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Abstract

Memories of waking-life events are incorporated into dreams, but their incorporation is not uniform across a night of sleep. This
study aimed to elucidate ways in which such memory sources vary by sleep stage and time of night. Twenty healthy participants (11
F; 24.1 + 5.7 years) spent a night in the laboratory and were awakened for dream collection approximately 12 times spread across
early, middle, and late periods of sleep, while covering all stages of sleep (N1, N2, N3, REM). In the morning, participants identified and
dated associated memories of waking-life events for each dream report, when possible. The incorporation of recent memory sources
in dreams was more frequent in N1 and REM than in other sleep stages. The incorporation of distant memories from over a week ago,
semantic memories not traceable to a single event, and anticipated future events remained stable throughout sleep. In contrast, the
relative proportions of recent versus distant memory sources changed across the night, independently of sleep stage, with late-night
dreams in all stages having relatively less recent and more remote memory sources than dreams earlier in the night. Qualitatively,
dreams tended to repeat similar themes across the night and in different sleep stages. The present findings clarify the temporal
course of memory incorporations in dreams, highlighting a specific connection between time of night and the temporal remoteness
of memories. We discuss how dream content may, at least in part, reflect the mechanisms of sleep-dependent memory consolidation.

Key words: dreaming; memory sources; serial awakenings; episodic memory; semantic memory; sleep stages; temporal changes;
REM sleep; NREM sleep
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Statement of Significance

aimed at modulating specific memories during sleep.

Using a serial-awakening paradigm, our results show that multiple memory sources can co-exist in dreams, especially in dreams
from sleep-onset N1 and REM sleep. Results also show that the memory sources of dreams become relatively less recent and more
remote across a night of sleep, and that this effect is independent of sleep stage. Elucidating when different memory types are
incorporated into dreams could advance our understanding of sleep-dependent memory processing and inform future research

Introduction

The content of dreams often reflects elements of waking-life
events. Over 80% of dream reports can be associated with at least
one identifiable event memory originating in either the recent or
remote past, or from a future anticipated event [1-3]. Dreaming
about events from the previous day (day residues) are especially
prevalent, identified in 60%-75% of reports [4]. However, previous
events are rarely replayed in their entirety in dreams [5]. Rather,
only fragments of episodic memories seem to be combined into
novel scenarios [2, 3, 6, 7].

One view is that this incorporation of memories into dreams
reflects sleep-dependent memory consolidation, which involves
the reactivation and organization of memory traces into long-
term cortical storage during sleep (e.g. [8, 9]). In support of this
view, evidence from both rapid eye movement (REM) sleep and
non-REM (NREM) sleep shows that dreaming about elements of
a recently learned task is associated with improved performance
on that task (e.g. [10-14]). Several investigators suggest that the
interweaving of recent and distant memories in dream narratives
supports a process of integrating novel information into broader
semantic and autobiographical memory networks [9, 15, 16].

Beyond merely strengthening individual memories, the crea-
tion of novel associations between different waking-life experi-
ences during dreaming may also bolster creativity and help to
extract the overall gist of similar experiences [16]. These are func-
tions that have also been attributed to REM sleep more generally
(e.g. [17, 18]). Further, the incorporation into dreams of fragments
from the past could serve to simulate potential future scenarios
and help individuals prepare for upcoming events and challenges
[2, 6]. To better understand the central role of memories in dream
formation and to shed light on the possible functions of dream-
ing, we sought to obtain systematic evidence on the types and
temporal characteristics of dream memory sources. Specifically,
we asked whether different types of memory are incorporated
into dreams at different times of the night or in different sleep
stages.

Memory sources of dreams across the night

The incorporation of memories into dreams has been shown to be
modulated by certain factors, particularly time of night [19]. An
early insight about REM dreams was that the temporal recency
of a memory source varies across the night [20-22]. The most
recent memories tend to be incorporated in early-night dreams,
whereas more remote memories tend to appear at the end of the
night. This temporal pattern was also found in a case study for
sleep-onset (N1) dreams [23]. Nevertheless, this temporal effect
has yet to be confirmed or replicated in a laboratory study with
an adequate sample size.

Incorporation may also be influenced by sleep stage. Day
residues are more frequent in stage 2 (N2) dreams than in REM
dreams and remote memories from up to a year ago are more fre-
quent in REM dreams than in N2 dreams [24]. However, because

REM awakenings occurred later at night than N2 awakenings in
the latter study, the results may reflect an influence of time of
night rather than sleep stage.

To understand memory incorporation in dreams, the type
of memory (e.g. episodic or semantic) must also be taken into
account as mechanisms may differ for different types. Specifically,
episodic memories pertain to events that were personally expe-
rienced in a certain spatial and temporal context (e.g. “four days
ago when [ was stung by a scorpion”), whereas semantic memories
reflect general knowledge or abstract self-references without a
specific spatiotemporal context of learning (e.g. “my fondness for
botany”). NREM dream sources are found to be more episodic-like
throughout the night than are REM dream sources [25, 26]. REM
sources are more semantic, especially later at night, than are
NREM sources [27]. NREM dreams also correspond more closely to
the original memory source than do REM dreams [28]. In at-home
studies, early-night dreams were more clearly related to wak-
ing life, while late-night dreams were more hyperassociative, in
that they were more bizarre, metaphorical, and remote [29, 30].
However, these effects again have not been disentangled from
sleep-stage differences between early and late night.

Finally, the incorporation of specific memory sources, such as
the sleep laboratory itself, can be modulated by both sleep stage
and time of night. Specifically, dreaming about the lab is more fre-
quent in REM dreams than in NREM dreams, as well as in morn-
ing nap dreams than in overnight sleep dreams [6]. Moreover, the
probability of dreaming about future scenarios related to the lab
(e.g. false awakenings) increases with time of night [6].

