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SLEEP PARAMETERS AND EPISODIC MEMORY CONSOLIDATION DURING SLEEP

No Associations between Interindividual Differences in Sleep Parameters and
Episodic Memory Consolidation

Sandra Ackermann, PhD"2?; Francina Hartmann, MSc'; Andreas Papassotiropoulos, MD'#5; Dominique J.F. de Quervain, MD%®; Bjérn Rasch, PhD?7

!Department of Psychology, Division of Molecular Neuroscience, University of Basel, CH-4055 Basel, Switzerland; *Department of Psychology,
Division of Biopsychology, University of Zurich, CH-8050 Zurich, Switzerland; *Department of Psychiatry, Psychotherapy and Psychosomatics,
Psychiatric Hospital, University of Zurich, CH-8032 Zurich, Switzerland; *Department Biozentrum, Life Sciences Training Facility, University of
Basel, CH-4056 Basel, Switzerland; *Psychiatric University Clinics, University of Basel, CH-4012 Basel, Switzerland,; *Department of Psychology,
Division of Cognitive Neuroscience, University of Basel, CH-4055 Basel, Switzerland; "Department of Psychology, Cognitive Biopsychology and
Methods, University of Fribourg, CH-1701 Fribourg, Switzerland

http://dx.doi.org/10.5665/sleep.4748

Study Objectives: Sleep and memory are stable and heritable traits that strongly differ between individuals. Sleep benefits memory consolidation,
and the amount of slow wave sleep, sleep spindles, and rapid eye movement sleep have been repeatedly identified as reliable predictors for the
amount of declarative and/or emotional memories retrieved after a consolidation period filled with sleep. These studies typically encompass small
sample sizes, increasing the probability of overestimating the real association strength. In a large sample we tested whether individual differences
in sleep are predictive for individual differences in memory for emotional and neutral pictures.

Design: Between-subject design.

Setting: Cognitive testing took place at the University of Basel, Switzerland. Sleep was recorded at participants’ homes, using portable
electroencephalograph-recording devices.

Participants: Nine hundred-twenty-nine healthy young participants (mean age 22.48 + 3.60 y standard deviation).

Interventions: None.

Measurements and results: In striking contrast to our expectations as well as numerous previous findings, we did not find any significant
correlations between sleep and memory consolidation for pictorial stimuli.

Conclusions: Our results indicate that individual differences in sleep are much less predictive for pictorial memory processes than previously
assumed and suggest that previous studies using small sample sizes might have overestimated the association strength between sleep stage
duration and pictorial memory performance. Future studies need to determine whether intraindividual differences rather than interindividual

differences in sleep stage duration might be more predictive for the consolidation of emotional and neutral pictures during sleep.
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INTRODUCTION

Sleep and memory are stable traits. Twin studies have re-
vealed that genetic differences account for approximately 50%
of the interindividual variance in memory performance,' as
well as the duration of sleep stages including slow wave sleep
(SWS), whereas genetic contribution to rapid eye movement
(REM) sleep is less conclusive.? Highest heritability values
have been revealed for electroencephalographic (EEG) spec-
tral power density as well as REM density (h? = 64-96%).>*
In addition, sleep is remarkably stable in the same individual
across multiple nights whereas sleep largely differs between
individuals.’ Importantly, these interindividual differences are
remarkably robust against sleep disturbances, first night ef-
fects or prior sleep deprivation.
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Memory consolidation profits from sleep after learning.®’
In particular, SWS and its characteristic slow oscillatory ac-
tivity have been implicated in plastic processes underlying the
consolidation of declarative memories of events and facts.®
According to the active system consolidation account, slow
oscillatory activity during SWS synchronizes spontaneously
reactivated hippocampal memories with thalamocortical
spindle activity, thereby facilitating plastic and integrative
processes in cortical areas involved in long-term storage.” Al-
ternatively, the synaptic homeostasis hypothesis implicates
slow wave activity (SWA) during SWS in processes of synaptic
downscaling, preparing the brain for new learning the next
day.® In contrast to SWS, REM sleep and its associated theta
activity have been mostly associated with the reprocessing of
emotional memories.’

Although the mechanisms underlying memory consoli-
dation processes during sleep are increasingly understood,
it is still an open question whether interindividual differ-
ences in sleep parameters are predictive for memory. Sev-
eral studies have reported strong associations between the
amount of nonrapid eye movement (NREM) sleep, SWS, or
SWA during NREM sleep and memory processes during
sleep, ranging from r = 0.69 to r = 0.94.1°12 In addition, sleep
spindle number and density were highly correlated with
overnight retention of memories as well as general learning
ability and intelligence (r = 0.56 to r = 0.68)."*" Finally, the
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Figure 1—Summary of the study design and procedure. On
day 1 the participants arrived between 15:30 and 17:00. First, the
electroencephalography (EEG) electrodes were positioned on the
participants’ heads. Afterward they viewed 72 negative, positive, and
neutral pictures (set 1) and rated them for valence and arousal. After 10
min during which participants performed on an n-back working memory
task, they freely recalled the pictures (short-delay free recall picture
set 1). Then they performed on a finger sequence-tapping task. After the
experimental session, participants slept at home while sleep EEG was
recorded. On day 2, participants came back to the laboratory (arrival
between 12:30 and 13:30) and viewed another set of 72 pictures (set 2).
After 10 min during which participants again performed on an n-back
working memory task, participants freely recalled pictures from set 2
seen on day 2 (10 min short-delay recall free recall picture set 2) as
well as from set 1 seen on day 1 (20 h long-delay free recall picture set
1). Finally, participants performed on the recall phase of the sequential
finger-tapping task.

