differed by Encoding List for the object–word
pairs (top), but not the scene–word pairs (bottom).
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lower SL
greater SL
memory
memory
Sleep-specific correct memory
object-word pairs

Transformations in hippocampal representations

right anterior hippocampus

right posterior hippocampus
0.1

0.1
0
0

-0.1

-0.1

-0.03 -0.02 -0.01

0

0.01 0.02

-0.04

-0.02

0

0.02

0.04

Sleep-specific object-word all trial inter-item similarity (z)
greater SL
greater SL
similarity
differentiation
Figure 4. Anterior hippocampal all trial interitem pattern similarity correlates with behavioral memory
success. (Left) The all trial sleep-speciﬁc (SL-ML) interitem pattern similarity in the right anterior hippocampus among object–word pairs negatively correlates with sleep-speciﬁc (SL-ML) associative memory
performance (source correct), such that greater differentiation in the representations is related to better
associative memory, indicative that this pattern may be beneﬁcial for memory retention. (Right) The
same relationship was not signiﬁcant in the right posterior hippocampus.

the anterior hippocampal representational patterns for object–word pairs learned
prior to the sleep period seems to confer
a behavioral beneﬁt for the retention of
these memories.

A

Subsequent memory inter-item pattern similarity
Remembered

www.learnmem.org

Forgotten

r

r

EERIE
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While we found that differentiation in the
all trial interitem pattern similarity in the
right anterior hippocampus correlated
with memory across subjects, this analysis
treated all the trials identically regardless
of their memory status. We were therefore
interested in examining the organization
of anterior and posterior hippocampal
representations using a within-subjects
analysis by speciﬁcally sorting the trials
based on subsequent memory status. We
therefore computed a “subsequent memory” interitem pattern similarity metric,
separately examining the trials that were
later remembered or later forgotten, for
each Encoding List and category (see schematic in Fig. 5A; Materials and Methods).
As we found signiﬁcant category differences in the all trial interitem pattern
similarity, we separately analyzed the results for the object– and scene–word
pairs with 3(Encoding List: SL, ML, SS) ×
2(Axis region: anterior, posterior) × 2
(Hemisphere: right, left) × 2(Memory: remembered, forgotten) repeated measures
ANOVAs.
For the object–word pairs, the
ANOVA yielded a main effect of Encoding List (F(2,36) = 3.44, P = 0.04), and a
signiﬁcant Hemisphere × Axis × Memory
interaction (F(1,18) = 7.17, P = 0.015) suggesting differences in representations
based on memory success, region along

the long axis, and by hemisphere. Furthermore, a marginally signiﬁcant List × Axis ×
Memory interaction effect (F(2,36) = 3.03, P
= 0.06), indicated that, depending on
when the memories were initially learned,
pattern similarity also tended to differ by
subsequent memory success. To unpack
these interaction effects and probe our
main hypothesis about the effects of
sleep-dependent consolidation on memory representations across the long axis
of the hippocampus, we examined the
interitem pattern similarity within each
hemisphere and Encoding List separately
for the two categories using ANOVAs
with Axis (anterior, posterior) and Memory (remembered, forgotten) as factors.
For the Sleep List object–word
pairs in the right hippocampus, there
was a signiﬁcant interaction indicating
subsequent memory interitem pattern