Serial awakenings to uncover memory sources

Serial-awakening protocols have been used to efficiently investi-
gate the neural correlates and memory sources of dream content
(e.g.[12, 23, 31]). Studies have mainly explored memory sources of
dreams that arise either from the same stage of sleep throughout
the night [21-23], or from different stages of sleep across multi-
ple nights (e.g. [25-27, 32]). A few studies have performed multi-
ple awakenings in NREM or REM sleep through a single night to
assess the dream-lag effect, wherein memory sources re-appear
in dreams about a week following the initial experience [33, 34].
These studies show that dream-lag effects occurred mainly in
REM sleep dreams, the effect being stronger in early REM peri-
ods [33]. However, because of the focus on the dream-lag effect,
memory sources in these studies were limited to 10 or 14 days
prior to the study, so how these factors relate to more distant
memory sources—or to anticipatory cognitions—is still unclear.
In a recent study, Wamsley [2] performed up to 10 awakenings
at sleep onset and three additional awakenings during the night
in NREM sleep, REM sleep, and in the morning. Episodic memory
sources were found more frequently in N1 dreams than in REM
and NREM dreams that occurred later in the night. In parallel, the
probability that a dream would be associated with an episodic
memory declined from the first to the fourth quartile of the night,



while the probability that a dream would be associated with a
semantic memory or an anticipated future event remained stable
across the night.

In sum, serial awakenings have been valuable for uncover-
ing variations in memory sources across dreams. Nevertheless,
the differential contribution of sleep stages and time of night to
which specific memory sources are incorporated remains unclear.

Objectives and hypotheses

Accordingly, our primary objective was to analyze the memory
sources of dreams with respect to time of night and sleep stage,
while taking into account type of memory (episodic vs. seman-
tic) and temporal period (recent vs. distant past, or anticipated
future). We thus planned awakenings during a single night that
sampled all stages of sleep (N1, N2, N3, REM) and each of three
different periods of the night (early, mid, late). We hypothesized
that: (1) REM dreams would have relatively more semantic mem-
ory sources, while NREM dreams would have relatively more
episodic memory sources, independent of time of night; and (2)
remote memory sources would predominate in late-night dreams
compared to early-night dreams, while recent memory sources
would predominate in early-night dreams.

Methods

Participants

A total of 20 healthy participants (11 females; 9 males; 24.1 £ 5.7
years; range: 18-40 years) were recruited by word of mouth and
with ads placed on campus at the University of Rochester and at
local businesses. Participants were required to be 18-40 years of
age, to self-declare they were mentally and physically healthy, to
have no sleep disorders, to not take psychotropic medication and
to have recalled at least 3 dreams per week for the last 6 months
(mean =+ SD: 4.2 + 1.1; range 3-7 dreams/week). Procedures
accorded with the ethical standards of institutional research
committees and with the 1964 Helsinki declaration and its later
amendments. Ethics approval was obtained from the University
of Rochester Research Subjects Review Board. Participants gave
written informed consent and received US$120 for their partici-
pation as well as compensation for transportation if needed.

Procedures

Participants first came to the University of Rochester Medical
Center to receive detailed information on the procedures of the
study as well as a brief training on how to complete the at-home
dream journal and the Dream-Memory Association task. They
gave written informed consent, completed online questionnaires,
and completed 5 days of home sleep/dream logs prior to start-
ing laboratory participation, including on the morning of partic-
ipation (see Questionnaires and Home Dream Journal sections
in Supplementary Material for more details). For the in-lab ses-
sion, participants arrived one hour before their usual bedtime
(mean + SD: 10:01 + 0:47 PM). Then, a research technician fitted
them with a standard montage of polysomnography (PSG) elec-
trodes (see section on Polysomnography). Participants were given
a 9-hour window to sleep (~11 PM to 8 AM) during which serial
awakenings (n = 12 awakenings) with dream collection were per-
formed. Participants were then allowed to sleep longer (without
awakenings) if they wished. In the morning, the PSG electrodes
were removed and participants completed the Dream-Memory
Association task. They subsequently completed 10 consecutive
days of home sleep/dream logs.
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Serial awakenings and dream collection

Awakenings were planned to occur in all four stages of sleep (N1,
N2, N3, REM) and across three periods of sleep (early, mid, late),
resulting in 12 awakenings in total (see Figure 1 for an example).
In order to optimize the chance of having awakenings in all stages
of sleep for each period of the night, the order of awakenings fol-
lowed, when possible: N1, N3, N2, then REM sleep for each period.

In order to homogenize the awakenings within each sleep
stage throughout the night, they were planned to occur after ~5
minutes of stable N2, N3, or REM was detected (we achieved a
mean + SD of 7.8 + 5.8 minutes, min = 0.5; max = 41 min), or
after ~15 seconds of N1 sleep (mean + SD = 1.2 + 1.1 minutes).
Awakenings were planned to be a minimum of 15 minutes apart,
except for N1 awakenings, which could be prompted upon fall-
ing back asleep from a previous awakening. Awakenings were
also planned to occur a maximum of 90 minutes apart, i.e. if the
next expected stage did not come within a full cycle of sleep, the
experimenter would provoke an awakening as long as the sleep
stage was different from the previous awakening (we achieved a
mean = SD of 51.6 + 30.6 minutes apart, min = 10; max = 164 min-
utes). The three sleep periods (early/mid/late) were established
based on the participant’s usual sleep duration (divided by 3). The
online sleep stage scored for each awakening was later compared
to the offline sleep scoring performed over the whole night (see
the Polysomnography section). Awakenings were correctly iden-
tified online 96.9% of the time (220 out of 227 awakenings). The
offline scoring was used for analyses.

