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Abstract

Stage 2 sleep spindles have been previously viewed as useful markers for the development and integrity of the CNS and were more
currently linked to ‘offline re-processing’ of implicit as well as explicit memory traces. Additionally, it had been discussed if spindles
might be related to a more general learning or cognitive ability. In the present multicentre study we examined the relationship of
automatically detected slow (< 13 Hz) and fast (> 13 Hz) stage 2 sleep spindles with: (i) the Raven’s Advanced Progressive Matrices
(testing ‘general cognitive ability’); as well as (ii) the Wechsler Memory scale-revised (evaluating memory in various subdomains).
Forty-eight healthy subjects slept three times (separated by 1 week) for a whole night in a sleep laboratory with complete
polysomnographic montage. Whereas the first night only served adaptation and screening purposes, the two remaining nights were
preceded either by an implicit mirror-tracing or an explicit word-pair association learning or (corresponding) control task. Robust
relationships of slow and fast sleep spindles with both cognitive as well as memory abilities were found irrespectively of whether
learning occurred before sleep. Based on the present findings we suggest that besides being involved in shaping neuronal networks
after learning, sleep spindles do reflect important aspects of efficient cortical-subcortical connectivity, and are thereby linked to
cognitive- and memory-related abilities alike.

Introduction

Neonatal sleep state organization and especially quiet sleep [non-rapid
eye movement (REM)] have been consistently related to individual
outcomes in measures of cognitive functions and attention in later
childhood and early adolescence (e.g. Parmelee et al., 1994). More
specifically, it has been discussed that sleep spindles may be useful
markers for the development and integrity of the CNS early in life
(Tanguay et al., 1975; Shinomiya et al., 1999), and may ‘promote the
formation of thalamocortical networks by providing endogenous
signals with repetitive and synchronized activity’ (Jenni et al., 2004).
Furthermore, it is well established that: (i) spindle measures decrease
progressively (from teenage up to the high 60s) with age (see Nicolas
et al., 2001; for an extensive spindle review, see De Gennaro &
Ferrara, 2003); (ii) that the number of spindles is significantly reduced
in demented patients (Petit et al., 2004); and (iii) that spindle sizes are
reduced after hemispheric strokes ipsilateral to the lesion only
(Gottselig et al., 2002). Besides these indications that spindles might
reflect network properties, sleep spindles have been suggested to
provide necessary conditions important for plastic modifications
underlying memory formation (e.g. Steriade & Amzica, 1998;
Steriade, 1999; Destexhe & Sejnowski, 2001; Rosanova & Ulrich,
2005). In line with this, stage 2 sleep with sleep spindles as a central
feature has been proposed as a possible candidate for ‘offline memory
processing’ with several groups (e.g. Meier-Koll et al., 1999; Gais

et al., 2002), demonstrating either: (i) spindle increase following
successful learning; or (ii) even significant regressions between
overnight memory improvement and the amount of stage 2 (Smith
& MacNeill, 1994) and sleep-spindle activity (Walker et al., 2002;
Schabus et al., 2004).
Last but not least, it is discussed if sleep-spindle activity might not

also be related to an individual’s ‘general learning potential’ or its
‘intelligence’ (see Briere et al., 2000; Nader & Smith, 2001, 2003;
Bódizs et al., 2005). Correlating sigma power (12–14 Hz) and simple
spindle counts with IQ scores of the Multidimensional Aptitude
Battery II (MAB-II), Nader & Smith (2001) found significant positive
relationships with full-scale intelligence quotients and especially the
performance IQ subscale of the MAB-II. According to the authors,
these correlations suggest that a higher level of spindle activity ‘is
related to greater ability to perform tasks which require perceptual,
analytical and reasoning abilities’. In line with this finding, Bódizs
et al. (2005) recently reported strong relationships between (frontal)
fast sleep spindles and a non-verbal (reasoning) test of intelligence.
Furthermore, Gais et al. (2002) did find positive relationships between
sleep-spindle density and absolute recall performances in a declarative
word-pair association task before (as well as after) sleep (r ¼ 0.56,
P < 0.05). Together, these studies suggest that spindles might be
useful indicators for: (i) general cognitive ability (for review, see
Nader & Smith, 2003); and ⁄ or (ii) for learning certain types of
materials.
The present work aimed to shed light on these issues by examining

various sleep-spindle parameters possibly related to memory and ⁄ or
cognitive learning abilities. Thereby, we made the important (and still
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debated) distinction between slow and fast spindles, hypothesizing
that the former type ) if indeed reflecting alpha oscillations ) might
be more exclusively related to memory abilities (see Klimesch, 1999).