amount of REM sleep or REM-associated theta power was
highly predictive for recall of emotional memories (r = 0.63
to r=0.88)." However, these correlations are not consistently
observed. More importantly, almost all of these studies used
very small sample sizes (range of N in the aforementioned
studies: n = 6 to n = 31), raising two main issues: (1) Studies
using small sample sizes typically overestimate the real ef-
fect size, as only very large correlations can reach signifi-
cance because of a lack of statistical power. The problem
increases when multiple sleep and memory parameters are
correlated in the same study. (2) Nonsignificant correla-
tions cannot be interpreted because of a lack of statistical
power and a high chance of false negatives. The low infor-
mative value of results using small sample sizes have been
emphasized just recently,"” " calling for studies with larger
sample sizes and sufficient statistical power to validate cur-
rent findings.

In the current study, we rigorously investigated how inter-
individual differences in sleep are related to memory perfor-
mance in 929 young healthy volunteers. Participants viewed
emotional and neutral pictures in the evening and freely re-
called them the next day. Sleep was recorded at home using
a mobile EEG recording device. We predicted that overnight
retention of neutral pictures is significantly associated with the
amount of SWS, power of SWA, and sleep spindle density. In
addition, we hypothesized that the retention of emotional pic-
tures is positively correlated to the amount of REM sleep and
theta activity during REM sleep.
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MATERIALS AND METHODS

Participants

We had complete data from 985 subjects. Fifty-six subjects
had to be excluded because their measures (memory or/and
sleep parameters) exceeded our outlier criterion (four stan-
dard deviations (SD) from group mean). Data from 929 healthy
young women and men (633 women, 296 men) between 18
and 35 y (mean age 22.48 + 3.60 y [SD]) were included in the
analyses. EEG frequency data were available from 885 sub-
jects; data from 44 subjects could not be analyzed because of
EEG artefacts. Participants were students or employees from
the Basel area and were paid for their participation. They did
not take any medication (except hormonal contraceptives),
and reported no neurological or mental illness. To get used
to wearing a portable EEG recording device, subjects spend
a night at home wearing a portable dummy EGG recording
device before entering the study. The study was approved by
the local ethics committee and all participants gave written
informed consent prior to participation.

Procedure

The experiments were conducted on 2 consecutive days
(Figure 1). On day 1, after participants had arrived electrodes
were applied. Afterward, participants received instructions
and were trained on the tasks. After training, participants
viewed emotional and neutral pictures of the picture memory
task (picture set 1). Afterward, they performed on a working
memory task for 10 min (n-Back). This task was followed by
an unannounced free recall test of the previously seen pictures
(short-delay free recall day 1, picture set 1). The session ended
with a finger-tapping task. Testing on day 1 always occurred
between 15:30 and 20:00. After testing on day 1, participants
spend the night at home wearing a portable EEG recording de-
vice. On day 2, testing occurred between 12:30 and 15:00. Par-
ticipants came back to the laboratory and viewed another set of
emotional and neutral pictures (picture set 2). Previous studies
have shown that interference learning before recall makes the
effect of sleep on memory consolidation more discernable.?
After 10 min performance on the working memory task, par-
ticipants freely recalled pictures from both set 1 (long-delay
free recall picture set 1) and set 2 (short-delay free recall day 2,
picture set 2) and afterward performed on the recall phase of
the finger sequence tapping task (see Figure 1 for a summary
of the procedure). Participants were tested in groups of 1-6
individuals.

Picture Memory Task

The picture memory task consisted of 72 pictures taken
from the International Affective Picture System (IAPS),*' as
well as from in-house standardized picture sets. Stimuli con-
sisted of two sets (picture set 1 and picture set 2) of 24 positive,
24 negative, and 24 neutral pictures interleaved with 24 scram-
bled pictures. In addition, four pictures showing neutral ob-
jects were presented to control for primacy and recency effects
(two pictures were shown in the beginning of the presentation,
the other two at the end). These pictures were not included in
the analysis. Picture set 1 was presented on day 1, picture set 2
was presented on day 2. The two sets were counterbalanced for
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ratings of arousal and valence as well as for visual complexity
and presence of humans.

The pictures were presented in a quasirandomized order
so that a maximum of four pictures of the same category fol-
lowed consecutively. A fixation-cross appeared for 500 ms
before each picture. Then the picture was presented for 2.5
sec. After presentation of each picture, subjects rated the pre-
sented picture according to its emotional valence (negative = 1,
neutral = 2, positive = 3) and arousal (low = 1, medium = 2,
high = 3) on a three-point scale. Trials were separated by vari-
able intertrial periods (9—12 sec). Participants were not told to
memorize the pictures (incidental encoding).