The amount of time elapsed in the targeted sleep stage before
awakening did not differ significantly between N2 (6.0 + 3.7 min-
utes), N3 (5.9 + 2.6 minutes) and REM (7.8 + 5.8 minutes), although
it was lower in N1 due to our target of only ~15 seconds N1 preced-
ing awakening (1.2 + 1.1 minutes). Time to fall back asleep after
the awakenings, calculated as the time to reach the next stable
N1 sleep period (i.e. a sleep onset N1 period which led to N2 sleep
rather than to awakening), did not differ between sleep stages
(N1: 9.0 + 8.1 minutes; N2: 8.1 + 21.2 minutes; N3: 6.2 + 13.7;
REM: 6.3 + 8.0 minutes; p = .493) or time of night (p = .856). When
examining the five minutes preceding each awakening, N2 awak-
enings contained 91.1 + 15.1% of N2; N3 awakenings contained
90.2 + 19.0% of N3; and REM awakenings contained 95.0 + 11.6%
of REM sleep. N1 awakenings were always preceded by at least 15
seconds of N1 sleep.

The experimenter woke participants up by softly calling their
names through a loudspeaker in the bedroom. Participants were
immediately asked to report in detail “what was going through your
mind just before I called your name”. If they reported any dream
experience, they were then asked to rate their level of immersion
in it (results not reported here). If participants did not recall any
dream experience, they were asked whether they had a so-called
white dream, with the prompt: “do you still have a strong impression
that you were dreaming but forgot the content, or do you feel like you
were not experiencing anything?”. Finally, all participants were asked
to rate their subjective sleep perceptions (results not reported
here; see Supplementary Material for the full script used for
In-lab dream collection). They were then told they could go back
to sleep. Verbal reports were recorded and were transcribed man-
ually by the experimenters during the night.

Dream-memory association task

Upon awakening each morning, participants were asked to iden-
tify and write down associated memories for each at-home and
in-lab dream report. For the in-lab session, the transcribed dream
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reports were displayed one at a time on a computer screen in a
random order. For each report, participants were asked to rate
how clearly they remembered having had that dream experience
on a 1-5 scale (clarity of recall). They were then asked to consider
the different dream elements (e.g. characters, places, objects, feel-
ings) and think of any events from their life (past or anticipated)
that may have triggered this element and to think of other promi-
nent memories associated with this element. Next, they dated the
recalled events as precisely as possible from a list of time periods
(past events: yesterday/ 2 days ago/ 3—4 days ago/ 5-6 days ago/ 7-8
days ago/ within the past month/ within the past 6 months/ 6-12
months ago/ 1-2 years ago/ 2-5 years ago/ 5+ years ago (but later
than teenage)/ teenage/ childhood; anticipated events: later today/
tomorrow/ in 2-3 days/ in 4-5 days/ in 6-7 days/ in more than a
week). Participants also had the option to specify another date or
time period not present in the list (‘Other), or to select “Related
to waking life events, but not traceable to single event(s)” if the
waking life memory could not be traced back to a single event or
specific time period (i.e. semantic memory). They were allowed
to add more than one memory source to a single dream element,
but not to reuse the same memory source for different dream
elements. If the memory source could be traced back to a single
event, it was considered to be episodic, whereas if a single source
was not apparent, it was considered to be semantic. Finally, if the
source was an anticipation of a future event, it was considered to
be a future source. Past memory sources were further separated
into recent past (from yesterday to 7-8 days ago) and distant past
(within the past month through childhood). Participants were
given detailed instructions on how to report the dream-memory
associations and were provided with examples for each type of
memory/event (see the full Dream-Memory Association task with
instructions in Supplementary Material).

Polysomnography

Participants slept in a private sleep laboratory bedroom with
continuous audiovisual surveillance. They were recorded with
a standard 10-20 montage of electroencephalography (F3,
F4, C3, C4, 01, 02), electrooculography (1 vertical left, 1 hori-
zontal right) and electromyography (3 on the chin) channels;
right-hemisphere channels were referenced to Al and left-hem-
isphere channels to A2. Biosignals were recorded using Alice 6
Acquisition Systems (-6dB filters with cut-offs at 0.30 and 100
Hz) and controlled by Sleepware G3 software (Philips Inc., United
States). Tracings were visually monitored during the night and
were later scored by an expert blind to the online-scored sleep
stages, using American Academy of Sleep Medicine standards
[35]; sleep variables (e.g. REM min, %REM, NREM min, %NREM,
Total Sleep Time) were calculated by Sleepware G3 software
(Philips Inc., United States).

early

Qualitative assessment (judge ratings)
Lab incorporation dreams.

The incorporation of the laboratory in dreams was scored based
on whether or not (1 or 0) there was any trace of the laboratory,
including lab-related people, places, objects, tasks and sleep
activities (see step 1 of the SoLID Criteria for more details on
the scoring procedure [6]). This scoring procedure was done by
one judge familiar with the SoLID criteria and was done inde-
pendently of the participants’ own identification of lab-related
Mmemory sources.

Repetition of dream themes through the night.

Three judges independently identified repeated themes (e.g. a
same person or same action repeating through more than one
dream) in each participant’s dream reports and then worked to
a consensus on these themes. These repeated themes could be
lab-related (e.g. electrodes, bed), people (e.g. family members,
friends), objects (e.g. cars, food), places (e.g. high school, home),
actions (e.g. preparing for something, cleaning) or others (e.g.
money, music).

Statistical analyses

Statistical analyses were conducted in R [36]. Results visualiza-
tions were performed with R and GraphPad Prism 9.

Generalized linear mixed models (GLMM,; glmer function) [37]
were used to assess factors that predict the occurrence (1 or 0)
of memory sources identified by the participant from the recent
past (1-8 days previous), the distant past (within the past month
to childhood), the future (later today to more than 1 week in the
future) or that were semantic (not traceable to single events);
or the occurrence of judge-rated lab incorporations (1 or 0). We
entered Sleep stage (N1, N2, N2, REM) and Time of night (early,
mid, late) as fixed effects predictors.

Linear mixed models (LMM; Imer function) were used to assess
continuous outcomes (proportions of past, semantic or future
memory sources; Recent-Distant and Semantic-Episodic relative dif-
ference) with Sleep stage and Time of night as fixed factors.