Materials and methods

Subjects

In the present study, 48 students (24 females) aged between 20 and
30 years (mean ± SD, 23.77 ± 2.59 years) were randomly assigned
(parallel group design) to either: (i) an implicit ⁄ procedural mirror
tracing task; or (ii) an explicit word-pair association task. The study
was conducted in the scheme of a joint research project between the
Medical University of Vienna (Department of Neurology and
Department of Psychiatry) and the University of Salzburg, using
identical experimental designs and testing material. All participants
were right-handed non-smokers. Due to insufficient signal quality for
reliable spindle detection throughout the night, one subject from the
implicit memory task was excluded from all analyses.

Subjects were selected according to the following criteria: no
history of severe organic and mental illness; no sleep disturbances
[Pittsburgh Sleep Quality Index Global Score (PSQI-TS) < 5; Buysse
et al., 1989] and no signs of mood disorders [Self-Rated Anxiety Scale
(SAS-raw score) < 36; Zung, 1971; Self-Rated Depression Scale
(SDS raw score) < 40; Zung, 1965]. To control for sleep disturbances
(sleep apnoea, insomnia, periodic leg movements) all night sleep
polygraphy was performed prior to the experimental conditions.
During the whole study period, all subjects had to document daily
their sleep habits and sleep quality by sleep logs, and their sleep wake
rhythm was monitored continuously by wrist-worn actigraphs.
Subjects participated after giving written informed consent.

Procedure

Subjects performed five different sessions in the (sleep) laboratory
separated by 7 (± 1) days (see Fig. 1). The entrance examination
carried out 1 week before starting the investigation included
documentation of the medical history and somatic findings, as well
as various psychometric tests [Advanced Progressive Matrices (APM;
Raven et al., 1998), Wechsler Memory Scale-revised (WMS-R;
Wechsler, 1987; German adaptation: Härting et al., 2000)]. The first
night in the sleep lab served only diagnostic and adaptation purposes.

The second and third nights served either as control condition without
intentional learning or as experimental condition with participants
performing a declarative or procedural memory task (approx. 2.5 h
before sleep onset). For testing declarative memory, a paired-associate
word list task was used. In the encoding session (preceding the
experimental night), word-pairs were presented in two blocks of 160
items each and subjects were instructed to encode the words of a pair.
The encoding session lasted for 2 · 27 min. After the encoding
session subjects performed a cued recall task with words presented in a
different, randomized sequence. Now, only the first word of a pair was
presented and subjects were asked first to press a button and then to
report verbally the corresponding word (e.g. ‘river’ in response to
‘house’). The control task closely resembled the experimental task but
did not include an intentional learning component. Instead of words,
pseudo-word pairs were presented in which the appearance of some
letters was changed. Subjects were instructed to count silently all
deviant letters in the evening of the control night and subsequently had
to indicate the number of these letters (for details on the explicit task,
see Schabus et al., 2004).
For testing implicit procedural motor learning we used a ‘mirror-

tracing task’. The test consisted of two different sets (hands and
manikins) with ‘12’ stimuli each (six clockwise, six counter-clockwise
trials). In the learning task subjects had to trace six manikins
clockwise and counter-clockwise (12 items), whereas in the control
task subjects could directly trace the six hand items. Tasks were done
in two blocks (2 · 12 items) of approx. 30 min each. Subjects had to
trace each figure for 90 s with an electronic stylus by looking on the
platform via a mirror. Start and end points were marked in order to
obtain an estimate for tracing ‘speed’. Error count and error time were
automatically recorded by the mirror-tracing system.
One week after the learning tasks subjects underwent a (morning)

‘follow-up’ test session in order to evaluate the stability of the learned
information. The order of control and experimental nights were
counterbalanced across subjects. All-night polygraphic sleep record-
ings (PSG) started between 23.00 and 00.00 h, and were terminated
after the subject’s habitual total sleep time or after 8 h of sleep.