Sleep List

Morning List
R
F

0.06

Single Study
R
F

R
F

0.04

0.02

0

Anterior Posterior

Anterior Posterior

Anterior Posterior

Figure 5. Subsequent memory interitem pattern analysis. (A) For the subsequent memory interitem
pattern analysis, patterns of activity for each trial were extracted and sorted by Encoding List.
However, only those trials that were subsequently remembered (correct source memory on either
memory test for each Encoding List) were correlated for the “remembered” similarity metric, while
only those that were subsequently forgotten were correlated for the “forgotten” similarity metric. (B)
In the right anterior and posterior hippocampus, only the Sleep List interitem pattern similarity
object–word pairs showed a signiﬁcant interaction between memory outcome and axis region.
Representations for remembered pairs were signiﬁcantly more differentiated in the anterior than posterior hippocampus (light blue bars), while the representational patterns did not differ for forgotten trials
in these regions (dark blue). (Middle panel) In contrast, the Morning List showed only a marginal interaction between memory and region of the hippocampus, with a marginal difference between the interitem pattern similarity in posterior hippocampus (remembered > forgotten). (Right panel) There were no
signiﬁcant effects in the Single Study List.
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similarity differed depending on memory status and axis region
(Memory × Axis interaction: F(1,18) = 9.71, P = 0.006; main effect
of Memory: F(1,18) = 0.02). This interaction effect was driven by a
signiﬁcant difference in the pattern similarity in the right anterior
and posterior hippocampal regions for the subsequently remembered pairs (t(18) = −2.55, P = 0.02). Representations for object–
word pairs that were later remembered were more differentiated
in the anterior hippocampus compared with the posterior hippocampus (Fig. 5B). There was not a signiﬁcant difference in the anterior and posterior hippocampal representations for Sleep List
pairs that were later forgotten (t(18) = 1.37, P = 0.19).
Anterior right hippocampal representations for the Sleep List
object–word pairs were also modulated by later memory success, as
remembered pairs were marginally more differentiated compared
with forgotten pairs (t(18) = −2.04, P = 0.057). The representations
in the posterior hippocampus did not show this effect, and, in
fact, the Sleep List pairs that were remembered were nonsigniﬁcantly, but numerically, more similar (i.e., greater representational
overlap) than pairs that were forgotten (t(18) = 1.66, P = 0.11) (Fig.
5B). These results indicate that within participants, memories
learned prior to overnight sleep that became more differentiated
in the anterior hippocampus were retained on subsequent memory
tests, consistent with the across-subjects effects presented above
(Fig. 4).
Critically, these effects were not seen for the Morning List
pairs. An ANOVA did result in a marginally signiﬁcant Memory ×
Axis interaction effect for the right hippocampus (F(1,18) = 3.3, P =
0.09), with no signiﬁcant main effects (Memory: F(1,18) = 1.45,
Axis: F(1,18) = 0.02). However, the representations did not differ between the right anterior and posterior hippocampal regions for either memory outcome (remembered: t(18) = −0.77, P = 0.45;
forgotten: t(18) = 1.22, P = 0.24) (Fig. 6B). There was also not a significant difference in the anterior hippocampal representations for remembered and forgotten Morning List object–word pairs (t(18) =
−0.16, P = 0.87), although in the posterior hippocampus, there
was marginally greater overlap in the representations among remembered pairs compared with forgotten pairs (t(18) = −1.87, P =
0.08). Likewise, the same analyses on the Single Study List pairs
did not yield a signiﬁcant Memory × Region interaction effect
(F(1,18) = 0.76, P = 0.40), or any signiﬁcant main effects on subsequent memory interitem pattern similarity (Memory: F(1,18) =
0.60, P = 0.45; Region: F(1,18) = 0.583, P = 0.46).
Taken together, these results highlight that only those object–
word pairs learned prior to sleep showed differences in the mne-

monic representations along the long axis of the hippocampus,
with greater differentiation among memory representations in
the right anterior hippocampus, compared with more overlapping
representations in the posterior hippocampus. This modulation by
memory and region was only observed for the right hemisphere;
interitem pattern similarity did not differ by Encoding List
or Memory in left hemisphere regions (see Supplemental
Information S1), and scene–word pairs were not modulated by
memory (see Supplemental Information S2).

Relationship between interitem pattern similarity
relationship and overnight sleep measures

Sleep-specific object-word all trial
inter-item pattern similarity (z)