Participant ID# was added as a random effect in all GLMM and
LMM models to take into account variable numbers of dreams
reported by individual participants. GLMM were fit by maximum
likelihood (Laplace Approximation) and LMM were fit by restricted
maximum likelihood procedures. Global p-values for fixed factors
were calculated with the mixed function (afex package) for GLMM
and with the anova function (Satterthwaite’s method) for LMM.
Post-hoc tests were calculated with the Ismeans function; degrees
of freedom were calculated with the Kenward-Roger method and
p-values were adjusted for multiple comparisons with the Tukey
method.

late
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Figure 1. Example of a participant’s hypnogram with serial awakenings; each awakening is indicated with an arrow. Wake periods are in black and

thirds of the night are indicated with horizontal brackets.
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Results

Descriptive

Participants were woken up on average 11.40 + 0.88 times per
night (min = 9; max = 12) and recalled 8.20 + 2.02 dreams (min =
4; max = 12). They spent 8.80 + 0.86 hours in bed (from lights off
to lights on) and slept 7.33 + 1.08 hours, with a sleep efficiency of
81.69 + 11.40% (see Supplementary Table S1 for more details on
sleep characteristics).

The probability of recalling a dream (excluding white dreams)
varied by Sleep stage (p = .002) but not by Time of night (p = .929).
Pairwise comparisons show that dreams were more frequently
recalled in REM sleep than in N3 sleep (p = .003) and, marginally,
in REM sleep than in N2 sleep (p = .056) (Figure 2A and Table 1).
The length of dream reports also differed with Sleep stage (p <
.001) and Time of night (p = .008), being longer in REM than in
all other stages (p < .0001) and shorter in early awakenings than
in late awakenings (p = .007) (Figure 2B). A marginal interaction
between Sleep stage and Time of night (p = .091) shows that REM
dreams were longer than those of other sleep stages during mid
and late night (all p <.012), but not during early night (all p >.962),
and that only REM dreams increased in length across early to late
night (p = .007). Clarity of dream recall was predicted by Sleep
stage (p < .001) and marginally by Time of night (p = .075), with no
interaction between the two (p = .289): dreams that occurred in N1
or in REM sleep were recalled more clearly in the morning than
dreams that occurred in N2 or N3 sleep (all p < .05); and dreams
that occurred late in the night tended to be recalled more clearly
in the morning compared with earlier dreams (p = .086) (Figure
2C). To control for a potential effect of dream report length and
clarity of dream recall on the identification of associated memory
sources, these variables were used as additional predictors in the
GLMMs and LMMs when indicated.

Memory sources across sleep stages and time of
night

Memory sources were identified for 143 dreams (87.2%) with an
average of 1.77 + 1.39 memory sources per dream (min = 0; max =
10). A total of 91 (55.5%) dreams incorporated memories from the
recent past and 49 (29.9%) from the distant past; 51 (31.1%) incor-
porated semantic sources (not related to one event) and 11 (6.7%)
incorporated sources from anticipated future events (see Figure
3A and Supplementary Table S2 for examples). Day-residues were
by far the most prevalent time category, occurring in 65 out of 164
dreams (39.6%), and no dream-lag effect (more incorporations

Dream recall
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= 80|
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£ 60
£
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from ~5-7 days ago) was observed (Figure 3C). In future memory
sources, 6 cases (54.5%) were anticipated events later in the day,
3 cases the following day, 1 case in 2-3 days and 2 cases in more
than a week.

The total number of memory sources identified for each dream
was predicted by Sleep stage (p < .001), but not by Time of night (p
= .323). Specifically, N1 dreams had more memory sources than
N3 sleep (B = 0.818, SE = 0.289, t(145) = 2.830, p = .027) and REM
dreams had more memory sources than both N2 (B = -0.856, SE
=0.251, t(142) = -3.413, p = .005) and N3 dreams (B = -1.110, SE =
0.279, t(143) = -3.977, p < .001) (Figure 3B). When added separately
to the model, both clarity of recall (p < .001) and dream length
(p < .0001) were strong predictors of the total number of mem-
ory sources in dreams; the effect of Sleep stage persisted in both
cases (p = .030 and p = .029 respectively).

The presence (1 or 0) of recent-past memory sources was also
predicted by Sleep stage (p = .012), but not by Time of night (p
= .276). Specifically, recent-past memory sources were more fre-
quent in N1 (29/44, 65.9%) than N3 (11/30, 36.7%) dreams (B =
1.620, SD = 0.571, z = 2.839, p = .024) and more frequent in REM
(31/49, 63.3%) than N3 dreams (B = -1.464, SD = 0.550, z = —2.664,
p = .039) (Figure 3C and Supplementary Table S3). These effects
remained significant when excluding dreams incorporating the
sleep laboratory (N1 > N3, p = .019; REM > N3, p = .039). When
added separately to the model, neither clarity of recall (p = .294)
nor dream length (p = .462) predicted the presence of recent-past
memory sources in dreams and the effect of Sleep stage persisted
in both cases (p = .055 and p = .009, respectively).

When breaking down the Sleep stage effect on recent sources
by days, Sleep stage predicted the occurrence of day residues (p =
.008), being marginally more frequent in N1 (52.2%) than both N2
(26.8%) (p =.067) and N3 (23.3%) (p = .054), and marginally more
frequent in REM (49.0%) than N3 (p = .096) (Figure 3C). When
excluding dreams incorporating the sleep laboratory, sleep stage
still predicted day residues (p = .013; N1 > N2, p = .083; N1 > N3,
p = .057). Sleep stage did not predict the occurrence of memory
sources from 2 days (p =.574), 3—4 days (p =.587), 5-6 days (p =.589)
or 7-8 days (p = .409) ago.