Electroencephalogram (EEG) analyses

EEG was recorded utilizing either Synamps EEG amplifiers
(Neuroscan, Sterling, VA, USA) at the University of Salzburg and

Fig. 1. Study design for the explicit word-pair association as well as the implicit mirror tracing task. All subjects (n ¼ 48) had to come to the sleep laboratory five
times separated by 7 (± 1) days and were monitored by wrist actigraphy throughout the study period (4 weeks). The sessions learning and control polysomnography
(PSG) are composed of � 1 h of (explicit or implicit) ‘encoding’, subsequent ‘recall’, a night’s sleep and a morning ‘recall’ (all with full PSG).
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the Department of Psychiatry or an Alpha-trace digital EEG-system
(B.E.S.T. Medical Systems, Austria) at the Department of Neurology
(Medical University Vienna, Austria). All signals were filtered
(0.10 Hz high-pass filter; 70 Hz low-pass filter; 50 Hz notch filter)
and digitized online with 250 Hz sampling rate. Twenty-one gold-
plated silver electrodes were attached according to the international
10 ⁄ 20 system (Fp1, Fpz, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4,
T5, P3, Pz, P4, T6, O1, Oz, O2, as well as A1 and A2 for later
re-referencing) and were referenced to Fcz. In addition, also five
electrooculogram (EOG) channels, one submental electromyogram
(EMG) channel, one electrocardiogram channel (ECG) and one
respiratory channel (chest wall movements) were recorded. Sleep was
scored visually according to standard criteria. All-night sleep
recordings were carefully checked for major artefacts, and only
electrodes of good signal quality throughout the night were included in
further analyses. Therefore, the number of subjects that could be used
for statistical analyses varies depending upon recording sites.
Sleep spindles were detected automatically on six electrodes (Fp1,

Fp2, C3, C4, O1, O2) re-referenced to contra-lateral mastoids. In order
to reliably differentiate between those two sleep-spindle types we
decided to analyse far anterior (Fp1, Fp2), central (C3, C4) and far
posterior (O1, O2) electrode sites. However, as frontopolar and
occipital sites did not add any substantial information, only the central
sites C3 and C4 are used for inferential statistics. Spindle detection
was based on a new automatic algorithm, which is a further
development of the band-pass filtering method developed by
Schimicek et al. (1994). In a first step, the EEG signal was filtered
with a phase linear fourth order Butterworth band-pass filter in the
frequency range of 10–18 Hz and the envelope of the filtered signal
was determined by Hilbert transformation. In a second step, sleep-
spindles were automatically identified based on the following criteria:
(i) minimal amplitude of 12 lV; (ii) spindle duration 0.3–2.0 s; and
(iii) a frequency range of 11–16 Hz. These thresholds were determined
from the distribution of these variables in a polysomnographic pattern
database including several thousand visually identified spindles from
189 healthy controls and 90 patients (see Anderer et al., 2004, 2005).
The algorithm identifies first ‘possible’ spindles and then determines
‘real’ spindle episodes by means of a linear discrimination analysis
using five log-transformed features (spindle duration and mean
amplitudes in four frequency bands: spindle, theta, alpha and fast
beta) of the ‘possible’ spindles (for further details, refer to Anderer
et al., 2004, 2005). Rather than measuring the mean number of sleep-
spindles per time (spindle density), the applied algorithm provides
sleep-spindle features such as the duration, amplitude and frequency,
and therefore reflects the activity or intensity of the spindle process.
The used measure ‘spindle activity’ (termed SpA in the following) is
composed of the mean amplitude and mean duration of stage 2 sleep-
spindle events (i.e. duration of each detected spindle · mean
amplitude of that spindle in the 11–16 Hz frequency band).
Additionally, the overall number of spindle detections in stage 2

sleep and traditional spindle density are provided (see Appendix S1 in
the Supplementary material for spindle density). In order to detect all
possible spindles events the spindle algorithm was set to a high
sensitivity level and was subsequently narrowed to stage 2 sleep to
guarantee best detection validity.
Spindle event-related time–frequency analysis (using a Gabor filter)

was done for 3-s epochs (1500 ms before to 1500 ms after spindle onset)
and for a frequency range of 1–30Hz after low-pass filtering (35 Hz,
48 db), all recordings over thewhole night. Triggers forwavelet analysis
were taken from: (i) all stage 2 epochs (centred on the middle of the
staged 30-s epochs) in order to analyse (tonic) sigma power; and
(ii) separately for all detected slow (£ 13 Hz) and fast (> 13 Hz)
spindles at electrode C3 for illustrating phasic spindle (activity) effects.