Thus far, we have determined that the organization of the memory
representations for information initially learned prior to sleep
differed by the region along the long axis of the hippocampus.
The speciﬁcity of these effects to the Sleep List raises the possibility
that such changes are modulated by aspects of the intervening sleep period. Therefore, we next examined the relationship
between features of sleep, particularly the duration of SWS, measured as the proportion of total sleep time (TST) (see the
Materials and Methods), in facilitating changes in the representational organization of memories in the right anterior and posterior
hippocampus.
To examine whether sleep features correlate with the representational organization of these pairs learned prior to sleep, we
ﬁrst examined the relationship with all trial interitem pattern similarity. We used the same “sleep-speciﬁc” metric of all trial interitem pattern similarity that was found to correlate with memory
accuracy in the right anterior hippocampus (Fig. 4). All trial sleepspeciﬁc interitem pattern similarity in the right posterior hippocampus positively correlated with the duration of SWS during overnight sleep (r = 0.47, robust: β = 0.14, P = 0.01), such that the
duration of SWS was associated with more overlapping pattern representations in the right posterior hippocampus for the Sleep List
object–word pairs, relative to the Morning List (Fig. 6). Although
the correlation between the sleep-speciﬁc interitem pattern similarity in the right posterior hippocampus and the duration of stage
2 sleep was signiﬁcant, it did not survive robust regression (r =
−0.58, robust: β = −0.15, P = 0.17). The all trial sleep-speciﬁc similarity in the right anterior hippocampus did not correlate with either SWS (r = 0.006) or stage 2 sleep (r = 0.04). Thus, it seems that
the duration of SWS in the intervening overnight sleep period is related to the representation of object–word pairs initially learned
prior to the sleep period.
We next tested whether the duration
right posterior hippocampus
right anterior hippocampus
of SWS correlated with the representation
0.02
0.04
in the right posterior hippocampus when
considering the pattern similarity for ob0.01
0.02
ject–word pairs sorted by subsequent
memory status. The sleep-speciﬁc interi0
tem pattern similarity for subsequently
0
remembered object–word pairs in the
-0.01
right posterior hippocampus did not sig-0.02
niﬁcantly correlate with the duration of
-0.02
SWS (r = 0.33, P = 0.16), although there
was a marginally signiﬁcant negative cor-0.03
-0.04
relation between this similarity measure
and the duration of stage 2 sleep (r =
0.10 0.15 0.20 0.25 0.30
0.10 0.15 0.20 0.25 0.30
SWS duration
SWS duration
−0.52, β = −0.22, P = 0.09). In the right anterior hippocampus, the sleep-speciﬁc
Figure 6. Slow-wave sleep (SWS) duration correlates with all trial interitem pattern similarity in the
similarity for object–word pairs that
right posterior hippocampus. In the right posterior hippocampus (right), the all trial sleep-speciﬁc
were later remembered did not correlate
(SL-ML) object–word pairs that were later correctly remembered showed a signiﬁcant, positive correlawith either SWS (r = 0.26, β = 0.03) or stage
tion with the duration of SWS (as a proportion of total sleep time); however, this relationship was not
2 sleep (r = −0.13, β = −0.02).
signiﬁcant for the sleep-speciﬁc all trial similarity in right anterior hippocampus (left).
www.learnmem.org

334

Learning & Memory

Downloaded from learnmem.cshlp.org on January 16, 2022 - Published by Cold Spring Harbor Laboratory Press

Transformations in hippocampal representations

In line with prior work, we next considered the relationship
between features of sleep and a more broad measure of the univariate hippocampal BOLD signal (Supplemental Information S3).
This analysis yielded a similar pattern as the all trial interitem pattern similarity: sleep-speciﬁc univariate activation in the right posterior hippocampus for object–word pairs that were subsequently
remembered positively correlated with the duration of SWS (r =
0.51, β = 110.4, P = 0.036) (Supplemental Fig. S1). In other words,
a longer duration of SWS during overnight sleep was related to
greater activation in the right posterior hippocampus. Univariate
activation in right anterior hippocampus did not correlate with
measures of sleep (Supplemental Information S3). Thus, while hippocampal univariate activation did not seem to be modulated by
later memory success (Supplemental Information S3), individual
differences in overnight sleep measures, namely, SWS duration,
is related to the univariate activation in the right posterior
hippocampus.
Together, these results highlight that the duration of time
spent in SWS during the intervening overnight period is related
to the right posterior hippocampal representation of object–word
information initially learned prior to sleep.