In contrast, the presence of distant-past memory sources was
not predicted by Sleep stage (p = .106) or Time of night (p = .302)
and the presence of semantic memory sources was also not pre-
dicted by Sleep stage (p = .256) or Time of night (p = .489) (Figure
3C and Supplementary Table S3). However, the total number of
semantic memory sources within each dream was marginally
predicted by Sleep stage (p = .057), but not by Time of night (p

Clarity of recall in the morning

REM, N1 > N2, N3 *
Late > Early t

N1
N2
N3
REM

|

Clarity of recall

Late Early Mid Late
Time of night

Figure 2. Dream recall variation across Sleep stage and Time of night. (A) Dreams were more frequently recalled in REM sleep across the night; (B)
dreams were generally longer in REM sleep, especially in later awakenings; (C) dreams were remembered more clearly in the morning when they
occurred in REM or in N1 sleep, or when they occurred in later awakenings. Means and SEMs are shown.


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsac292#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsac292#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsac292#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsac292#supplementary-data

6 | SLEEP, 2023,Vol. 46, No. 4
=.302), being higher in REM (mean + SD = 0.57 + 0.84) than N3
(mean + SD = 0.20 = 0.41) sleep (B = —0.355, SE = 0.149, t(145) =
-2.376,p = .086).

The presence of future sources was not predicted by Sleep stage
(p =.588) or Time of night (p =.129) (Figure 3C and Supplementary
Table S3). We noted, however, that only 1 of the 11 dreams con-
taining future sources occurred in an early awakening. The rest
occurred equally in mid (5/11) or late (5/11) awakenings.

Recent memory sources decreased in later
awakenings

To control for the total number of memory sources in each
dream, which was influenced by Sleep stage, we assessed the
proportion of each type of memory source in individual dreams

(e.g. #recent sources/#total sources). The proportion of recent-past
memory sources was predicted by Time of night (p = .023), but
not by Sleep stage (p = .394), being more present in dreams from
early awakenings than in those from mid (B = 0.199, SE = 0.082,
t(123) = 2.429, p = .044) and, marginally, those from late (8 = 0.186,
SE = 0.079, t(122) = 2.359, p = .052) awakenings (Figure 4A and
Supplementary Table S3). The effect of Time of night was still
present when excluding lab incorporation dreams (p = .025; early
> mid, p =.073; early > late, p = .039).

In contrast, the proportion of distant-past sources was not pre-
dicted by Sleep stage (p = .724) or Time of night (p = .318); nor was
the proportion of semantic sources (Sleep stage, p = .304; Time of
night, p = .351) or the proportion of future sources (Sleep stage, p
=.641; Time of night, p =.352). While numerically there were more

Table 1. Number of dreams recalled and number of awakenings as a function of sleep stage and time of night

# Recalled dreams/# Awakenings (%) N1 N2

N3 REM All stages

Early 12/ 20 (60.0%) 13/20 (65.0%) 16/ 22 (72.7%) 15/ 17 (38.2%) 56/79 (70.9%)
Mid 18/ 18 (100.0%) 11/ 20 (55.0%) 6/ 13 (46.2%) 17/ 21 (80.9%) 52/ 72 (72.2%)
Late 14/ 16 (87.5%) 17/ 21 (80.9%) 8/17 (47.1%) 17/ 22 (77.3%) 56/ 76 (73.7%)
All periods 44/ 58 (75.8%) 41/ 60 (68.3%) 30/ 53 (56.6%) 49/ 56 (87.5%) 164/ 227 (72.2%)
A
Dream reports: Episodic memory source: | _______________
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Figure 3. Memory sources of dreams. (A) Examples of episodic, semantic, and future sources associated with dream reports. (B) Total number of
memory sources identified within a dream, including episodic, semantic, and future sources (REM>N2, N3; N1>N3). Boxplots with Min to Max point
ranges are shown. (C) Percentage of dreams, by Sleep stage, that were associated with memory sources from specific time periods or of specific type
(semantic, future). Recent episodic memory sources, and day residues specifically, were more likely to be identified in N1 and REM dreams compared

to other sleep stages.
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distant and future memory sources in later awakenings, this dif-
ference was not significant (Figure 4A).

We further assessed the relative difference between recent
and distant memory sources (#recent/# total sources — #distant/#-
total sources) for each dream containing at least one memory
source (n = 143 dreams). Recent-Distant relative difference was pre-
dicted by Time of night (B = -0.139, SD = 0.063, t(124.9) = —-2.210,
p = .029), but not by Sleep stage (B = —0.036, SD = 0.043, t(124.9)
= -0.842, p = 401), with dreams having relatively more distant
memory sources in late awakenings than in early ones (B = 0.288,
SE = 0.128, t(122) = 2.256, p = .06) (Figure 4B and Supplementary
Table S3). We added a Time of night*Sleep stage interaction to
the model, but the interaction was not a significant predictor (p
= .141) (Figure 4C). The Time of night effect was slightly reduced
when controlling for the clarity (p = .073) and length (p = .114) of
dream recall, though neither were significant predictors in the
model (all p > .05).

Neither Sleep stage (p = .321) nor Time of night (p = .403) pre-
dicted the relative difference between semantic and episodic
memory sources (Supplementary Table S3).

Lab incorporations were frequent in REM sleep

A total of 56 (34.2%) dreams contained incorporation of the labo-
ratory (judge-ratings). The presence of lab incorporation dreams
was not predicted by Sleep stage (p =.149) or Time of night (p
=.490). However, when considering NREM sleep stages (N1, N2,
N3) together to better replicate the grouping used in our previ-
ous paper [6], Sleep stage became a significant predictor of lab
incorporation dreams (B = 0.793, SD = 0.365, z = 2.174, p = 0.029).
Specifically, lab incorporation dreams were more frequent in REM
(23/49; 46.9%) than NREM (33/115; 28.7%) dreams, but did not
differ between early (16/56, 28.6%), mid (21/52, 40.3%), and late
(19/56, 33.9%) night dreams.

