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THERE IS GROWING AMOUNT OF EVIDENCE THAT 
MEMORY CONSOLIDATION IS CONNECTED TO SLEEP. 
SLEEP DEPENDENT MEMORY CONSOLIDATION HAS 
been shown in humans for declarative as well as non-declara-
tive material.1,2 It is less clear which sleep stages or electroen-
cephalographic microstructures are relevant for different learn-
ing tasks.3-7

The relevant sleep structures have been studied mostly by 
indirect means. Some concepts are based on the observation of 
changes of the sleep structure after learning experiences. For 
example, for a procedural motor learning task a correlation be-
tween the performance improvement and the amount of stage 
2 sleep was shown.2 The amount of REM sleep appears to be 
increased after a motor-learning task.8

Other studies have taken advantage of the uneven distribu-
tion of sleep stages over the 2 halves of a night. Declarative 
memory consolidation was associated with the first half of the 
night, when SWS is known to be most prominent. In contrast, 
procedural memory tasks were connected with the second half 
of the night when REM sleep dominates.9 The associations with 
the specific sleep stages were deduced from the experiment 
even though all sleep stages were present in both halves of the 
night, and therefore remain quite speculative.

There have been contradictory findings on the verbal paired 
associates task,9 which tests declarative memory. Some re-

sults favor a connection with SWS,9-12 others a REM sleep 
dependency.13-15 One explanation is that small differences in the 
degree of difficulty or emotionality can have a large influence 
on the outcome.4,16 It is not only emotionality and difficulty that 
affect sleep-dependent memory consolidation; no task is pro-
cess pure, meaning that all tasks have different explicit and im-
plicit demands. This is presumably reflected by different sleep 
mechanisms being associated with memory consolidation.

Small differences in test design can cause large discrepancies 
in the study results of the sleep dependence of memory pro-
cesses. This may explain why some results are regularly found 
only by some groups. As a consequence, clear and consistent 
test design is even more important.

It has also been found that REM sleep deprivation impairs 
consolidation of some procedural tasks but had no effect on 
declarative memory consolidation.4 A few more recent stud-
ies have utilized selective REM sleep deprivation (REMD).17,18 
However, there have been no studies comparing SWS depriva-
tion (SWSD) with REMD with respect to motor and declarative 
memory consolidation. Selective sleep deprivation has been 
criticized for evoking additional unspecific effects like arousal, 
emotional irritation, and concentration deficits. Therefore we 
chose 2 different deprivation conditions as additional controls 
and measured stress, concentration, and sleepiness throughout 
the experiment. Selective sleep deprivation appears to be the 
most direct method to investigate the impact of specific sleep 
stages on memory consolidation.

Taken together, most experimental results suggest a connec-
tion between procedural memory and REM sleep; declarative 
memory appears to be dependent on SWS, even though numer-
ous studies found no direct relationships between word-pair re-
call and SWS.19 The aim of the present study was to clarify the 
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link between specific sleep stages and different types of mem-
ory consolidation; this was done by suppressing sleep stages 
associated with motor and declarative memory consolidation 
within subjects.

eXPeriMental desiGn and MetHodoloGy

subjects

The experimental subjects were healthy volunteers (n = 
12; 6 males and 6 females), aged 20-30 years. They were all 
university students and were paid for the participation in the 
study. We first screened the subjects for psychiatric, physical, 
and sleep disorders by history and physical examination. We 
also performed an electroencephalogram, electrocardiogram, 
urinary drug screening, and routine blood examination on each 
subject. Exclusion criteria were shift-work at night, a transme-
ridian flight during the last year, substance abuse, medicinal 
treatment in the last 3 months, professional piano playing ( > 5 
years intensive training), and professional typewriting. We also 
screened subjects for sleep disorders during their first adapta-
tion night in the sleep laboratory.

The subjects were randomly assigned to one of 6 different 
experimental groups, with a different succession of the depriva-
tion nights. The subjects were blind to the experimental condi-
tion of the study nights. They were not aware of the existence 
of the undisturbed night and expected 3 deprivation nights. We 
chose a within-subject design, since neurobehavioral deficits 
and sleep physiology during and after sleep deprivation are 
trait-like and exhibit robust interindividual differences.20,21

Participants agreed to have regular sleep patterns throughout 
the experiment. The ethics committee of Ludwig Maximilian 
University Faculty of Medicine, Munich, approved the research 
project.