Statistics

Three-way anovas with the ‘between-group factor’ TASK (explicit
word-pair association, implicit mirror tracing), the within factors
CONDITION (learning, control task) and spindle TYPE (slow, fast
spindles) revealed no differences between the explicit and implicit
memory task for the dependent variables SpA and the number of
spindle detections. Therefore, all further analyses focusing on
differences in ‘general learning abilities’ collapse subjects of the
implicit (n ¼ 23) and explicit task (n ¼ 24). Likewise, distinguishing
spindle activities between early (first 4 h) and late night (last 4 h) did
not have consistent effects on memory (WMS-R) or cognitive (APM)
abilities. Values in ‘sleep halves’ (HALF: first 4 h, last 4 h of sleep)
are thus only reported for descriptive purposes in Table 3, but are
dropped in the anovas using cognitive or memory abilities as
‘between-group factor’. Consequently, three-way anovas CONDI-
TION (learning or control task) · TYPE (slow or fast spindles) ·
APM (APM+, APM<>, APM–) or CONDITION · TYPE · WMS-R
(WMS+, WMS–) are reported.
Cognitive ability and memory ability groups were created (based on

percentile group) according to the subjects test scores on the APM and
WMS-R (general), respectively. More specifically, subjects were
grouped into three APM-levels (i.e. highly gifted individuals or
APM+, gifted subjects APM<>, and moderately gifted subjects APM–)
and additionally into two WMS-R levels (good memory performers or
WMS+ and moderate memory performers or WMS–).

Results

Descriptive statistics

The grand-average group mean (n ¼ 47) was 119 for the APM
(SD ¼ 12.9) and 114.8 for the WMS-R (SD ¼ 14.2). Group means
for the APM and WMS-R general score as well as four WMS-R sub-
scores (concentration, verbal, visual, delayed recall) are shown in
Table 1 for all APM levels (highly gifted, gifted and moderately gifted

Table 1. APM and WMS-R test scores for the APM groups

Group (n) APM-score

WMS-R
score
(general)

WMS-R sub-scores

Concentration Verbal Visual Delayed recall

APM– (15) 103 ± 4.68 111 ± 16.61 112 ± 20.0 110 ± 17.46 107 ± 11.15 114 ± 12.20
APM<> (19) 122 ± 2.66 113 ± 12.83 112 ± 13.07 113 ± 16.57 112 ± 12.21 115 ± 10.80
APM+ (13) 133 ± 6.98 122 ± 11.22 120 ± 11.06 119 ± 12.05 118 ± 8.06 118 ± 11.13

The table shows the test scores (mean ± SD) for the three APM groups on: the Raven’s Advanced Progressive Matrices (APM); and the Wechsler Memory Scale-
revised (WMS-R). It is evident that highly gifted individuals (APM+) also score higher on the various subscales of the WMS-R. n, number of valid subjects.
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subjects). Table 2 depicts total sleep time (min) and sleep architecture
(S2, SWS, REM in minutes) for the APM groups in both control and
learning nights. Independent sample t-tests revealed no sleep
architecture differences between groups. Also note that the number
of stage 2 spindle detections ) but not spindle activity ) was
positively related to the amount of stage 2 sleep (min) in both the
learning (e.g. C3: number of fast spindles: r45 ¼ 0.51, P < 0.01; slow
spindles: r45 ¼ 0.38, P < 0.05) as well as the control (e.g. C3: fast
spindles: r46 ¼ 0.32; slow spindles: r46 ¼ 0.34, P < 0.05) nights.

Detected number of stage 2 spindles

Stage 2 spindle detections at the originally analysed six recording sites
(Fp1, Fp2, C3, C4, O1 and O2) revealed the usual pattern of prevailing
slow spindles at frontal sites and more frequent fast spindles at central
and occipital electrodes (see Table 3). Three-way anovas CON-
DITION · TYPE · HALF for electrode C3 and C4 revealed no
differences in spindle occurrences between control and learning nights.

Subjects with different cognitive abilities (APM) did not differ in
the number of detected stage 2 spindles (P > 0.05 for main and

interaction effects including the APM factor). Please note that this is
probably largely due to the huge variance in individual spindle
numbers (compared with the mean SpA values), as the number of
detections for slow as well as fast spindles in both conditions appeared
to be related to ‘cognitive ability’ (see Table 4).
Likewise, moderate and good memory performers (WMS-R

general) did not differ in the number of stage 2 sleep spindles,
however, showing strong trends at site C3 (F1,43 ¼ 3.63, P ¼ 0.06)
and C4 (F1,45 ¼ 3.63, P ¼ 0.06). The effect indicated more (detected)
stage 2 spindles in good memory performers (2097 ± 753.3 for
WMS+ performers vs. 1687 ± 826.9 for WMS– performers at site C3
and 2094 ± 775.8 vs. 1652 ± 817.2 at site C4, respectively);
interactions with the factor WMS were not significant.