For the free recall task, participants had to write down a short
description of each picture. The participants were instructed to
recall as many pictures as possible. There was no time limit for
this task. Participants were not told how many pictures they
saw during picture presentation; therefore, no expectation of
the amount of pictures to be recalled was mentioned. Two in-
dependent and blind raters analyzed the recalled pictures and
decided for each picture whether it could be recognized as one
of the presented pictures. The interrater reliability added up to
0.96 (Cronbach a). Afterward, a third independent and blind
rater decided on pictures, which were rated differently.

Participants recalled the pictures learned on day 1 (picture
set 1) 10 min after encoding (short-delay free recall picture
set 1 on day 1) as well as 20 h after encoding (long-delay free
recall picture set 1 on day 2). Pictures learned on day 2 (picture
set 2) were recalled 10 min after encoding (short delay free
recall picture set 2 on day 2; see Figure 1). Overnight memory
retention was calculated as relative retrieval performance of
picture set 1 with learning performance before the retention
interval (short delay recall picture set 1 on day 1) set to 100%
(long delay free recall picture set 1 / short delay free recall
picture set 1 * 100%).

Working Memory Task

Between picture presentation and recall, participants per-
formed on the 0- and 2-back versions of the n-back working
memory task.?? In this task, letters are presented successively
in the center of the screen. In the 0-back condition, participants
had to respond to the occurrence of the letter ‘x’, which is a
baseline measure of general attention, concentration, and reac-
tion time. The 2-back task requires participants to respond to a
letter repetition with one intervening letter (g — S — f—s). The
latter condition required both the maintenance of the last two
letters in memory and updating of these remembered stimuli as
each new stimulus was presented. We analyzed differences in
accuracy between the 2-back and the 0-back condition as this
variable represents a reliable measure of working memory.*
Complete n-back data were available for 857 subjects.

Procedural Memory Task

After memory recall, procedural memory was measured
with a motor learning task.>* The participants worked on a se-
quential finger-tapping task using their nondominant hand (i.e.,
with the fingers of the left hand for a right hander and vice
versa). They had to press four numeric keys on the computer
keyboard, repeating the sequence “4-2-3-1-4” as quickly and
accurately as possible for 30 sec, followed by a resting phase of
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30 sec. The numeric sequence was displayed on the computer
screen throughout the task to keep working memory demands
at a minimum. Participants could only see a white star dis-
played on the black screen for every pressed key, but not the
actual number pressed. On day 1, participants completed 12
rounds, each round lasted for 30 sec, and 30 sec rest between
rounds. On day 2, they completed three rounds with the same
sequence of numbers and three rounds with a new sequence
of numbers. The key press responses were recorded and for
each round the number of overall responses and the number of
correct responses was scored. The following measures were
calculated: baseline (mean of correct responses of rounds 9 to
12 [on day 1]), recall (mean of correct responses of rounds 1
to 3 [on day 2]), new sequence (mean of correct responses of
rounds 4 to 6 [on day 2]), and learning (difference between
recall and baseline). Data on procedural memory was available
for 902 participants.

EEG Recordings, Sleep Analysis, and Spindle Count

Sleep was recorded at home using a mobile EEG recording
device (Somnoscreen Neuro, Somnomedics, Germany). Six
Ag-AgCl electrodes were placed according to the interna-
tional 10-20 System (Fz, C3, Pz, Oz, left and right mastoid).
Electrodes were physically referenced to Cz. Additionally, an
electroocculogram (EOQG), an electromyogram (EMG, chin)
and an electrocardiogram (ECG) were recorded for standard
polysomnography. Finally, an actimeter was used to monitor
movements. EEG signals were recorded between 0.2-35 Hz,
EOG between 0.2-35 Hz, and EMG and ECG between 1-128
Hz. The sampling rate for the EEG channels as well as for the
EMG and the ECG channels was 256 Hz, and the sampling rate
for the EOG channels was 128 Hz.

Sleep Scoring

Analysis of sleep data was restricted to the period between
the lights-off and lights-on markers provided by the partici-
pants. If participants had forgotten these markers, sleep onset
and offset were determined visually. For sleep stage analysis,
data were referenced to the right mastoid. Sleep scoring of all
sleep data was performed by an automatic algorithm (Somno-
lyzer 24 x 7) provided by the Siesta Group, Vienna, according
to standard criteria.”® Scoring accuracy of the algorithm has
been validated in several studies.?*?” For the total time in bed
every 30-sec epoch was scored as NREM sleep stage 1, 2, 3, 4,
or REM sleep with SWS defined by the sum of time spent in
sleep stages 3 and 4. Sleep onset was defined by the first period
in stage 1 sleep followed immediately by stage 2 sleep. SWS
latency and REM sleep latency was determined with reference
to sleep onset.