the heterogeneity in the representational organization along the
hippocampal long axis.
Much work has suggested that the anterior and posterior regions of the hippocampus support different functions. The rodent
model, drawing primarily on ﬁndings of spatial coding in place
cells, involves a gradient in place ﬁeld size along the long axis of
the hippocampus, with larger place ﬁelds in the ventral (akin to anterior) hippocampus, and smaller in the dorsal (akin to posterior)
hippocampus (Kjelstrup et al. 2008; Komorowski et al. 2013).
Drawing on these ﬁndings as a general marker of representational
organization, it has been suggested that such differences in place
ﬁeld “granularity” map onto the computations processed in these
regions, such that the anterior hippocampus supports broader contextual representations, and the posterior hippocampus represents
more ﬁne-grained, spatial details (Poppenk et al. 2013; Robin and
Moscovitch 2017; Sekeres et al. 2018a; Brunec et al. 2020).
Recent work using multivariate pattern analysis has been consistent with this proposed dichotomy (Collin et al. 2015; Ritchey
et al. 2015; Schlichting et al. 2015; Brunec et al. 2018; Sekeres
et al. 2018b). However, our results do not clearly support this model. In the present study, memories initially learned prior to sleep
were more differentiated in the anterior hippocampus, and more
overlapping in the posterior hippocampus. Thus, this suggests
more coarse representations in the posterior hippocampus and
more ﬁne-grained representations in the anterior hippocampus
in contrast to prior work.
One intriguing possible explanation for this difference is that
our work focused on how memory traces are represented after a delay. Indeed, of the few studies that have examined the effect of consolidation on hippocampal memory representations, several have
reported ﬁndings in line with those reported here, with differentiated memory representations in the anterior hippocampus
(Bonnici et al. 2012; Dandolo and Schwabe 2018; Ezzyat et al.
2018), and overlapping representations in the posterior hippocampus (Tompary and Davachi 2017; Dandolo and Schwabe 2018;
Ezzyat et al. 2018; Audrain and McAndrews 2020). Interestingly,
while several studies have shown more overlapping representations (e.g., greater similarity) among memories with shared content than without shared content (Ritchey et al. 2015; Tompary
and Davachi 2017; Audrain and McAndrews 2020), Tompary and
colleagues found that in the anterior hippocampus, this representational shift across a week delay was driven by increased differentiation among the representations for memories without shared
content. The present ﬁndings provide complementary evidence
for this effect, as we tested the pattern similarity among individual
memories learned at the same time (e.g., within an encoding list),
but without any directly shared content. Thus, it is possible that
the anterior hippocampus may both integrate memories with explicitly shared content, while also differentiating the memories
that do not have similar information. Future work will need to
modulate the degree of similarity among the memoranda to determine the effect on the representations along the long axis of the
hippocampus. Additionally, while in our design the Single Study
List was learned for the ﬁrst time during the scan, we did not
ﬁnd evidence of a difference in granularity across the long axis; it
is possible that the lower accuracy in memory for these pairs precluded clear results, potentially driven by the large memory load
with the Sleep and Morning Lists, a potential buildup of proactive
interference, and/or the single presentation of these pairs. Thus, future work that matches memory success but examines patterns
during encoding and after a period of consolidation will be
important.
Active processes during sleep may underlie the observed
changes in the organization of memories. Much prior work has
shown that memory retention is beneﬁtted by features of sleep, including the duration of SWS (Takashima et al. 2006; Diekelmann

Univariate control analysis
Finally, while we did not ﬁnd main effects of Encoding Lists for
univariate BOLD activation (see Supplemental Information S3), it
is still possible that the results from multivariate pattern analyses
were inﬂuenced by differences in univariate responses in these
ROIs. Thus, we next conducted separate control analyses for all
the aforementioned analyses, examining whether the signiﬁcant
effects were maintained when accounting for differences in univariate activation. We conducted mixed effects linear regressions on a
trial-level basis, including the interitem pattern similarity and activation in models predicting similarity differences. We compared
these models with models without activation as a predictor, and
created a contrast to conﬁrm the effects remained signiﬁcant
when the model accounted for univariate activation. All previously
reported signiﬁcant comparisons remained statistically signiﬁcant
when accounting for univariate activation differences (see
Supplemental Table S2).