Spindle activity

Spindle activity did differ between subjects with different cognitive
abilities at both central sites (C3: F2,41 ¼ 11.55 and C4:
F2,44 ¼ 11.10, P < 0.001). A post hoc Scheffé test revealed that
APM+ is different from both APM– and APM< > (P < 0.01) at both

Table 2. Sleep architecture by APM performance

(n)

Control Learning

Total sleep
time (min)

Stage 2
sleep (min)

Slow-wave
sleep (min)

REM
sleep (min)

Total sleep
time (min)

Stage 2
sleep (min)

Slow-wave
sleep (min)

REM
sleep (min)

APM– (15) 438.7 ± 36.9 216.4 ± 28.7 85.7 ± 28.6 87.8 ± 32.8 435.3 ± 34.3 206.5 ± 45.8 96.8 ± 30.5 81.9 ± 22.3
APM< > (19) 441.4 ± 40.8 224.5 ± 47.9 86.4 ± 26.5 84.8 ± 16.5 436.8 ± 57.9 214.7 ± 48.3 91.3 ± 35.7 82.7 ± 26.5
APM+ (13) 441.8 ± 52.2 229.8 ± 35.0 93.2 ± 33.5 80.9 ± 28.7 442.1 ± 36.0 225.2 ± 26.1 94.8 ± 33.2 82.2 ± 25.3

Data are presented as mean ± SD. Sleep parameters in both control and learning nights are shown for three cognitive ability groups (APM). Independent sample
t-tests revealed no sleep architecture differences between groups. Furthermore, note that the number of stage 2 spindle detections but not spindle activity was
positively related to the amount of stage 2 sleep (min). n, number of valid subjects in each group.

Table 4. Number of slow and fast spindles grouped by APM performance

Group (n)

Control night Learning night

Slow spindles Fast spindles Slow spindles Fast spindles

APM–
APM<>
APM+

(15)
(18)
(12)

497.27 ± 365.60
531.21 ± 400.06
572.33 ± 318.23

1241.93 ± 458.77
1276.26 ± 661.18
1529.17 ± 697.11

443.93 ± 375.15
543.83 ± 422.51
522.25 ± 339.89

1167.47 ± 539.39
1244.11 ± 512.05
1621.75 ± 815.93

Note the very similar numbers of spindle detections (at recording site C3), comparing the control and learning night, as well as the steady ) although not
significant ) increase in spindle detections from the moderately gifted (APM–) to the highly gifted subjects (APM+). n, number of valid subjects in each group.

Table 3. Number of detected stage 2 sleep spindles

Electrode (n)

Control night Learning night

Stage 2 slow spindles Stage 2 fast spindles Stage 2 slow spindles Stage 2 fast spindles

Early Late Early Late Early Late Early Late

Fp1 (44) 313 ± 215 364 ± 264 141 ± 161 180 ± 199 290 ± 205 344 ± 253 144 ± 151 180 ± 202
Fp2 (46) 318 ± 225 368 ± 264 137 ± 159 182 ± 192 306 ± 229 368 ± 271 149 ± 139 190 ± 198
C3 (46) 266 ± 186 265 ± 195 571 ± 292 760 ± 361 241 ± 199 264 ± 202 549 ± 295 770 ± 368
C4 (46) 266 ± 192 253 ± 181 564 ± 270 759 ± 351 247 ± 200 263 ± 201 539 ± 301 747 ± 372
O1 (42) 131 ± 160 112 ± 134 365 ± 228 453 ± 306 99 ± 149 95 ± 138 302 ± 237 372 ± 293
O2 (44) 111 ± 138 103 ± 122 321 ± 217 403 ± 287 103 ± 145 107 ± 165 284 ± 251 338 ± 303

Data are presented as mean ± SD. The table depicts the number of automatically detected stage 2 (slow and fast) sleep spindles for the control and the learning night.
The number of detected S2 spindles is shown separately for the early (first 4 h) as well as the late part (last 4 h) of the night. Note the prevalence of slow spindles
(< 13 Hz) at anterior (frontopolar) recording sites, whereas fast spindles (> 13 Hz) are far more frequently detected at central and posterior occipital sites. n, number
of valid subjects for each electrode.
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recording sites. As indicated in Fig. 2 for recording site C3 highly
gifted persons do have higher sleep-spindle activities in both slow
(< 13 Hz) as well as fast (> 13 Hz) spindles.
Furthermore, spindle activity tended to be higher during the

learning (as compared with the control) night at left hemispheric sites
C3 (F1,41 ¼ 3.60, P ¼ 0.07), and fast SpA proved to be higher than
slow SpA at both central recording sites (C3: F1,41 ¼ 15.24; C4:
F1,44 ¼ 10.37, P < 0.01).
Similar relationships were found if WMS-R (good vs. moderate

memory performers) was used as grouping variable. High memory
performers did show significantly more SpA at electrode site C3 and
C4 (F1,42 ¼ 8.21 and F1,45 ¼ 9.10, P < 0.01, respectively), and fast