Frequency Analysis

For frequency analysis, EEG data was rereferenced to the
averaged mastoids. Data of Cz, which was used as physical
reference during data acquisition, were reinstated during re-
referencing. Fz, Cz, C3, Pz, and Oz electrodes were then refer-
enced to the averaged mastoids for frequency analyses. Then,
sleep scoring data were imported and used as segmentation
markers. Data were segmented to 30-sec periods of wakeful-
ness, stage 1 sleep, NREM sleep (consisting of sleep stages
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2, 3, and 4) and REM sleep. For frequency analysis, equally
sized segments of EEG data consisting of 1,024 datapoints
(4 sec) with 100-point overlap were created. Data quality was
controlled by using an automatic artifact rejection procedure:
segments were kept for further analysis when (1) the maximal
difference in EMG activity was < 150 muV, (2) the maximal
voltage step in each EEG channel (Fz, Cz, Pz, Oz) was < 50
muV/ms, and (3) the maximal difference in each channel was
below 300 muV (500 muV during NREM sleep). Power in each
frequency band was calculated in each artifact-free segment
for each EEG channel using a fast Fourier transform (FFT)
with a 10% Hanning window (resolution 0.25 Hz). Then, power
spectra were averaged over all segments. Averaged power was
calculated for the following frequency bands: slow oscillation
band (0.5-0.75 Hz); delta band (0.75—4.5Hz); theta band (4.5—-8
Hz); alpha band (8—11 Hz), slow spindle band (11-13 Hz);
fast spindle band (13—15 Hz); beta band (15-25 Hz). Because
50-Hz artifacts were greatest for Oz, this electrode was dis-
carded from the analysis.

Spindle Analysis

Spindles (counts and density) during NREM sleep stages
were analyzed because of their well-known relationship with
overnight retention of memories.'>*** Discrete spindles are a
characteristic feature of sleep stage 2 and occur also in SWS,
but are virtually absent during REM sleep. Slow (< 13 Hz) and
fast spindles (> 13 Hz) were separately identified at the three
selected EEG recording sites (Fz, Cz, Pz) during NREM sleep
stages 2, 3, and 4, based on an algorithm adopted from previous
studies.'>*® In brief, frequency power was extracted in the fre-
quency bands of interest (10—13 Hz; 13—15 Hz), and the events
were counted for which the power signal exceeded an fixed
threshold (= 10 muV) for an interval lasting 0.5-3 sec. Spindles
were counted separately in each channel during EEG segments
free of movement artifacts (maximal EMG difference < 150
muV). Mean spindle counts were calculated by averaging
spindle counts of all three channels. To calculate mean spindle
density, mean spindle counts were divided by the number of
analyzed 30-sec epochs. The two separate spindle bands were
chosen based on previous studies that demonstrated the pres-
ence of two kinds of spindles in humans possibly linked to
different aspects of cognitive function, i.e., slow spindles that
prevail over the frontal cortex and show greater topographical
variability than the fast spindles that concentrate over the pa-
rietal cortex.*"

REM Analysis

Average REM density was calculated by dividing the number
of 1-sec periods during REM sleep that contained REM by the
total number of 1-sec REM sleep epochs.” REM during REM
sleep was detected automatically and defined as rapid signal
changes in the EOG channel (> 0.8 mV/s) after movement arte-
fact rejection and application of a 50-ms moving average.

Statistical Analysis and Data Reduction

Data were analyzed with bivariate Pearson correlations,
partial correlations, regressions, repeated-measures analysis
of variance, and ¢ tests (SPSS Statistics 19.0). Statistical com-
parison of correlations coefficients was performed using the
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software ‘R’3* Recalled pictures are presented as percentage
of presented pictures. Overnight memory retention was calcu-
lated as relative retrieval performance, with learning perfor-
mance before the retention interval set to 100%.

P < 0.05 was considered significant; where appropriate
we corrected for multiple testing using Bonferroni correc-
tion. According to our 5 a priori hypotheses, we used a
Bonferroni corrected significance level of pg,e0m = 0.05
(Pyominas = 0.05 /5 = 0.01) for statistical testing of the critical
correlation coefficients. At this significance level, the statis-
tical power for detecting correlations coefficients as low as
r=0.2 was 1-f > 99% in our study. Thus, in the case of non-
significance, the nonexistence of correlations r > 0.2 can be
inferred with a > 99% certainty. The significance level for all
other correlations as well as for group comparisons was set to
P=0.05.

Unless indicated differently, values are presented as
mean + standard error of the mean. Because we found signifi-
cant sex differences in memory recall and sleep measures, we
conducted all analyses controlling for the influence of sex. We
also detected a significant association of various sleep param-
eters with age; therefore, we additionally controlled for influ-
ences of age.