Discussion
This study used a multimodal approach to demonstrate that consolidation impacts the organization of memories in the hippocampus. Using multivariate pattern analyses, we identiﬁed a
time-dependent transformation in hippocampal representations
for memories learned prior to a period of overnight sleep. When
provided the opportunity for consolidation, memories for object–word pairs showed more differentiated representations in
the right anterior hippocampus but greater representational overlap in the right posterior hippocampus. This pattern of results
was not seen for the stimuli learned after the sleep period, demonstrating a dissociation along the long axis of the hippocampus that
emerges with consolidation. Additionally, differentiation in the
right anterior hippocampus among the pairs learned prior to sleep
correlated with subsequent memory accuracy, indicating such representational organization may facilitate memory retention or
maintenance. Furthermore, both the extent of representational
overlap and univariate activation in the right posterior hippocampus for object–word pairs positively correlated with the duration of
SWS, suggesting that sleep in particular may facilitate the organization of memories in this region. Together, these results indicate
that consolidation changes the way memories initially formed prior to overnight sleep are represented the next day, and highlights
www.learnmem.org
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and Born 2010; Wilhelm et al. 2011; Alger et al. 2012; Rasch and
Born 2013; Baran et al. 2016). However, despite work linking sleep
to consolidation-related processes, very little research has examined how sleep contributes to changes in the representational organization of memories. We previously published evidence that the
density of thalamocortical sleep spindles correlates with increased
representational overlap in the ventromedial prefrontal cortex for
object–word pairs learned prior to sleep (Cowan et al. 2020), in line
with the purported role of spindles in facilitating the hippocampal–cortical dialogue (Siapas and Wilson 1998; Sirota et al. 2003;
Diekelmann and Born 2010; Rasch and Born 2013; Staresina
et al. 2015). In the present study, focusing on the results of sleepdependent consolidation on hippocampal representations, we
found that the duration of SWS positively correlated with the
more general all trial measure of representational overlap in the
posterior hippocampus for the object–word pairs learned prior to
the sleep period. This is consistent with our ﬁndings indicating
greater similarity, or representational overlap, in posterior hippocampus for the subsequently remembered Sleep List pairs.
Interestingly, despite the observed interaction between the
long-axis region (anterior vs. posterior) and memory as well as
the correlation with sleep, posterior hippocampal similarity did
not correlate with behavioral measures of memory across subjects.
It is possible that the source memory test used here, which probed
for speciﬁc associative memories, was ill-suited to capture the contributions of the posterior hippocampal representations, which
the increased representational overlap suggests may become
more gist-based or integrated across memories. This may also explain why we did not see a correlation between SWS and the similarity for subsequently remembered pairs in the right posterior
hippocampus in particular. Intriguingly, data from Audrain and
McAndrews (2020) suggests that consolidation-dependent increases in similarity in posterior hippocampal representations could
also reﬂect speciﬁcity in memory, rather than coarser or gist-like
memories, reporting greater similarity for objects paired with the
same scene than those paired with similar scenes from the same
schema, or a difference scene. Therefore, a critical avenue for future
work will therefore be to systematically probe whether transformations to anterior and posterior representations with consolidation
facilitate dissociable measures of gist and speciﬁc memory.
In contrast to the effects in the right posterior hippocampus,
differentiation in the right anterior hippocampal representations
did correlate with subsequent memory, indicating that such representational organization may facilitate the retention or maintenance of memories. However, we did not ﬁnd a signiﬁcant
correlation between differentiation in the right anterior hippocampus and measures of overnight sleep. This null effect raises the
question of whether the shift in the right anterior hippocampus
is driven by processes dependent on sleep or via consolidationdependent mechanisms that generally unfold over time. There
has been considerable work demonstrating the particular beneﬁcial effects of sleep on memory retention (Diekelmann and Born
2010; Rasch and Born 2013); however, there is likewise burgeoning
evidence that consolidation can also occur during periods of wake
rest (Tambini and Davachi 2019). Thus, with little work connecting sleep with changes in neural representational organization,
the distinction between time-dependent and sleep-dependent
consolidation remains an open question.
The duration of sleep stage measure used here is relatively
coarse, and our results raise the question of whether more ﬁnegrained metrics of hippocampal replay might be a better measure
to understand changes in the representations along the long
axis. Replay is a local phenomenon in which ensembles of neurons
that had been active during the initial learning experience are repeatedly reactivated during subsequent ofﬂine periods of sleep
(Buzsáki 1989; Wilson and McNaughton 1994; Girardeau and
www.learnmem.org

Zugaro 2011). It is possible such repeated reactivations could also
underlie the shift in the representational patterns for recently
learned information—particularly altering the representation
of pairs that will be later remembered. Thus, future work examining the incidence of sharp wave ripples in the hippocampus may
be better equipped to demonstrate how active processes
during sleep impact representations along the long axis of the
hippocampus.
The duration of SWS also positively correlated with the univariate BOLD activation in the right posterior hippocampus for
pairs learned prior to sleep, relative to pairs learned after sleep.
This result suggests that the duration of intervening SWS facilitates
greater activation in the posterior hippocampus. On the surface,
this is in contrast to prior work that found the duration of SWS during a nap was associated with decreased hippocampal univariate
activation when retrieving memories learned before the sleep period (Takashima et al. 2006; Baran et al. 2016). However, it is important to consider that in our design, unlike these other studies,
scanning occurred during a restudy session in which the pairs
learned prior to sleep were reexposed rather than explicitly retrieved. While our analysis of the RT data did show that memory
was intact for these sleep-consolidated pairs, it is possible that
the activation elicited by the restudy period was due to further processing or encoding.
Finally, the reported results consistently pointed to category
differences in the changes in the representations for object– and
scene–word pairs. One possible explanation is that the object–
word pairs are better learned after the initial exposure compared
with the scene–word pairs. The RT data, an implicit measure of recognition memory, seems to support this explanation. For previously studied pairs, the Sleep List and Morning List, participants
responded faster to object–word pairs than scene–word pairs. As
there were no signiﬁcant category differences for the entirely novel
Single Study List pairs, this effect does not seem to be driven by perceptual differences between the categories alone. However, an interesting area for future work will be to disentangle how category
differences and memory strength interact with the effects of sleepdependent consolidation.
While theories have provided differing views about consolidation’s effects on the hippocampus, most studies have only queried
whether retrieval of a memory continues to evoke the hippocampus over time. Here, we provided evidence that the relationship between consolidation and the hippocampus is more complex,
suggesting that hippocampal memory traces also be transformed
along the structure’s long axis with consolidation, facilitating
memory retention for the long term.