SpA was stronger than slow SpA at both recording sites (C3:
F1,42 ¼ 13.73 and C4: F1,45 ¼ 9.67, P < 0.01). Interestingly, an
interaction CONDITION · WMS at site C3 (F1,42 ¼ 4.43, P ¼ 0.04)
indicated that only good memory performers (WMS+) increased their
spindle activity the night after learning compared with the night after
the control task.

Wavelet analyses

An additionally performed time–frequency analysis of all phasic
spindle events throughout the night (at electrode C3) illustrates the
above-described effects (Fig. 3). To test whether this effect (for

Fig. 2. Slow and fast spindle activity for the three
APM groups at electrode C3. Highly gifted subj-
ects (APM+; n ¼ 12) do show stronger spindle
activity (SpA) than both gifted (n ¼ 17) and
moderately gifted (n ¼ 15) individuals in the
learning as well as the control night. Additionally,
the graphs indicate a trend towards higher SpA
values after the learning task, which especially
seems to be true for the APM+ performers. Group
means ± SEM are depicted.

Fig. 3. Time–frequency analyses of fast spindle activity throughout the night (recording site C3). The control task is depicted in the upper, the learning task on the
lower panels. Whereas graphs on the left show moderate gifted subjects (APM–, n ¼ 15), those on the right do depict highly gifted individuals (APM+, n ¼ 12).
Note the greater spindle amplitude and spindle duration in APM+ performers as well as the spindle increase from control to learning task in highly gifted individuals
only. Time 0 corresponds to the detected spindle onsets. Colours represent the (mean) ‘power’ (Gabor estimates; arbitrary units) of EEG frequency bands (between 1
and 30 Hz) with hot (red) colours indicating stronger activity.
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cognitive and memory abilities) is exclusively found for phasic spindle
events in stage 2 sleep, we also analysed tonic (stage 2) sigma power.
Therefore, we calculated three-way anovas of the same type as
previously for spindle activity (CONDITION · TYPE · APM; elec-
trode C3). In this case, however, TYPE corresponded to slow (11–
13 Hz) or fast (13–15 Hz) sigma power in stage 2 sleep. Analyses
revealed that sigma power is significantly different between the three
APM groups, with the highly gifted individuals showing the most and
moderately gifted individuals showing the least sigma power
independent of the night or type of sigma band (F2,41 ¼ 5.53,
P < 0.01). Sigma power in the learning night tended to be higher than
after the control condition (F1,41 ¼ 2.43, P ¼ 0.13); however, none of
the interactions proved to be significant.

Correlations

Bivariate Pearson correlations (two-tailed) for APM and WMS-R test
scores were run with slow and fast (stage 2) spindle activities as well
as slow and fast spindle occurrences and for both the control and
learning night [see Supplementary material, Appendix S1 (Table S1)
for additional measures]. APM and WMS-R test scores were
significantly correlated (r45 ¼ 0.38, P < 0.01). Bonferroni correction
was applied (adjusting the significance level to P < 0.003) in order to
account for multiple comparisons. Significant correlations were found
between fast SpA and APM scores at central sites C3 (control night:
r45 ¼ 0.44 and learning night: r45 ¼ 0.45, cf. Fig. 4). Relationships
between APM scores and slow spindle activity are not significant after
Bonferroni correction (control and learning night: r45 ¼ 0.40,
P ¼ 0.006). For the number of detected sleep spindles no correlations
proved to be significant.

Discussion

The present study aimed at finding potential biological indicators for
cognitive and ⁄ or learning abilities during sleep in healthy young
subjects. More specifically, we examined the relationship between
various measures of (stage 2) sleep-spindle activity with test scores on
the Raven’s APM and the WMS-R in 48 healthy young subjects at two
Austrian Universities (University of Salzburg and the Medical
University of Vienna).
Indeed we did find robust relationships between measures of phasic

sleep-spindle activity [see Figs 2–4; and Supplementary material,
Appendix S1 (Fig. S1) for details] and tonic sigma power (during
stage 2 sleep) with general measures of learning aptitude. By ‘learning
aptitude’ we mean abilities that include cognitive flexibility when
confronted with complex problems (‘general cognitive ability’) as well
as the encoding and consolidation of new information (‘memory’).
The fact that sleep spindles are positively related to general learning
aptitude irrespective of whether learning occurred before sleep [Figs 2
and 3; Supplementary material, Appendix S1 (Fig. S1) for details]
further indicates the general nature of this association.
Note that the utilized tests for cognitive (APM) and memory