Results: Pilot Study

In a pilot study (n = 55; 18 men; mean age 24.73 y + 3.55
[SD]), we first checked whether the used memory task is sleep
dependent. Participants either encoded the pictures in the eve-
ning and recalled them after sleep (sleep group), or encoded
the pictures in the morning and recalled the pictures in the
evening (wake group). Sleep was not recorded and the partici-
pants did not complete any tasks other than encoding and re-
call of pictures. Memory retention was calculated as relative
retrieval performance with learning performance before the
retention interval (short-delay free recall of picture set 1) set
to 100%. Participants who slept after picture encoding (n =27)
remembered significantly more pictures (75.69 + 3.29 %) than
participants being awake (n = 28; 59.68 + 3.39 % t(53) = 3.39,
P = 0.001). Importantly, the benefit of sleep on memory reten-
tion did not differ between the three valence categories (+13.78
%, +16.99 %, +19.67 %, for negative, positive, and neutral pic-
tures, P = 0.80). In addition, we did not find any differences in
learning performance of set 1 or 2 nor between learning per-
formance of participants who slept after picture encoding and
those being awake (short delay after 10 min, all P > 0.28, see
Table S1 (supplemental material) for descriptive values), ex-
cluding possible time of day effects. Thus, memory consolida-
tion in this experimental paradigm clearly benefits from sleep
in a valence-independent manner. However, because we used
a between-subject design in our pilot study and do not have
a control group that stays awake during the retention period
overnight, possible effects of circadian rhythm on long delay
recall cannot entirely be excluded.

Results: Main Study

Picture Memory Performance
In general, emotional pictures were significantly better
remembered than neutral pictures in both the short- and the

Sleep and Episodic Memory in a Large Sample—Ackermann et al.



Table 1—Correlations between memory performance and sleep parameters (n = 929).
Overnight Memory Short-Delay Short-Delay Long-Delay
Retention Recall Day 1 Recall Day 2 Recall
SWS (%) r 0.007 -0.059 -0.074 -0.035
P 0.83 0.72 0.03 0.28
REM sleep (%) r -0.08 0.108 0.094 0.027
P 0.02 <0.001 0.004 0.41
SWA during NREM r -0.04 -0.041 -0.07 -0.048
sleep (MV?) P 0.23 0.23 0.04 0.15
Theta activity during r -0.011 -0.085 -0.043 -0.062
REM sleep (uV?) P 0.74 0.01 0.20 0.06
Spindle density during  r 0.007 -0.017 0.047 0.037
NREM sleep P 0.82 0.61 0.16 0.28
Reported are nominal P values. Note that Bonferroni corrected P values (corresponding t0 p.coreces < 0-01; i.€., 0.05/5) are considered significant.
Corrected for the influences of sex and age. Results stayed similar when separately analyzing associations with emotional and neutral pictures. Bold
typeface indicates significant correlations. NREM, nonrapid eye movement; REM, rapid eye movement; SWA, slow wave activity; SWS, slow wave sleep.

long-delay condition (all P < 0.001). However, overnight reten-
tion scores (with performance at learning set to 100%) did not
differ between the three valence categories (negative pictures:
69.56 +0.74%, positive pictures: 69.22 + 0.71%, neutral pictures:
68.99 + 1.00%, P =0.82). Compared to men, women had higher
retention scores for positive pictures (P <0.001) and marginally
higher retention scores for negative pictures (P < 0.05). They
did not differ with respect to the retention score for neutral
pictures (P = 0.23). Age did not influence overnight retention
scores (all P > 0.12). Memory variables conformed to a normal
distribution (see Figure S1, supplemental material). Subjective
arousal ratings of the pictures were highest for negative pic-
tures (set 1: 2.33 £ 0.01; set 2: 2.25 + 0.01), medium for positive
(set 1: 1.84 £ 0.01; set 2: 1.76 = 0.01), and lowest for neutral pic-
tures (set 1: 1.37 + 0.01; set 2: 1.31 + 0.01, F(2,1830) = 4010.13,
P <0.001). Pictures seen on day 1 were generally rated as more
arousing than pictures seen on day 2 (P < 0.001).

Sleep Parameters

The distribution of %SWS and %REM as well as fast sleep
spindle density conformed to a normal distribution. The dis-
tribution of power values of SWA during NREM as well as
theta during REM sleep were asymmetric and were there-
fore log-transformed to conform to a normal distribution (see
Figure S2, supplemental material). Generally, women had a
longer sleep duration than men (P < 0.001; Table S2, supple-
mental material) and a trend for a higher % SWS (P = 0.10).
Men and women did not differ in relation to % REM sleep
(P = 0.12). Furthermore, women showed higher SWA during
NREM sleep, higher sleep spindle density, and higher theta
activity during REM sleep than men (all P < 0.001; Table S2).
Despite the rather narrow age range (i.e., 18-35 y; mean age
22.48 +3.60 y [SD]), older participants had significantly lower
% SWS (r=-0.28, P <0.001), lower SWA during NREM sleep
(r =-0.40, P < 0.001), lower theta activity during REM sleep
(r=-0.25, P <0.001) as well as a lower spindle density during
NREM sleep (r=—0.15, P < 0.001). Conversely, age correlated
positively with percentage stage 2 sleep (r = 0.17, P < 0.001)
and % REM sleep (r = 0.08, P = 0.01). Based on these results,
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all calculated associations between memory and sleep were
corrected for age and sex.