Materials and Methods
Participants
Other results from this data set have been reported previously
(Cowan et al. 2020). A total of 22 participants were recruited for
this institutional review board (IRB)-approved experiment (all
methods approved by the NYU School of Medicine’s IRB). Two participants were excluded due to problems with the MRI scanner, and
one participant was excluded as an outlier on TST (>2.5 standard
deviations below the group average). All participants were between
18–35 years of age (mean = 25.3), ﬂuent in English, did not have
any diagnoses of neurologic, psychiatric or sleep disorders, and
were not using any psychoactive medications. Participants had
not traveled across time zones or completed night-shift work in
the month preceding the ﬁrst study session. All participants had
a maximum body-mass index (BMI) of 30 and did not have any
contraindications for the MRI. All participants provided informed
consent, and were compensated for their time. The sample size was
based on similar studies examining sleep effects on neural activation (Takashima et al. 2006; Gais et al. 2007; Sterpenich et al.
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ed: “old–scene,” “old–object,” “word only,” or “new.” The legend
for response options was presented under the cue word on screen.
Participants were instructed to use the “scene” and “object” responses only if they could remember the speciﬁc image with which
the word had been paired, while the “word only” key was to be
used if they recognized the test word but could not remember
the associated category of the image it had been paired with. The
“new” key was to be used if participants believed the word to be
novel, or if they were unsure whether it had been studied. Half of
the words from each Encoding List were included on each of the
two tests (Immediate and Delayed) to avoid retesting stimuli, along
with novel foil words. Each test trial consisted of a red ﬁxation cross
presented for 500 msec, followed by a centrally presented word
cue, which was on screen for a maximum of 12 sec, or until a response was made, and was followed by a black ﬁxation cross for
200 msec.

2007; Hennies et al. 2016) and studies examining multivariate pattern similarity (LaRocque et al. 2013; Tompary and Davachi 2017).

Procedure
The design of the experiment is outlined in Figure 1. For the 48-h
prior to the beginning of session 1 (day 1), participants were asked
to log their sleep patterns, refrain from any alcohol and drug use,
and reduce caffeine intake to one cup per day. Participants reported
to the NYU Langone Comprehensive Epilepsy Center/Sleep Center
for the ﬁrst session of the experiment at 8:00 p.m. They ﬁrst were
asked to complete questionnaires to assess eligibility for study participation and query sleep habits, including the MoCA, Insomnia
Symptom Questionnaire, Morningness–Eveningness Questionnaire, STOP-BANG Questionnaire, and Epworth Sleepiness Scale.
Participants then prepared for bed and the technicians completed
the PSG setup.
In all encoding sessions, participants viewed word–image
pairs (word–scene or word–object pairs) and were instructed to
form a vivid mental association between the word and image on
screen, and then rate how well the association could be formed, responding either “very well,” “somewhat well,” or “not well.” All
stimuli were presented on an Apple MacBook laptop, and responses were made using the computer’s keyboard. Word–image pairs
were each presented for 4500 msec. Trials involved the presentation of a central red ﬁxation cross for 500 msec, the word–image
pair for 4500 msec, followed by a black ﬁxation cross for 500
msec. Following the black ﬁxation cross for each trial, participants
completed an active baseline task (Stark and Squire 2001). Numeric
digits ranging between 1 and 9 were presented, and participants
were instructed to respond “even” or “odd.” The ITI active baseline
task lasted a total of 8.5 sec: each digit was presented for a maximum of 2000 msec or until a response was entered and was followed by a black ﬁxation cross for 250 msec (e.g., between each
digit a ﬁxation cross was shown). Sixty trials were presented,
with a 30-sec break halfway through. The order of word–image
pairs was randomized for each participant and intermixed between
the categories.
We heretofore refer to the ﬁrst encoding session as the “Sleep
List,” as participants slept overnight after completing the encoding
task. Participants got into bed, the PSG setup was completed, and
the lights were turned off. Participants were not allowed reading
material or access to cell phones while in bed. The subsequent
morning, they were woken up by 7:30 a.m. and provided time to
eat breakfast. Participants then encoded the second Encoding
List, referred to as the “Morning List,” which was followed by a
short phonemic ﬂuency task and a second administration of the
Epworth Sleepiness Questionnaire to assess level of arousal.
Technicians disconnected and removed all EEG electrodes.
Participants then traveled to the Center for Brain Imaging at
New York University for the fMRI session (scan began at ∼10:00 a.
m.). In the scanner, participants were represented with all previously studied word–image pairs from both the Sleep and Morning Lists,
as well as a third set of novel pairs (the “Single Study List”); during
the scanning session, the 120 word–image pairs from each
Encoding List were randomly intermixed, and divided into six separate runs, with 60 trials per run. Participants performed the same
task as in the previous two encoding sessions (forming an association between the word and image, rating how well they could do
so). All responses were made using an MRI-compatible button
box. After the encoding task, participants completed a localizer
task in which they viewed novel objects, scenes, and scrambled objects, which was used in a separate line of inquiry. A high-resolution
anatomical image of each participant’s brain was acquired at the
end of the scan.
Immediately after participants were removed from the scanner, we probed participants’ memory for the word–image associations by testing source memory, using the word as a cue.
Participants also returned to the laboratory 24 h later for a second,
“Delayed” memory test. Participants were asked to try to remember
whether they had seen the word before and whether it had been
paired with a scene or object image. The possible responses includwww.learnmem.org