Polysomnographic recording Parameters

We recorded, stored, and analyzed polysomnograms with a 
digital recorder (Comlab 32 Digital Sleep Lab, Brainlab V 3.3 
Software, Schwarzer GmbH, Munich, Germany). Polysomno-
grams were conducted for the first of the 3 adaptation nights 
and the 3 study nights (control, SWSD, REMD). We recorded 
EEG with C3 and C4 leads (filtered from 0.5 to 70 Hz), elec-
trooculogram (EOG), and mental/submental electromyogram 
(EMG), with a sampling rate of 250 Hz.

Procedures

The subjects underwent 3 experimental sessions. Each ses-
sion consisted of an adaptation night, a study night, and a retest 
at 11:00 after 2 nights of recovery sleep. On the adaptation night 
the participants arrived at 22:00. The electrodes were placed 
immediately, and the participants could sleep undisturbed from 
23:00 to 07:00. On the study night, the subjects were required to 
arrive at the sleep laboratory at 21:00, when they completed the 
D2-Concentration test (D2)22 and the Stanford Sleepiness Scale 
(SSS),23 followed by the learning phase of the verbal paired as-
sociates task9 and the finger tapping task.2 We conducted these 
tasks in a randomized order to avoid a confounding effect of 

a reciprocal interaction between the tasks.24 Subsequently the 
electrodes were placed, the lights were turned off at 23:00, and 
the subjects underwent SWSD, REMD, or an undisturbed night 
with no awakenings. The expectancy to be woken many times 
at night is a strong stressor, which may inhibit evening learning. 
To counteract this effect we also included an undisturbed con-
dition, during which the subjects expected awakenings. The fi-
nal awakening was at 07:00, followed by the completion of the 
D2 test, the SSS, and a stress scale referencing the study night. 
For the stress scale, the subjects were asked to pick a number 
between 1 “not at all stressful” and 10 “very stressful” accord-
ing how stressful the night seemed to them. The subjects were 
forbidden to sleep before 22:00 on the day after the deprivation 
night, to avoid an early relapse into the deprived sleep stage. We 
did not use actigraphy. We told the subjects to refrain from re-
hearsal of the tests and to keep a regular sleep pattern during the 
whole experiment. The subjects spent 2 nights of recovery sleep 
at home to avoid immediate effects of the sleep disruptions on 
test outcomes.25 The participants returned at 11:00 to fill out the 
D2 and the SSS, and to undergo retesting in a randomized order 
of the verbal paired associates task and the finger-tapping task. 
This was possible since it has been shown that only the first 
night after learning is significant for sleep-dependent consoli-
dation and cannot be compensated by the following nights.25 
With an interval ≥ 1 week,17 subjects participated in the other 2 
experimental sessions (mean male 15.42 ± 6.13 d; mean female 
28.9 ± 4.36 d). The sessions of the female participants always 
took place in the first week of their menstrual cycle to avoid 
hormonal influences on sleep and learning.26-28 Each subject had 
one night with SWSD, one night with REMD, and one undis-
turbed night, balanced to avoid sequence effects.