Associations between Overnight Memory Consolidation and
Sleep Parameters

Episodic Memory and Sleep

Unexpectedly, we could not confirm our hypotheses re-
garding an association between the overnight retention of
neutral pictures and sleep parameters of NREM sleep. Nei-
ther %SWS (r = =0.01, p,pminar = 0.70, Proporroni > 0.99), SWA
(r = =0.05, prominat = 017, Pyopgerroni = 0.85) nor spindle density
(r = =0.01, prpminat = 0-81, Pponsorron > 0.99; supplemental mate-
rial) predicted overnight retention of neutral pictures. Similarly,
no correlation was observed when using overnight retention of
all pictures independently of their valence (all —0.04 <1 <0.01,
Figure 2; Table 1). In addition, we did not observe any cor-
relation with memory for emotional pictures and overnight
theta activity during REM sleep (r = —0.02, p, v = 0.60,
Dsonferroni > 0.99). We observed a nominally significant associa-
tion between retention of emotional pictures and %REM sleep,
which were unexpectedly negatively correlated (r = —0.60,
Doominat = 0:03, Pioserroni = 0.15). A similarly directed correlation
was also observed for neutral pictures (r =—0.07, p,,mina = 0.05,
Dsonferroni = 0.25; Table S3, supplemental material) and for all
pictures independent of their valence (r = —0.08, p, i = 0.02,
Dsonferroni = 0.10, Figure 2, Table 1). However, these correlations
did not withstand Bonferroni correction. Thus, in striking
contrast to our expectation, none of the expected correlations
between sleep parameters (% SWS, SWA during NREM sleep,
spindle density during NREM sleep, %REM sleep, and theta
activity during REM sleep) and overnight memory retention
reached significance.

In addition, we analyzed whether sleep parameters corre-
late with short-delay recall (Table 1). Correlations between
short-delay recall and %REM sleep reached Bonferroni-
corrected significance (short-delay recall day 1: r = 0.108,
Duominat < 0.001, pporon: < 0.005; short-delay recall day 2:
1=0.094, p,oinat = 0.004, Pporiorron: = 0.02). Also, the correlation
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between short-delay recall on day 1 and theta activity during
REM sleep reached significance (r =—0.085, p,,ina = 0-01, pg.,..
ferroni = 0.05).

When correcting for short-delay recall performance on day
1, the correlation between overnight memory retention and
%REM sleep reached significance (r = —0.101, p,,.ima = 0.003,
Dsonferroni = 0.02). However, correlations between overnight
memory retention and other sleep parameters stayed nonsignif-
icant also when correcting for short delay recall performance
on day 1.

In further exploratory analyses, neither total sleep time, nor
%wake, nor %NI1, nor %N2, nor SWS latency, nor REM la-
tency, nor slow or fast spindle density during NREM sleep, nor
REM density was associated with overnight memory consoli-
dation (all pg,, e = 0.10; Table S3).

Control Measures

No correlation was observed between %SWS, %REM, %N2,
SWA, theta activity during REM sleep, or spindle density
during NREM sleep and overnight retention in the procedural
memory task or the overnight improvement (accuracy and re-
action time) in the working memory task (all —0.05 <r < 0.06,
all p,omina > 0.05).

DISCUSSION

In the current study we show that although the picture
memory task we used is clearly sleep dependent, recall per-
formance in this task is not significantly associated with time
spent in SWS or REM sleep. In fact, no associations between
sleep and pictorial memory parameters reached significance
after correction for multiple testing, except for a small negative
correlation (only explaining roughly 1% of variance) between
overnight memory retention and REM sleep when additionally
correcting for short-delay recall on day 1.

Our results do not contradict the notion that sleep plays an
important role for consolidating memories, and the results of our
pilot study clearly replicate the improved recall of pictures after
a retention period of sleep as compared to wakefulness (in a va-
lence-independent manner). The nonfindings of sleep-memory
associations in our study cannot be attributed to missing sleep
dependency of the memory task we used in the current study.
The type of recall, i.e., free recall, also does not explain our null
findings, as beneficial effects of sleep on free recall have been
repeatedly shown.” Indeed, sleep effects on declarative memory
are most pronounced for cued recall and free recall but are
smaller for recognition tests.*® Moreover, using a declarative as
well as a procedural memory task should not diminish the ef-
fects, as in previous studies using both tasks a clear benefit of
sleep for the declarative memory task has been shown.*¢’

However, our null results concerning sleep and memory as-
sociations clearly show that interindividual differences in spe-
cific sleep parameters (i.c., time spent in SWS or REM sleep,
SWA during NREM sleep, theta during REM sleep, sleep
spindle density) do not reliably predict interindividual differ-
ences in memory retention of emotional and neutral pictures
across sleep. Please note that we did not test whether intrain-
dividual differences in the amount of sleep stages (i.e., varia-
tions in sleep architecture across multiple nights in the same
subject) are related to intraindividual variations in memory
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performance. The possible relation between sleep and memory
measured in multiple occasions in the same participant might
possibly be much more important for memory processes oc-
curring during sleep as compared to interindividual differ-
ences and remains to be determined in future studies.