Stimuli
Outdoor scene stimuli were randomly selected from an online database (at http://cvcl.mit.edu/database.html; Oliva and Torralba
2001). Object stimuli were selected from the MIT Massive Memory
set (Brady et al. 2008) and word stimuli were adjectives from the
MRC psycholinguistics database (http://websites.psychology.uwa
.edu.au/school/MRCDatabase/uwa_mrc.htm). Words were presented in size 36 black Helvetica font on a white background.
Each of the three Encoding Lists consisted of 120 word–image pairs
(60 object–word and 60 scene–word pairs). Half of the words from
each list (30 object–word, 30 scene–word), and 60 novel foil words
were included on each memory test. Word–image pairs were
counterbalanced across Encoding Lists and across participants,
and presented in a randomized order. During the localizer task,
an additional set of 144 object stimuli (72 per run), and 144
scene stimuli were included, sourced from the aforementioned
databases.

Statistical analyses
All statistical analyses are two-tailed and P < 0.05 was considered
signiﬁcant for all statistical tests. Repeated measures ANOVAs
were performed and followed up with two-tailed paired sample t
tests where applicable. Williams’ tests were also used to test the difference between dependent correlations sharing a variable. Statistics were performed with RStudio (RStudio, version 0.99.903) and
Matlab (MathWorks) using both built-in and custom functions.
The R “robust” package was used to calculate robust regression to
downweight potential outliers while retaining the most data
possible.

Polysomnography
Overnight PSG was conducted at the NYU Langone Sleep Center
using the Xltek data acquisition system (Natus Medical). PSG measurements included standard electroencephalography (International 10/20 Electrode Placement; Fp1, Fp2, F7, F3, F8, F4, Fz, Cz,
T3, C3, C4, T4, T5, P3, Pz, P4, T6, O1, O2, and A1, A2 mastoid references), Electrooculogram (Left/Right EOG), Chin Electromyogram (EMG), as well as Chest and Leg movements, Respiratory
monitoring, and Blood Oxygenation (SpO2). EEG data were digitized at a sampling rate of 256 Hz.
Each participant’s night of sleep was scored by a sleep technician and checked over by a board-certiﬁed sleep physician, according to the American Academy of Sleep Medicine manual (Berry
et al. 2012). The data was staged in 30-sec epochs and categorized
as stage 1, 2, SWS, or REM sleep. Together, the ﬁrst three stages were
deﬁned as non-REM sleep. The total duration of each sleep stage
was normalized by each participant’s TST before being correlated
with imaging results. The average duration of all sleep stages are
presented in Supplemental Table S1. In the present work, we
were particularly interested in SWS as a broader measure as a stage
of sleep thought to be relevant for replay (Diekelmann and Born
2010; Rasch and Born 2013) and which has been previously related
to both beneﬁts in memory (Takashima et al. 2006; Diekelmann
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and Born 2010; Wilhelm et al. 2011; Alger et al. 2012; Rasch and
Born 2013; Baran et al. 2016) as well as changes in hippocampal
univariate signal (Takashima et al. 2006; Baran et al. 2016).

by subsequent memory interitem pattern similarity analysis included 18 participants.

Univariate analyses
Behavioral analyses

Two different types of univariate analyses were performed: the ﬁrst
examined “all trial” activation for all trials on the Encoding Lists,
and the second was broken down by subsequent memory status
(e.g., remembered vs. forgotten). For the “all trial” GLMs, regressors
were created for each Encoding List and image category (object or
scene), for a total of six regressors (SL-object, SL-scene, ML-object,
ML-scene, etc.). Planned contrasts between the Encoding Lists
were modeled, in addition to the temporal derivative and temporal
ﬁltering. For “subsequent memory” GLMs, 18 regressors were included to model the possible memory outcomes: remembered
(source correct), item (source incorrect or word only responses),
or forgotten (miss), broken down by Encoding List and the category of paired image, collapsed across memory test.