Co-occurrence of memory sources

Nearly half of the dream reports combined more than one mem-
ory source (81 of 164 dreams; 49.4%). A total of 21 (12.8%) dreams
contained memory sources from both the recent and distant past;
however, this was not predicted by Sleep stage (p = .598) or Time
of night (p =.304). Thirteen (7.9%) dreams combined a day residue
source with a more remote memory: from a month ago (n = 5
dreams); from 6 months to 2 years ago (n = 5); from teenage years
(n = 2) and from childhood (n = 5). For example, one participant
had this dream: “T was in a grocery store and it was kind of like sleep
study subjects which was a little funny. Because everyone was hooked up
to the wiring and stuff and we all had matching pajamas, I guess? And
we were in some kind of store or blank space. It was easy to see every-
one.”; which they associated with being hooked to electrodes the
day before at the lab (day residue) and to a book series they read
when they were young where kids were being tested, hooked up
to wiring and in matching pajamas (childhood memory). Finally,
about half the dreams containing a future waking source (6 of 11
dreams; 54.5%) also contained a past episodic source.

Repetition of themes across the night

All 20 participants had at least one repeated theme in their
dreams across the night (mean + SD = 5.9 + 2.7 themes; min =
1; max = 13). On average, an identified theme was repeated in
2.5 £ 0.3 (min = 2; max = 6) dreams per participant. Repetitions
occurred on consecutive awakenings in 34.8% of cases, but could
be separated by up to 10 awakenings (average distance of 3.3 + 2.3
awakenings). Themes were repeated through all sleep stages and
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times of night: when considering all NREM stages together (N1, N2,
N3), repetitions most often occurred from NREM—NREM (35.9%),
from REM—-NREM (27.6%); from NREM—REM (24.9%) and from
REM—REM (12.2%). However, when weighting for the number of
awakenings with dream recall in each respective stage, and for
each participant, the probability was slightly higher for a theme
to repeat itself in a different stage of sleep (NREM—REM: 17.9%;
REM—NREM: 13.28%) than from repeating again in the same
stage (NREM—-NREM: 11.4%; REM—REM: 9.9%). No other specific
pattern was apparent across the night. Qualitatively, theme rep-
etitions were often related to memory sources (see examples in
Figure 5). In some instances, the way the memory source was
incorporated in dream content seemed to evolve across the night.
For example, one participant who is an emergency medical tech-
nician saw a patient who had been hurt while playing baseball
at a family gathering. Two days later in the lab, the participant
empathetically dreamt (REM dream) about an injury scene where
they themselves were “on a baseball field; and there was a game of
baseball with a bunch of members with my family and two of us got
really hurt”. Later in the same night, they dreamt again that they
were playing baseball, this time with some friends, and they were
also playing golf with a family member, as well as playing football
(REM dream). The memory source, first represented in a dream
in a more exact form, was then more loosely represented in con-
texts that included semantically related activities (football, golf).

Discussion

Using a serial-awakening paradigm, we investigated dream mem-
ory sources to determine how they are related to sleep stage
and time of night. One key finding was that a greater number
of memory sources—especially recent memories from the day
before—were identified in N1 and REM dreams than in other
NREM dreams, an effect that persists after controlling for dream
length or clarity of recall. However, we did not find strong evi-
dence that semantic memories are more frequent in REM than in
NREM dreams, contrary to expectations.

We also replicated the finding that dream memory sources
become relatively less recent and more distant across the night.
Prior studies that have reported this finding typically focused
either on N1 or on REM sleep [21-23] and thus were unable to
clarify whether this change over the night was due to REM sleep
predominating in the second half of the night. Our results showed
that this effect occurs independently of sleep stage and may
instead be a function of time spent asleep or circadian influences.

Finally, we found that dreams tend to repeat similar themes
related to memory sources across the night and in different sleep
stages. We discuss how these patterns of memory incorporation
in dreams may inform our understanding of overnight memory
processing during sleep.

N1 and REM dreams combine more memory
sources

Memory sources were identified for 87.2% of all dreams, which
is similar to what has been found in studies by Wamsley [2] and
Vallat et al. [1], i.e. 87.7% and 83.8% respectively. Most dreams
(56%) in our sample incorporated episodic memories from the
recent past, usually from the day before; 30% incorporated epi-
sodic memories from the distant past; 31% incorporated seman-
tic memories; and 7% incorporated anticipated future events.
About half of dream reports (49%) were related to multiple mem-
Ory sources.
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Figure 4. Proportion of memory sources in dreams. (A) Proportions in dreams of episodic past-distant, episodic past-recent, semantic and future
memory sources across Time of night. (B) Relative difference between the proportions of recent-past and distant-past episodic memory sources by
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Our first hypothesis, that REM dreams would contain more
semantic memories and NREM dreams more episodic mem-
ories, was not strongly supported by the findings. Although we
did see a higher total number of semantic memory sources in
REM than in N3 dreams, this difference is conflated by a higher
total number of memory sources in REM dreams. Controlling
for this factor, there was no sleep-stage difference in proportion
of episodic to semantic memory sources. An absence of sleep
stage effect on semantic sources was also found by Wamsley [2].
In contrast, we found that recent episodic memories are more
likely to be present in both N1 and REM sleep dreams compared
to other NREM dreams, an effect mainly driven by day residues.
This finding somewhat differs from those of Battaglia et al [24].,
who showed that day residues were relatively more frequent
than remote memories in early onset N2 but not in REM dreams,
and of Wamsley [2], who found that N1 dreams had more past
memory sources than either NREM or REM dreams. However, in
the latter study, day residues were visibly higher in both N1 and

REM dreams than in NREM dreams, similar to what was observed
in the present study. We also found that participants generally
identified more total memory sources in N1 and REM sleep, partly
because reports from these sleep stages were longer and more
clearly recalled in the morning—although these dream attributes
did not fully explain the effect of sleep stage on the total number
of memory sources in dreams.