In many previous studies on interindividual correla-
tions between sleep and memory parameters, large correla-
tion coefficients have been found in relatively small sample
sizes. With respect to declarative memory, several studies
have reported correlations between different hippocampus-
dependent declarative memory tasks and NREM sleep'®'? or
spindle activity.!>*® In addition, associations between REM
sleep and emotional memory have been reported.'® Further-
more, motor skill learning has been associated with stage N2
NREM sleep.?® Associations of motor skill learning with sleep
spindles have been found as well.¥#° Often the reported cor-
relations between sleep and memory parameters are large; in
the aforementioned studies the reported r of significant cor-
relations ranges from r = 0.5 and r = 0.9; explaining approxi-
mately 25% to 80% of the variance. All samples in which these
correlations between memory parameters and sleep have been
found are rather small (in the aforementioned studies sample
sizes ranges between n = 6 and n = 31). However, in studies
with small sample sizes, effects are often overestimated be-
cause of larger random variations in the sample from the true
association in the population.”” Overestimation is even more
likely when multiple testing is performed; for example, when
comparing duration of different sleep stages (or night halves,
night quarters, etc.) with several memory parameters, the
likelihood of reporting false positives is increased. Unfortu-
nately, an appropriate correction for multiple comparisons is
also not always done in these studies. Finally, because of the
small sample size, nonsignificant correlations cannot be reli-
ably rejected because of a lack of statistical power."** These
circumstances may call into question the value of the reported
effects and may to some extent explain the partially inconsis-
tent findings seen in the current sleep and memory literature
concerning correlations between different sleep stages and
memory consolidation parameters. It is important to note that
in most of the aforementioned studies, the reported associa-
tion between sleep and memory parameters is typically not the
main result of these studies, possibly explaining less rigorous
testing of correlations.

In our exploratory analysis we also investigated associations
between sleep time and memory parameters and did not find
any significant results. Likewise, previous studies show that
sleep time is not related to measures of cognitive performance
nor brain size across mammalian species.** As an example,
guinea pigs and baboons have about the same sleep duration.”
Another example shows that bats sleep about 18 to 20 h a day
whereas elephants sleep only about 3 to 4 h a day.*?

Our study has some important limitations that limit the
generalizability of our results. First, encoding in the current
study was incidental, and our participants were not informed
that they had to recall the pictures again after sleep. Previous
studies have shown that effects of sleep on intentional encoded
memory are larger than on incidentally encoded memory.*
Moreover, only if participants were told of the future relevance
of the memories after incidental encoding, sleep benefited
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memory consolidation as compared to a retention period filled
with wakefulness, and only then memory was correlated with
SWA and spindle count during SWS.* However, also in our
study recall of pictures was improved after a retention interval
filled with sleep as compared to wakefulness, excluding that
the incidental encoding and lack of future relevance completely
abolished the positive effect of sleep on memory in our study.

Second, our null findings are limited to memory for neutral
and emotional pictures, and cannot necessarily be generalized
to memory for associative stimuli (e.g. word-pairs) or spatial lo-
cations. However, free recall of pictures clearly is a declarative
and episodic memory task involving hippocampal areas, and
current theories on sleep and memory processes do not clearly
separate episodic memory for pictures from other types of epi-
sodic memory. Future studies will need to test the existences of
interindividual associations between sleep and memory param-
eters also for other learning tasks. Please note that we also did
not find any correlations between sleep parameters and consoli-
dation in a procedural sequential finger- tapping task.

Third, in contrast to many sleep and memory studies, study
participants did not sleep right after learning. In our study, ap-
proximately 6 h passed between encoding and sleep onset, and
during this time, participants were on their own and not in the
laboratory. It might be possible that time spent in different
sleep stages only predicts consolidation of memories that are
encoded shortly before sleep. However, in our view, this would
in fact strongly diminish the importance for memory consoli-
dation processes occurring during sleep for memories encoded
during the day.

Finally, we only recorded 1 night with polysomnography.
Therefore, we cannot tell what effects are state effects and
what effects are trait effects. However, sleep EEG is a stable
marker,’ and study participants underwent an adaptation night
wearing a dummy EEG recording device and therefore were
used to wearing the portable EEG recording device. As men-
tioned previously, to be able to distinguish intraindividual and
interindividual effects of sleep parameters on memory, several
nights of sleep EEG should be recorded. Furthermore, a com-
parison of subjects showing normal sleep patterns with sub-
jects having sleep disturbances might have shed more light on
the association of sleep parameters and memory consolidation
and the role of normal versus disturbed sleep.

In conclusion, we found that interindividual differences
only contribute to a small extend to the effect of sleep on
memory consolidation. The current results point to a stronger
involvement of intraindividual differences in sleep in respect
to overnight memory consolidation as compared to interindi-
vidual factors and lead to the question whether sleep in general
is important for memory consolidation but not so much the
various sleep stages per se.

ABBREVIATIONS
ECQG, electrocardiogram
EEQG, electroencephalography
EMG, electromyogram
EOQG, electroocculogram
IAPS, International Affective Picture System
N2, stage 2 sleep
REM, rapid eye movement
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SWS, slow wave sleep
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SUPPLEMENTAL MATERIAL

Table S1—Descriptives of memory performance in the pilot study (n = 55).

differences.