(WMS-R) abilities (although obviously related; see Table 1) do
measure quite different aspects of ‘learning aptitude’. While the
former is a highly g-loaded ‘intelligence’ test (‘g’ is the general
measure of cognitive ability that represents what diverse measures of
cognitive abilities ) verbal and spatial ability, speed of processing,
reasoning and memory ) have in common) primarily measuring non-
verbal inductive reasoning abilities, the latter is a comprehensive
memory test battery designed to evaluate the ability to store
information or ‘knowledge’ in various memory sub-domains (i.e.
visual and verbal memory, delayed recall, concentration). Interest-
ingly, spindle activity during sleep is showing robust relations to both
of these tests measuring main constituents of ‘general cognitive
ability’.
It should also be noted that in the present sample the mean test

scores for cognitive (mean score, 119) and memory (mean score, 115)
abilities were elevated compared with population norms, which
implies that the range of variation is more or less restricted. Therefore,
the presented results (from a young student population) are rather
lower bound estimates of relationships expected in a general
population. In addition, the results of the present study are in good
accordance with reported relationships of sleep-spindle activity and
the performance IQ subscale of the MAB-II (Nader, & Smith, 2001),
which is described by the authors as ‘a greater ability to perform tasks
that require perceptual, analytical and reasoning abilities’.
Offline reprocessing of information during sleep has been shown in

the animal model with hippocampal neurons ‘replaying’ firing patterns
(ripples-sharp waves) of the encoding phase in which a particular type
of task was learned (see Wilson & McNaughton, 1994). Strong
temporal correlations have been reported between the appearance of
these hippocampal high-frequency ‘ripples’ with spindles (Siapas &
Wilson, 1998; Sirota et al., 2003). Sleep mechanisms like sleep-
spindles might thus reflect the re-expression of information acquired
during active behaviour prior to sleep and provide necessary properties
important for plastic modifications underlying memory formation (e.g.
Steriade & Amzica, 1998; Steriade, 1999; Destexhe & Sejnowski,
2001). Over the ‘course of one’s life’ spindles might then be involved
in promoting or shaping more efficient networks. In accordance with
that, we assume that sleep spindles are linked to memory (e.g. Gais
et al., 2002; Walker et al., 2002; Schabus et al., 2004) and
‘intelligence’ (see Nader & Smith, 2003; Bódizs et al., 2005) because
they do reflect important aspects of the CNS (see Tanguay et al., 1975;

Fig. 4 Relationship of fast spindle activity with cognitive abilities (Advanced
Progressive Matrices, APM) at recording site C3. Fast spindle activity ) a
measure of the intensity of an average spindle above 13 Hz ) derived from a
night following implicit (mirror tracing) or explicit (word-pair association)
learning is significantly correlated with test scores of the APM. Note that:
(i) the APM test measuring cognitive ability (or ‘intelligence’, IQ) was
administered 2 or 4 weeks prior to this learning night; and (ii) that a similar
relationship is found in the corresponding control night without prior learning
demands. The graph additionally indicates that highly gifted subjects (APM)
are tendentiously also good memory performers [black triangles, Wechsler
Memory Scale (WMS) +].
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Shinomiya et al., 1999) and more specifically of thalamocortical
networks (see Jenni et al., 2004), which might be associated with
neocortico-hippocampal processes.
Actually, the quest for reliable biological indicators of ‘intelligence’

has a long-standing history (for extensive review, see Gray &
Thompson, 2004), and it is well established that the high
interindividual variability seen in various EEG parameters (related
to ‘intelligence’ test scores; see Vogel, 2000) as well as ‘general
cognitive ability’ (see Plomin & Spinath, 2002) are to a great extent
genetically determined. A recent study by De Gennaro et al. (2005)
also demonstrated a striking individual stability of sleep-related
oscillations (including sigma power) across several nights, further
supporting the view that these (sleep) EEG invariances indicate
‘individual differences in genetically determined functional brain
anatomy’.
Measures like reaction time, nervous conductance velocity, or more