Correct associative memory was deﬁned as accurate source memory judgments (“remembered”), while previously studied pairs
judged as “new” were considered “forgotten.” For all analyses,
memory was collapsed across the Immediate and Delayed tests to
increase statistical power.

MRI acquisition and preprocessing
Scanning was completed on a 3T Siemens Allegra head-only scanner. Functional imaging data was collected using an echo-planar
imaging (EPI) pulse sequence (TR = 2000 msec, TE = 15 msec, 34 interleaved slices oriented parallel to the AC–PC axis, ﬂip angle = 82°,
voxel size = 3 × 3 × 3 mm). The ﬁrst six volumes were discarded to
allow for T1 stabilization. A high-resolution T1 weighted anatomical scan (magnetization-prepared rapid-acquisition gradient echo
sequence, voxel size = 1 × 1 × 1 mm) was acquired to aid in functional image coregistration.
Preprocessing on functional data was performed using the
FSL (version 5.0.2.2) fMRI Expert Analysis Tool version 6 (FSL:
http://fsl.fmrib.ox.ac.uk/fsl). Functional images were brainextracted, high-pass ﬁltered (110-sec cutoff), realigned to correct
for interleaved acquisition, and MCFLIRT was applied for motion
correction. For univariate analyses, data was spatially smoothed
with a 5-mm FWHM kernel. FSL’s motion outliers tool was
used to identify outlier time points (using DVARS), which were
included as an additional regressor in all subsequent general linear models (GLMs). Functional data was registered to the highresolution anatomical scans with FSL’s FLIRT tool (12 degrees
of freedom [DOF], nonlinear registration 10-mm warp resolution), then to standard Montreal Neurological Institute (MNI)
space using FNIRT’s nonlinear registration with a 10-mm warp
resolution.

Region of interest (ROI) definition
Anatomical participant-speciﬁc hippocampal ROIs were deﬁned
using FSL’s automatic segmentation tool, FIRST. For each participant, we generated left and right hippocampal masks, which
were then divided lengthwise into anterior and posterior halves using custom code in MATLAB. Averaging across the subject-speciﬁc
ROIs, we found that the number of voxels in each region was as follows: right anterior hippocampus contained 86 voxels, right posterior contained 57 voxels, left anterior contained 84 voxels, and left
posterior contained 60 voxels. See Figure 3B for an example of hippocampal anterior and posterior ROIs.
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Interitem pattern similarity analyses
For the interitem pattern similarity analyses, functional data was
preprocessed as outlined above with a few exceptions: the data
was smoothed using a 3-mm FWHM kernel and kept in native
space for each participant. After preprocessing, each run was
aligned to the ﬁrst run. For each run, trial-level GLMs were constructed by modeling one regressor per trial (60 regressors in total),
with additional regressors for extreme head motion and temporal
derivative (Mumford et al. 2014; Cowan et al. 2020). Resulting
t-stat maps were imported into Matlab, where t-stat activation
maps were extracted for each ROI in native space.
A linear vector containing the BOLD activation in each voxel
in each ROI was extracted for each trial in the three Encoding Lists
(Sleep List, Morning List, and Single Study List), separated by the
category condition (e.g., word–scene vs. word–object pairings),
and the Pearson’s correlation coefﬁcient (r) was computed between
each pairwise vector. This allowed assessment of the extent to
which the activation patterns for each trial correlated with all other
trials from the same list across scanning runs, thereby avoiding
confounds from temporal autocorrelation (Mumford et al. 2014).
The averaged trial-level correlations were then normalized using
a Fisher r-to-z transformation and averaged, resulting in similarity
estimates for each Encoding List. Correlations were performed in
two ways: with all other trials from the same Encoding List, irrespective of later memory outcome (“all trial”) (Fig. 3A), and separately only among later remembered or forgotten trials from the
same Encoding List (“subsequent memory”) (Fig. 5A). Akin to earlier studies, this analysis allowed for the examination of representations among memories learned at the same time (LaRocque
et al. 2013; Tompary and Davachi 2017; Ezzyat et al. 2018). Of
note, one participant did not have sufﬁcient “forgotten” trials for
the Morning List scene pairs to complete the across-run subsequent memory similarity analysis; thus, the analysis for scene pairs
www.learnmem.org
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