learning tasks

All subjects learned 2 tasks, one using declarative memory 
and one using procedural memory. We employed a sequential 
finger tapping task2,29 as a tool of procedural memory analysis. 
This task required subjects to press 4 numeric keys on an al-
tered computer keyboard with the non-dominant hand, repeat-
ing the 5-element sequence as quickly and accurately as pos-
sible for a period of 30 s. The numeric sequence changed on 
every experimental condition and was displayed on the screen 
to exclude any working memory component to the task. A 
white dot appeared on the screen under the sequence for every 
pressed key. The computer recorded and stored all keystroke re-
sponses. For each 30-s trial, the computer noted the number of 
complete sequences achieved, the number of errors made, and 
the number of correct sequences typed. Training consisted of 
twelve 30-s trials interrupted by 20-s rest periods. At retest, the 
subjects completed 3 trials. The score of the correctly tapped 
sequences included accuracy and speed performance. We used 
the average score from the last 3 trials of the training condition 
as end-training performance and the average score from the 3 
trials of the retesting as consolidation performance. To measure 
sleep-dependent consolidation, we divided the retest perfor-
mance by the end-training performance, which represents the 
relative percentile improvement of speed and accuracy (motor 
consolidation; mcons; presented in * 100%).
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For the study of declarative memory, we employed a paired 
associates learning task.9 We used 3 parallel word lists for the 
measurements on each of the 3 nights. Each list consisted of 28 
German noun-pairs, balanced across word lists in emotionality, 
meaningfulness, and concreteness, with 2 additional dummy 
pairs at the beginning and end to buffer primacy and recency 
effects.9 In the learning condition, the word-pairs were first pre-
sented to the subject for 5 s each; immediately thereafter a cued 
recall followed, in which the subject had to type the matching 
noun after being shown the first word of the pair. If the partici-
pant was not able to recall the right word, the correct answer 
was displayed. Cued recall was repeated until the subject had 
achieved 60% ( = 17 word pairs) correct responses.9

In the retest condition, the list was recalled once, and the 
number of correctly known word pairs was measured. At the 
training and retest condition, the subject had unlimited time to 
respond to the cued recall. The retest performance divided by 
the training performance represents the sleep-dependent con-
solidation measure (declarative consolidation; dcons presented 
as * 100%). Dcons constitutes the relative percentile change in 
declarative memory.

sleep deprivation Protocol

The sleep deprivation was accomplished by direct visual 
scoring. In the REMD condition, we woke the subjects as soon 
as these 3 criteria were present for ≥ 30 s: (1) a desynchronized 
EEG; (2) low amplitude in the EMG; (3) no sleep spindles or K-
complexes. The occurrence of rapid eye movements were not 
obligatory, since according to Rechtschaffen and Kales, they 
require a retrograde classification.30,31

On the SWSD condition we woke the subjects as soon as 
there were 2 delta waves apparent in a 30-s EEG recording.

For the awakening, the experimenter switched on a dim red 
light (to avoid influence on the circadian system by bright light) 
and stepped into the room. The subjects did simple arithme-
tic multiplications for 2 min, after which they were allowed to 
sleep again. We chose a 2-min arousal, since after shorter awak-
enings subjects normally return immediately to the deprived 
sleep stage, and longer arousals have a too strong an effect on 
the total sleep time.30,32

sleep data analysis

For sleep data analysis, independent professional scorers 
scored the sleep stages using standard criteria.31 In addition, 
EEG from the experimental nights underwent spectral analysis 
through a fast Fourier transformation, using in-house software. 
The EEG was digitally filtered from 0.53 to 30 Hz (24 dB/
octave) after visually identified EEG artifacts had been care-
fully removed. Power spectra were derived from a 2-s window, 
shifted for 1 s, and averaged per 30-s epoch. Frequency bands 
(based on summed power values per 2-s window) were cal-
culated for delta (0.53–4 Hz), theta (4.5–8 Hz), alpha (8.5–12 
Hz), sigma (12.5–16 Hz), and beta (16.5–20 Hz) frequency 
ranges in all sleep stages per night. An automated algorithm 
detected the sleep spindles. The algorithm factored in minimal 
amplitude, spindle duration, and frequency range and provided 
sleep spindle features such as the number, duration, amplitude, 

and frequency.33-35 Analyzed parameters were spindle density 
(SpD) and absolute spindle activity (aSpA; absolute number of 
spindles per night × mean spindle amplitude × mean spindle 
duration) in sleep stage 2 and NREM. We used aSpA since it in-
corporates the spindle activity (mean spindle amplitude × mean 
spindle duration), which reflects the intensity of the spindle 
process,34-36 and absolute number of sleep spindles.