Our finding that N1 and REM dreams contained more memory
sources, including more recent and semantic memories, than do
N2 or N3 dreams, may reflect the hyperassociative nature of these
sleep stages [15, 16]. Indeed, there is evidence that even brief peri-
ods of N1 sleep facilitate insight and creative ways of thinking [38],
and N1 dreams seem to form associations between recent and
remote waking events [23, 39]. Similarly, widespread associative
memory activation during REM sleep may help assimilate recent
experiences into broad autobiographical and semantic memory
networks. In theory, this associativity subserves a broader func-
tion of dreams in adapting to current emotional experiences,
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Figure 5. Examples of repeated themes in dreams associated with individual memory sources throughout the night. The dots represent all
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positions of the dots are approximate and for illustrative purpose only). Dreams originally associated with the memory sources displayed on the left
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which can be better understood through connections to similar
experiences from the past [15, 40].

Another possibility is that N1 and REM dreams rely on the
activation of numerous memory fragments in order to generate
the sensory richness typical of these dreams [41, 42]. In this case,
semantic memories and recent waking-life experiences may serve
to “fill in” the creation of detailed and complex dream-worlds and,
in the case of REM dreams, of longer narratives. In particular, the
very recent and unusual laboratory experience might be espe-
cially primed for representation in REM dreaming as we showed
in a previous study [6] and replicated here.

In sum, we did not find strong evidence that REM dreams
incorporate relatively more semantic memories than do NREM
dreams. Nonetheless, our findings of a greater number of mem-
ories co-existing in N1 and REM dreams may reflect hyperasso-
clative processes that facilitate memory integration, creativity,
or emotional processing through the experience of rich dream
scenarios.

Time of night dictates the temporal remoteness
of dreams

Our second hypothesis, that memory sources would become
more remote with later time of night, received strong support.
While the occurrence of recent and remote memory sources both
remained stable across the night, their relative proportions in

dreams changed from early to late night dreams, becoming less
recent. The effect was driven by a decrease in the proportion of
recent sources after the first third of the night. Importantly, this
effect was notinfluenced by sleep stage. In contrast, future sources
did not increase with time of night, conflicting with our previ-
ous findings for future-oriented lab-related dreams [6]. Wamsley
[2] reported a trend for future sources to become proportionally
more common later in the night; a similar trend was also appar-
ent in our current study, but we may have been underpowered to
detect the effect given the small number of such dreams. It is also
possible that our participants were biased to report past memo-
ries moreso than future events, in part due to the framing of the
study as investigating memory sources of dreams.

One proposed function of sleep is to organize and integrate
new knowledge with existing knowledge (e.g. [43-45]), although
it is still not clear how or when this process occurs during sleep.
Our finding of relatively more remote memories appearing in
dreams across the night suggests that this integration function
may be strongest at the end of the night. Circadian rhythms may
influence this process. For instance, the fact that the propensity
for REM sleep is greater in the morning, i.e. that REM episodes
become progressively longer and have increased cortical activa-
tion, may enable later-night REM dreams to access progressively
broader and more remote memory networks [8, 30]. That NREM
dreams similarly incorporate relatively less recent and more
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remote memories in later sleep cycles may be attributed to a
similar circadian effect as for REM sleep, making NREM dreams
across the night progressively more “REM-like” and integrative.

Beyond a circadian explanation, the fact that recent mem-
ory traces become gradually less apparent over the course of
the night may also be attributed to a separate sleep homeosta-
sis mechanism, i.e. a purported synaptic downscaling function
by which NREM sleep serves to eliminate weak recent memory
traces that are deemed unimportant, and to preserve or reinforce
only those select recent memory traces that are worthy of trans-
fer to long-term storage [46]. Over the course of the night, such
downscaling could result in a relative dissolution of recent mem-
ory traces and preservation of more remote traces. Alternatively,
it might be that recent memories are more common earlier in the
night because these memory traces have been more recently acti-
vated, endowing them with a reduced threshold for reactivation
that would progressively increase over time. However, a necessary
feature of our experimental design complicates this explanation:
repeated exposure to the laboratory after each awakening may
have created new, recent, salient waking memories, which could
then be primed for incorporation into subsequent dream content.
The serial awakenings per se could thus explain why we did not
see a relative decrease in lab-related dreams across the night like
we did for other recent memory sources more generally. In this
case, the decrease in recent memory sources may be considered
a function of time spent asleep moreso than circadian time of
night.

Memory evolution across the night

Overall, our findings point to the possibility that NREM and REM
sleep stages contribute in a complementary or even sequential
manner to the processing of increasingly remote memories over
the night. On the one hand, N1 and REM dreams contain more
memory sources which may facilitate associative integration
of memory; on the other hand, relatively more remote memory
sources appear in all stages across the night, suggesting that the
assimilation of recent experience into autobiographical memory
networks is a cumulative function of a night of sleep. Of rele-
vance, sequential theories of memory consolidation suggest that
the same memory traces are processed in different sleep stages
across the night or over multiple nights [45, 47-50]. In this expla-
nation, salient experiences from waking life may be tagged for
reactivation and preservation from downscaling in NREM sleep
[51]; and these memory traces may then be primed for further
hyperassociative integration in REM dreams [8, 18]. As a second
NREM/REM cycle begins, we speculate that some of the broader
and more remote memories that were experienced in the rich and
immersive REM dream scenarios may in turn be tagged—e.g. via
experiencing a meaningful emotion within the dream—to take
part in further NREM sleep processing where downscaling or
reinforcement of selected memories occurs. This scenario would
allow a reweighting of older memories in light of both recent wak-
ing and dreamed experiences. As the night progresses through
these cycles, relatively more remote memories would thus be
accessed and processed in both NREM and REM dreams, and
broad autobiographical memory networks would be maintained
and updated.