Short-Delay Memory Recall Day 1 Sleep Group (n =27) Wake Group (n = 28) T (53) P
Positive pictures 4552 +2.36 % 40.62+1.91% 1.62 0.11
Negative pictures 39.66 +2.51 % 40.92 £2.63 % -0.35 0.73
Neutral pictures 2531+£229% 23.96 +2.05% 0.44 0.66
Al pictures 36.83 £ 1.96 % 3/517+£1.75% 0.63 0.53

Short-Delay Memory Recall Day 2 Sleep Group Wake Group
Positive pictures 37.35+2.56 % 39.58 +2.07 % -0.68 0.50
Negative pictures 41.05+2.92 % 38.54 £2.06 % 0.71 0.48
Neutral pictures 2917 £3.14 % 24.85+2.39 % 1.10 0.28
All pictures 35.85+2.52 % 3433+1.61% 0.52 0.61

Overnight Retention Score Sleep Group Wake Group
Positive pictures 76.03£5.11 % 62.25+4.25% 2.80 0.04
Negative pictures 75.37 £3.94 % 58.38 £5.11 % 2,62 0.01
Neutral pictures 76.07 £7.24 % 56.40 £5.44 % 218 0.03
All pictures 75.69 £3.29 % 59.68 +3.39 % 3.39 0.001

Reported are means + standard error of the mean of recalled pictures (short-delay recall: percentage of presented pictures; overnight retention score:
relative retrieval performance with learning performance before sleep (short-delay free recall day 1) set to 100%. Bold typeface indicates significant

movement; SWS, slow wave sleep.

Table S2—Descriptives of sleep parameters in men and women (n = 929).

Men Women T P
Total sleep time (min) 436.66 + 4.38 480.47 +2.98 -8.29 <0.001
Wake (%) 3244020 % 280+£0.11% 211 0.04
S1(%) 3.66 0.1 % 2.79+0.06 % 7.85 <0.001
S2 (%) 4747 £0.44 % 48.26 £0.29 % -1.51 0.13
SWS (%) 26.61+0.49 % 27.60 £0.34 % -1.65 0.10
REM (%) 19.01£0.27 % 18.52£0.18 % 1.55 0.12
SWA during NonREM sleep (uV?) 67.15+1.71 85.97 £ 1.50 -7.57 <0.001
Theta activity during REM sleep (uV?) 0.66 + 0.01 0.98 £0.02 -10.92 <0.001
SWS latency (min) 16.36 + 0.41 15.94 £ 0.30 0.82 0.42
REM latency (min) 86.76 £ 2.15 85.81+1.42 0.38 0.71
Spindle Density during NREM sleep 3.44 £0.08 3.99 £ 0.06 -5.48 <0.001
Slow spindle density during NREM sleep 2.00 £0.07 2.00 £0.05 0.03 0.98
Fast spindle density during NREM sleep 1.92 £ 0.07 2.80+0.05 -10.76 <0.001
REM density 0.18 £0.01 0.20 £ 0.00 -2.41 0.02

Reported are means + standard error of the mean. Bold typeface indicates significant differences. NREM, nonrapid eye movement; REM, rapid eye
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Table S3—Correlations between sleep parameters and memory recall (sleep stages: n = 929; frequency measures: n = 885).

Overnight Memory Retention

Sleep Parameters All Pictures Positive Pictures Negative Pictures Neutral Pictures
Planned analyses
% SWS r 0.007 0.012 0.025 -0.013
P 0.83 0.71 0.44 0.70
SWA during NREM sleep r -0.040 -0.017 -0.013 -0.046
(MV3) P 0.23 0.62 0.7 0.17
Spindle density during r 0.007 0.00 0.023 -0.008
NREM sleep P 0.82 >0.99 0.49 0.81
% REM r -0.080 -0.057 -0.058 -0.066
P 0.02 0.09 0.08 0.05
Theta activity during REM ~ r -0.011 0.010 -0.029 0.022
sleep (LV?) P 0.74 0.76 0.39 0.51
Exploratory analyses
Total sleep time r -0.034 -0.037 -0.050 0.061
P 0.30 0.26 0.13 0.06
% Wake r 0.026 0.014 0.015 0.032
P 0.42 0.68 0.66 0.33
% N1 r 0.040 0.006 0.040 0.029
P 0.23 0.86 0.22 0.38
% N2 r 0.022 0.018 -0.011 0.036
P 0.50 0.59 0.73 0.28
SWS latency r 0.003 -0.008 -0.016 0.005
P 0.93 0.80 0.63 0.88
REM latency r 0.074 0.067 0.036 0.063
P 0.02 0.04 0.27 0.05
Slow spindle density during  r -0.006 -0.009 0.019 -0.014
NREM sleep P 0.87 0.78 0.56 0.68
Fast spindle density during  r 0.009 0.004 0.019 -0.006
NREM sleep P 0.78 0.91 0.56 0.87
REM density r -0.054 -0.036 -0.021 -0.069
P 0.11 0.28 0.52 0.04

None of the correlations reached significance: Bonferroni-corrected P values. (p,omna < 0.01; i.e. 0.05/5) are considered significant. Reported are nominal
P values. NREM, nonrapid eye movement; REM, rapid eye movement; SWS, slow wave sleep.
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measure are depicted as % recalled of all pictures presented. Overnight memory retention was calculated as relative retrieval performance with learning
performance before the retention interval (short delay free recall day 1) set to 100%.
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