statistical analyses

For the statistical analysis, we first partitioned the variables 
in 5 sets and then performed for each of them a multivariate 
analysis of variance (MANOVA) with repeated measures de-
sign: one for sleep stages (S2, SWS, REM, Wake), one for 
spectral frequency bands (delta, theta, alpha, sigma, beta), one 
for sleep spindle measures (SpD, aSpA), one for alertness data 
(Stress, SSS in the evening, morning, and at retest, D2 in the 
evening, morning, and at retest), and one for learning data (first 
tapping trial, tapping end training performance, tapping retest 
performance, mcons, dcons). The only influential factor in the 
MANOVAs was the experimental condition, a within-subjects 
factor with 3 levels (REMD, SWSD, undisturbed night). For 
variable sets that revealed a significant factor effect, we con-
ducted further univariate F-tests to identify those variables on 
which the factor effect was significant. Variables tests with con-
trasts were subsequently performed to locate significant differ-
ences between the factor levels.

Since sleep spindles have often been correlated with memory 
consolidation,35-44 we performed a bivariate Pearson correlation 
between the declarative consolidation (dcons) and the stage 2 
and NREM spindle measures (SpD and aSpA), as well as be-
tween the motor consolidation (mcons) and the spindle mea-
sures. If a significant correlation was found, we carried out fur-
ther correlations with aSpA and SpD of the thirds of the night. 
We chose a P value of 0.05 and made Bonferroni adjustments 
for each statistical test.

resUlts

sleep Measures

The MANOVA for the scores of all recorded subjects for 
stage 2, stage 3+4 (SWS), and stage REM showed a signifi-
cant difference between experimental conditions (F12,34 = 17.18; 
P < 0.001). The univariate F-test revealed a significant differ-
ence between conditions for SWS (F2,1 = 39.014; P < 0.001). 
Further contrasts showed that SWS was significantly reduced 
in the SWSD condition compared to both of the other experi-
mental conditions (undisturbed/SWSD: t11 = 7.650; P < 0.001; 
REMD/SWSD: t11 = 8.900; P < 0.001). In addition, the univari-
ate F-test showed a significant difference between the sleep-
recorded experimental conditions on stage REM measures (F2,1 
= 63.411; P < 0.001). Contrasts further showed a significant 
reduction of REM sleep in the REMD condition in comparison 
to both SWSD and the undisturbed night (undisturbed/REMD: 
t11 = 10.909; P < 0.001; REMD/SWSD: t11 = −9.261; P < 0.001). 
Table 1 displays all sleep measures, number of forced awaken-
ings, learning data, and supplementary data. The MANOVA for 
delta, theta, alpha, sigma, and beta spectral power of all subjects 
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showed a significant difference between end-training perfor-
mance and retest performance for all 3 experimental conditions 
(undisturbed: t11 = −4.414; P < 0.001; REMD: t11 = −3.542; P 
= 0.003; SWSD: t11 = −6.899; P < 0.001), which demonstrates 
an overnight enhancement in all 3 conditions. The overnight 
enhancement (mcons) was 129% ± 22% (undisturbed night), 
120% ± 20% (REMD), and 126% ± 12% (SWSD) (Table 1). 
We found no correlations between mcons and absolute spindle 
activity (aSpA) and between mcons and spindle density (SpD) 
in the undisturbed night for stage 2 or NREM spindles (stage 2 
spindles: aSpA: r = 0.06; P = 0.427; SpD: r = 0.069; P = 0.416; 
NREM spindles: aSpA: r = −0.084; P = 0.397; SpD: r = −0.02; 
P = 0.475), the REMD for stage 2 or NREM spindles (stage 2 
spindles: aSpA: r = 0.1; P = 0.378; SpD: r = 0.127; P = 0.348; 
NREM spindles: aSpA: r = 0.143; P = 0.328; SpD: r = 0.125; 
P = 0.35), or SWSD condition for stage 2 or NREM spindles 
(stage 2 spindles: aSpA: r = 0.02; P = 0.476; SpD: r = 0.136; P 
= 0.337; NREM spindles: aSpA: r = −0.003; P = 0.496; SpD: r 
= 0.109; P = 0.368).