In this view, dreams would not only draw from various wak-
ing life events (recent, remote, semantic, anticipatory), but also
from recently dreamed events, or “night residues” [52], to allow
continuous or sequential processing of current concerns or sali-
ent episodic experiences. Previous investigations have shown that
dreams from the same night tend to share similar themes that

persist or evolve across the night, although without being per-
fectly continuous with one another [52-56]. Similarly, a memory
task performed before sleep can be dreamed about repeatedly
within the same night of sleep in different sleep stages [14] or
over several nights [57]. When we looked at dreams thematically,
we observed that repeating dream themes were often related to
memory sources, and indeed, these themes could repeat in several
different sleep stages across the night. In fact, all participants had
at least one theme that repeated across two or more dreams, and
repetitions were especially likely to be from one stage to another
(e.g. REM—NREM or NREM—REM), but could also repeat again in
the same stage (REM—REM or NREM—NREM). Qualitatively, the
original memory source could be incorporated in a variety of
ways in different dreams and, in some cases, seemed to evolve
across the night within more hyperassociative dream contexts.
Nevertheless, given the nature of the serial awakenings para-
digm, it is unclear whether the act of repeatedly recalling and
reporting dreams throughout the night influences recurrence of
their contents later in the night, an issue that was raised nearly
five decades ago by Dement and Wolpert [53].

In general, uncovering patterns of memory source incorpora-
tion into dreaming is of importance to the broader field focusing
on sleep-dependent memory consolidation. While an extensive
literature suggests that particular sleep stages affect memory
consolidation processes (e.g. [58, 59]), our findings further point
to the importance of time of night in understanding the evolu-
tion of memory traces over a night of sleep. Whether this effect
is mainly driven by circadian influences affecting all stages of
sleep, or by time spent asleep and the succession of sleep cycles,
or both, remains unclear. Finally, while our interpretations rest
on the assumption that memory incorporation in dreaming is
directly related to underlying memory consolidation, further evi-
dence could lend additional support to this assumption by corre-
lating dream-memory sources with neural memory reactivation
and post-sleep memory performance.

Limitations

One major limitation of this study is that the sleep (and dream)
architecture of participants may have been disrupted by the
awakenings performed during the night. It remains possible that
the memory sources of dreams would be different in the absence
of awakenings and dream reports. For example, repeated awak-
enings may explain why we did not fully replicate some previ-
ous findings, such as a greater presence of semantic memories
in REM dreams compared with NREM dreams. Nevertheless, even
with serial awakenings we replicated prior findings of patterns of
dream recall and length being modulated by sleep stage and time
of night, such as high recall rates for N1 and REM awakenings
(Table 1), and increasing dream report length across the night for
REM dreams. Also, participants in our study had an average total
sleep time of 7.3 hours and sleep efficiency of over 80%, which
means that in spite of the awakenings, they were able to fall back
asleep quickly enough to maintain near normal sleep efficiency.
Moreover, one study found that serial awakenings did not alter
pre- to post-sleep performance changes on a declarative learning
task compared to a night of sleep without awakenings [12], which
suggests that overnight memory processing may be at least par-
tially preserved.

Another limitation of our method is that it depends on the
ability of participants to accurately identify memory sources
associated with their dreams. While a majority of dream reports
(87%) were associated with at least one memory source, our aver-
age of ~1.8 memory sources identified per dream is a bit lower



than what was observed in a case study of a highly trained par-
ticipant who averaged 2.6 memory sources per dream [23]. It is
also possible that some episodic sources were falsely consid-
ered to be semantic sources simply because participants could
not recall when the specific episodes took place. Age differences
among participants may also have impacted the range of mem-
ories that could potentially have been incorporated in dreams,
as well as a participant’s ability to recall these memories (e.g.
teenage years are much further away for a 40-year-old than for
an 18-year-old participant). While we did not have enough age
variability in our cohort to study such effects, future studies
could assess whether different age groups differ on how and
when memories are incorporated in dreams. Also, because we
were interested in memory sources ranging from childhood to
future upcoming events, we used a free association method (as
in [24]), which prevented us from verifying the accuracy of the
memory sources, as was done in studies where participants kept
a daily diary of the main events from prior days or weeks (e.g. [3,
33, 60]). The absence of such verifiable waking events in our study
could have led to both false positives and false negatives in the
dream-memory association task. Future studies using a similar
free association method would benefit from asking participants
how strongly the identified waking-life events are related to their
dreams and how confident they are about these associations. In
addition, the identification of semantic memories may have been
especially prone to false negatives, as it is difficult to recognize
associations between dream elements and such a broad range of
self-knowledge. Moreover, it is possible that remote, semantic, or
future sources could at times originate from recent thoughts or
planning, e.g. if a participant recently thought about a childhood
memory or an anticipated event.

A recall bias for recent events (e.g. day residues) or for future
events that are imminent (e.g. tomorrow’s events) is also almost
inevitable, especially when there is no daily diary available to
remind participants of more remote events, and could explain
the large majority of day residues found in our sample and other
studies. Even so, it is unlikely that all of the memory sources
identified by participants would be recorded in a daily diary, e.g.
a minor part of a discussion they had with someone, or the fea-
tures of an object they glanced at in a store. Moreover, presuming
a recall bias for recent events was equally present for all dreams,
which were presented in a random order to the participants in the
morning, this bias should not have distorted the observed decline
of recent memory sources across the night.

Finally, a strict cut-off between recent memories (within 8 days
ago) and remote memories (within the past month through child-
hood) was used to facilitate and simplify the analyses. However,
such a cut-off is arbitrary and the use of a different time point,
such as in Battaglia et al. [24], which referred to memories up to
a year ago as ‘recent residues,” could have led to different results.
Framing recent and remote memories in different ways, such
as with different cut-offs or the use of a continuous time scale,
could be important in future research.

Conclusions

Our serial-awakenings protocol across the night revealed that (1)
N1 and REM dreams combine more memory sources than other
sleep stages and that (2) recent memories populate early-night
dreams, while relatively more remote memories populate late-
night dreams, independently of sleep stages. Our interpretation
is that NREM and REM sleep contribute to memory processing
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in a complementary and sequential fashion, enabling integra-
tion of recent experience into broad autobiographical memory
networks across the night. Future studies would benefit from
studying the memory sources of dreams in expert participants
trained to clearly recall their dreams and find associations with
their waking life, or in special populations, such as those with
highly superior autobiographical memory who can remember a
large number of past experiences in great detail [61].
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