The average number of correct word pairs was 16.50 ± 2.11 
after the undisturbed night, 15.17 ± 2.69 after REMD, and 16.00 
± 1.54 after SWSD; sleep dependent consolidation (dcons) was 
97.1% ± 12%, 89.2% ± 16%, and 94.1% ± 9%, respectively 
(Table 1 and Figure 2).

Since we found no effect of the experimental conditions on 
learning data, and the experimental conditions differed in the 
amounts of SWS, REM sleep, and delta power, but not in the 
spindle measures, we performed a bivariate Pearson correla-
tion between dcons and the spindle measures (aSpA and SpD). 
In the undisturbed condition we found a significant correlation 
between dcons and aSpA (stage 2 spindles: r = 0.616; P = 0.017; 

showed a significant difference between experimental condi-
tions (F14,32 = 2.62; P = 0.012). The univariate F-test revealed a 
significant difference between the experimental conditions for 
delta power only (F2,1 = 14.427; P < 0.001). Using contrasts, 
the SWSD condition had significantly less delta power than 
both other experimental conditions (undisturbed/SWSD: t11 = 
4.135; P = 0.002; REMD/SWSD: t11 = 4.355; P = 0.001). SWSD 
cut the delta power by half compared to both other conditions. 
The MANOVA for the spindle measures showed no significant 
difference between experimental conditions (F8,60 = 0.502; P = 
0.85). Table 1 displays the stage 2 absolute spindle activity and 
spindle density in the whole night.

learning tasks

The MANOVA for the alertness data found no difference 
between the 3 experimental conditions for stress, sleepiness 
(SSS in the evening, morning, or at retest), and concentration 
(D2 in the evening, morning, or at retest) (F14,54 = 1.468; P = 
0.156) (Table 1). The MANOVA for learning data revealed no 
difference between experimental conditions for the first tap-
ping performance at training, tapping performance at the end of 
training, tapping performance at retest, motor memory consoli-
dation (mcons), and declarative consolidation (dcons) (F10,58 = 
0.429; P = 0.927).

The performance at the end of training phase of the finger 
tapping task was for the undisturbed condition 17.53 ± 4.18 
seq/trial, the REMD condition 17.67 ± 2.96 seq/trial, and the 
SWSD condition 17.86 ± 3.59 seq/trial. At retest they were 
22.14 ± 5.21 seq/trial, 21.06 ± 3.72 seq/trial, and 22.42 ± 4.74 
seq/trial, respectively (Table 2 and Figure 1). Paired t-tests 

Table 1—Sleep Stages, Supplementary Data and Learning Task Divided by Experimental Condition of the Study Night

 Undisturbed REMD SWSD
 M (SD) M (SD) M (SD)
Stage 1 in min 26.0 (2.7) 48.4 (4.6) 42.5 (4.3)
Stage 2 in min 190.5 (12.8) 192.5 (7.3) 204.5 (6.8)
SWS in min 105.2 (9.7) 90.7 (7.8) 26.5* (3.1) undisturbed/SWSD: t11 = 7.650; P < 0.001;
       REMD/SWSD: t11 = 8.900; P < 0.001
REM in min 81.6 (7.1) 12.1* (2.0) 63.5 (5.2) undisturbed/REMD: t11 = 10.909; P < 0.001;
       REMD/SWSD: t11 = −9.261; P < 0.001
TST in min 403.4 (52.2) 342.7 (22.5) 337.1 (31.3)
Delta power in μV² 1008.3 (473.9) 1017.7 (479.1) 512.2* (122.9) undisturbed/SWSD: t11 = 4.135; P = 0.002;
       REMD/SWSD: t11 = 4.355; P = 0.001
SpD in 1/30s 4.00 (1.45) 3.91 (1.40) 3.95 (1.40)
aSpA in mVs 24.24 (13.79) 22.50 (12.99) 24.43 (12.82)
Forced awakenings 0 (0) 19.83 (7.81) 22.17 (8.45)
Stress 2.8 (1.5) 4.5 (1.5) 4.8 (2.1)
SSSe 2.50 (0.80) 1.92 (0.79) 1.67 (0.65)
SSSm 3.00 (1.13) 3.08 (1.00) 3.33 (0.89)
SSSrt 1.83 (0.72) 1.58 (0.67) 1.58 (0.51)
mcons 129 % (22) 120% (20) 126% (12)
dcons 97.1 % (12) 89.2% (16) 94.1% (9)

Abbreviations: mean (M), standard deviation (SD), slow wave sleep (SWS), total sleep time (TST), spindle density in the whole night (SpD), 
absolute spindle activity in the whole night (aSpA), Stanford Sleepiness Scale (SSS) evenings (e), mornings (m) and at retest (rt), sleep de-
pendent motor memory consolidation (mcons), sleep dependent declarative memory consolidation (dcons), REM sleep deprivation condition 
(REMD), slow wave sleep deprivation condition (SWSD)
*Significant difference to other experimental conditions
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after learning is significant for sleep-dependent consolidation 
and cannot be compensated by the following nights.25 In this 
section, we begin by discussing possible explanations for the 
lack of influence of REMD/SWSD on motor and declarative 
tasks and then go on to discuss the dependence of declarative 
memory on sleep spindles.

reMd/sWsd and Motor tasks

Two recent studies have utilized REMD and procedural 
memory tasks.47,48 Neither study found an effect of REMD on 
test performance. There are 2 possible explanations for REMD 
and SWSD not influencing sleep-dependent consolidation of 
motor tasks: (1) the diminished amount of REM sleep in the 
REMD condition was still sufficient for sleep-dependent mem-
ory consolidation of the relatively easy task used for this study, 
or (2) the memory consolidation is dependent on stage 2 sleep, 
rather than on REM sleep or SWS.

Recent studies of short midday naps have indicated that 
very small amounts of sleep have resulted in motor skill 
enhancement.41,49,50 This may imply that the diminished amount 
of REM sleep in the REMD condition in our study was still 
enough to consolidate the motor task. Additional evidence for 
this explanation comes from animal studies, which have shown 
that REM sleep-dependent memory processing may be based 
on ponto-geniculo-occipital (PGO) waves, known to appear 
just prior to the onset of and throughout REM sleep.51,52 In these 
experiments, the activation of a PGO wave generator prevented 
memory impairment induced by REMD.52 Therefore, if PGO 
waves occurred in our study just prior to awakenings, their 
presence may have been sufficient to consolidate the motor task 
despite the REMD condition.

On the other hand, it has recently been proposed that although 
REM sleep is involved with the reprocessing of procedural tasks 
that require a new cognitive strategy, simple and familiar motor 
tasks involve primarily stage 2 sleep.38 This theory convincingly 

NREM spindles: r = 0.597; P = 0.02) (Figure 3) and between 
dcons and SpD (stage 2 spindles: r = 0.627; P = 0.015; NREM 
spindles: r = 0.58; P = 0.024). A closer look at the different 
parts of the night revealed an even more significant correlation 
between dcons and aSpA of the stage 2 spindles in the first third 
of the night (r = 0.794; P = 0.001), as well as between dcons 
and SpD of the stage 2 spindles in the first third of the night (r 
= 0.724; P = 0.004). The correlations to the other thirds of the 
night were for the second (aSpA: r = 0.529; P = 0.038; SpD: r 
= 0.574; P = 0.026) and the third (aSpA: r = 0.408; P = 0.094; 
SpD: r = 0.643; P = 0.012). The correlation between aSpA and 
dcons and between SpD and dcons in the REMD condition did 
not reach significance (stage 2 spindles: aSpA: r = 0.413; P = 
0.091; SpD: r = 0.393; P = 0.103; NREM spindles: aSpA: r = 
0.390; P = 0.105; SpD: r = 0.415; P = 0.09), and no correlation 
was found in the SWSD condition (stage 2 spindles: aSpA: r = 
0.055; P = 0.432; SpD: r = 0.037; P = 0.455; NREM spindles: 
aSpA: r = 0.116; P = 0.36; SpD: r = 0.121; P = 0.354).

disCUssion

Surprisingly, we did not find that a severe decrease in the 
total amount of REM sleep or SWS affected the performance in 
learning tasks of young, healthy volunteers. In this experiment, 
we reduced REM sleep in the REMD condition and SWS in the 
SWSD condition by 85% and 75%, respectively, compared to 
the undisturbed condition. As in other studies,17,30,45-47 the other 
sleep stages were also slightly but not significantly affected. In 
the SWSD condition, REM sleep was reduced by 22%, while 
in the REMD condition, SWS was reduced by 14%. The total 
sleep time was also diminished in both deprivation conditions. 
In all conditions sleepiness, concentration, and stress were the 
same. Nevertheless, in all 3 conditions (REMD, SWSD, and 
undisturbed), sleep-dependent consolidation of the motor and 
declarative tasks was attained. We did, however, find a signifi-
cant correlation between declarative memory consolidation and 
the spindle measures—absolute spindle activity and spindle 
density—in sleep stage 2 and NREM in the undisturbed condi-
tion, especially in the first third of the night. The subjects spent 
2 recovery nights at home before returning for the retest. We 
chose this interval period to eliminate effects of the depriva-
tion protocol on concentration and sleepiness at retest. This 
was possible since it has been shown that only the first night 

Table 2— Mean Number and Standard Deviation of Correct Tap-
ping Sequences

 End-training Retest T-test between end-
 M (SD) M (SD) training and retest
Undisturbed 17.53 (4.18) 22.14 (5.21) t11 = −4.414; P < 0.001
REMD 17.67 (2.96) 21.06 (3.72) t11 = −3.542; P = 0.003
SWSD 17.86 (3.59) 22.42 (4.74) t11 = −6.899; P < 0.001

Mean number (M) and standard deviation (SD) of correct tapping 
sequences at the end of training in the evening and retest 60 hours 
later for the different experimental conditions: REM sleep depri-
vation condition (REMD), slow wave sleep deprivation condition 
(SWSD), and an undisturbed night. In all 3 conditions, significant 
enhancement in motor performance was found.
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Figure 1—Performance at the finger tapping task before and after 
an undisturbed night, REM sleep deprivation (REMD), and slow 
wave sleep deprivation (SWSD) shown as mean number of cor-
rect tapped sequences for each trial of 30 sec. No significant dif-
ference was found between the conditions.
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for declarative memory consolidation would be interesting. Un-
til now only one study using the acoustic stimulation technique 
for SWSD achieved almost complete deprivation.57 But a recent 
study using the same technique had a rest-SWS amount of 26 
min, which is the same amount as we had.58

Given the lack of effect in our study between the amounts 
of SWS, REM sleep, and delta power on learning tasks, we 
then analyzed the spindle measures, which were unchanged in 
all our conditions and which are often associated with mem-
ory consolidation.35-44 In the undisturbed condition, we found 
a significant correlation between the declarative task and the 
spindle measures in stage 2 and NREM: absolute spindle activ-
ity and spindle density. This correlation is particularly strong 
when considering only the absolute spindle activity and spindle 
density in stage 2 in the first third of the night. Previously, Pli-
hal and Born reported the importance of the first half of the 
night for declarative memory consolidation.9 Since SWS is the 
most dominant sleep stage during this interval, they deduced 
that the declarative task relied on SWS. Our correlation find-
ings may indicate, however, that the importance of the first half 
of the night for declarative memory consolidation originates 
from sleep spindles and not SWS. Likewise, the connection be-
tween spindle activity and memory consolidation has been in-
creasingly seen in the past few years, with correlations mainly 
being found with stage 2 spindles, and not stage 3 spindles. 
With regard to declarative memory tasks, the density of stage 
2 spindles has been shown to increase after extensive learning 
of these tasks, and the degree of increase in the stage 2 spindle 
activity correlates with memory performance.35-37,40,44,59 These 
results speak for the importance of stage 2 sleep with its sleep 
spindles for declarative learning.

It has frequently been speculated that spindles may be im-
portant for synaptic plasticity.60 In one study, a correlation was 
found between the retention of memories and the spindles de-

explains many discrepancies seen in tests of procedural and mo-
tor learning tasks, since until recently the “newness” or “com-
plexity” of the learning tasks had been neglected. For example, 
experiments using a complex motor task (mirror-tracing) have 
reported an increase in subsequent REM sleep and a vulnerability 
to REM deprivation.9,53 This is in contrast to studies of simple 
motor tasks (e.g., rotary pursuit, finger tapping), which have 
shown such tasks to correlate with the amount of stage 2 sleep 
and to be adversely affected by stage 2 sleep disruptions and 
not REMD.2,18,47 Recently, further correlations have been found 
between the overnight enhancement of simple motor tasks and 
stage 2 spindle density, as well as an increase of stage 2 spindle 
density after motor learning.38,39,41-43 We explore the evidence for 
this effect in our study at the end of this section.

reMd/sWsd and declarative tasks

As with motor tasks, there are 2 possible explanations for the 
lack of influence of REMD/SWSD on declarative tasks: (1) the 
diminished amount of SWS in the SWSD condition was still ade-
quate for declarative memory consolidation, or (2) the declarative 
task relies on other sleep characteristics, such as sleep spindles.

It has recently been shown in studies utilizing daytime naps 
and the verbal paired associates task (PAL) that short naps can 
generate both an improvement in number of word pairs recalled 
and a percentage improvement over baseline comparable to that 
resulting from a whole night of sleep.54,55 This demonstrates that 
approximately 22 min of SWS, the mean amount from these ex-
periments, is probably sufficient for the memory consolidation of 
small declarative tasks. Since, for our study, the mean of amount 
of SWS in the SWSD condition was 26.5 min, this may have 
provided ample time for the consolidation of our declarative task. 
However, the link between small amounts of SWS and declara-
tive memory remains tenuous and not well understood; while it 
has been shown that a nap with as little as 6 min of stage 1 and 2 
sleep could consolidate declarative tasks,19 it has also been found 
that a mean amount of 7.1 min of SWS did not result in an im-
provement of declarative memory (PAL).49 Further, a correlation 
between SWS in the first 2 hours of a whole night and improved 
performance in a non-declarative has also been shown.56 Since it 
seems impossible to totally deprive SWS in a whole night, further 
“nap” studies evaluating the minimum amount of SWS necessary 
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the learning baseline at retest 60 hours after an undisturbed night, 
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It has been suggested that this decline is related to the degenera-
tion of sleep architecture and the decrease of SWS and REM 
sleep in the elderly.67,69,71 On average, the amount of SWS dur-
ing a normal night sleep in healthy subjects is reduced from 
approximately 77 min in 20-year-olds to approximately 38 min 
in 70-year-olds, while the amount of REM sleep decreases from 
approximately 86 min to approximately 57 min in the respective 
age groups.72 Sleep quality in the elderly is further diminished 
by increasing number of awakenings, as well as varying de-
grees of spontaneous disruptions of the NREM/REM cycle.69,71

In this study, the various deprivation conditions resulted in 
a similar but stronger disturbance of the subjects’ sleep, with 
no resulting inhibition of learning. This implies that diminish-
ing sleep-dependent consolidation in the elderly is not solely 
associated with reduced amounts of SWS/REM sleep or in-
creased numbers of awakenings and spontaneous disruptions 
of the NREM/REM cycle. Other factors that change with age, 
such as hormones and neurotransmitters, must therefore play 
an important role.

The aging process is associated with decreased levels of 
most hormones, increased levels of cortisol in the first half of 
the night, and changes in cholinergic neurotransmission.69,73 
For example, the cognition of healthy older adults has been 
improved by growth hormone releasing hormone.74 In this 
scenario, memory augmentation in elderly subjects induced 
by pharmacological cholinergic manipulation75 may not have 
been achieved indirectly by the REM sleep enhancing effect of 
the drug as assumed, but rather through the direct influence of 
the neurotransmitter. This would also explain why REM sleep 
augmentation reached by REM sleep rebound does not affect 
sleep-dependent learning.48

In conclusion, it seems that sleep-dependent memory con-
solidation does not rely only on intact amounts of SWS or REM 
sleep across a night of sleep. The process more likely requires 
different EEG microstructures, for example sleep spindles, delta 
waves, and PGO waves. Exploring the dependence of memory 
consolidation on these other factors may be an important av-
enue for future research.
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