lately grey matter volume (see Thompson et al., 2001) and
haemodynamic response (see Duncan et al., 2000) have all been
assumed to be biological indicators of ‘intelligence’. However, of the
different techniques in neuroscience, EEG research provides by far the
largest number of positive evidence, also having the advantage
(compared with behavioural measures) to be more closely related to
basic cerebral processes and being less influenced by general factors
like lack of motivation. Besides the classical approach to investigate
the variability and latency of event-related potentials (for review, see
Deary & Caryl, 1997), spontaneous (e.g. Doppelmayr et al., 2002) and
task-dependent (e.g. Anokhin et al., 1999) differences in alpha (8–
12 Hz) and theta (4–7 Hz) oscillations are commonly reported.
In contrast to looking into rest-waking conditions (sometimes even

referred to as ‘rapid episodic silent thinking’; see Christoff et al.,
2004) or task-related EEG changes we focused on sleep spindles
during approx. 8 h of healthy undisturbed sleep using a refined and
revised spindle algorithm (see Anderer et al., 2004, 2005). The
algorithm allowed us to distinguish between the postulated more
anterior slow (< 13 Hz) and more parietally located fast (> 13 Hz)
spindles (see Werth et al., 1997; Zeitlhofer et al., 1997; Anderer et al.,
2001), and to investigate their possibly differential relation with
measures of ‘learning aptitude’. Especially, we were interested
whether we also find strongest relationships with fast spindle activity
at (pre)frontal recordings sites, as indicated in a recent study by Bódizs
et al. (2005), or whether associations of waking upper alpha power
(about 10–12 Hz) with memory performance (for review, see
Klimesch, 1999) and ⁄ or intelligence scores (Doppelmayr et al.,
2002) are possibly preserved into sleep episodes (i.e. slow spindle
activity).
In the present study, most robust results were obtained from the

traditionally used central sites, which also showed ) probably due to
superimposed slow anterior and fast posterior spindles ) most of the
sleep-spindle events (see Table 3). As frontopolar and occipital sites
did not add further information, we exclusively reported results on C3
and C4 electrodes. Furthermore, note that most spindle algorithms are
only validated for central recording sites and thus should not be used
to extract topographical spindle information, although restriction to
stage sleep 2 analysis widely overcomes this limitation.
Although fast spindle activity also seems to show more clear cut

results (see Fig. 2), in our data it has to be mentioned that there are no
statistical differences between slow and fast spindles with regard to
their significance for ‘learning ability groups’. Our results therefore
underline the general relationship of the spindle frequency range
during sleep with measures of ‘learning aptitude’ (Nader & Smith,
2003; Bódizs et al., 2005), but they do not elucidate whether the
frequencies below 13 Hz during sleep are more a correlate of (waking)

upper alpha or genuine ‘slow spindles’. The idea behind this argument
is that the well-established relationship between upper alpha and
memory performance (Klimesch, 1999) would suggest a close
relationship between slow spindles and memory performance provided
that upper alpha and slow spindles are functionally related EEG
phenomena. Because our data do not show a specific relation between
slow spindles and memory performance [as measured by the WMS-R;
see Supplementary material, Appendix S1 (Tables S1 and S2)] we
conclude that despite their similarity in frequency, upper alpha and
slow spindles are different EEG phenomena (for a different view on
the topic, see De Gennaro et al., 2005).
The data also indicated a hemispheric difference in spindle activity

with only the left hemisphere [prefrontally (not reported) and
centrally] showing an enhancement in SpA after learning compared
with the control condition. Probably, this points to ‘use-dependent’
changes as both declarative word-pair learning and implicit motor
learning (in right-handed subjects) are usually left hemispheric
dominant. The interaction CONDITION · WMS at electrode C3
indicates that the SpA increase is stronger for good memory
performers, which might be due to the greater amount of information
encoded before sleep.
In the light of results from Gais et al. (2002) it might seem

surprising why we did not generally find elevated spindle values after
learning compared with after control tasks (see Table 3). We believe
that this is mainly due to the fact that increased spindle activity is a
specific feature of only those subjects who are successful in memory
encoding before sleep (see Schabus et al., 2004).
Finally, we want to draw attention to differences in spindle

measures used in the literature. We believe that despite the fact that
similar relationships between spindle activity and ‘intelligence’ have
been found, if sigma power was used as an estimate (see Nader &
Smith, 2001) the utilized spindle measure (e.g. sigma power, number
of spindle detections, spindle density, spindle activity) and feature
detection algorithm (e.g. manual spindle counts, band-pass filtering,
linear discrimination analyses) are crucial factors determining analyses
outcomes. Sigma power, for example, does not only reflect the activity
of the phasic spindle burst but also a substantial amount of tonic sigma
frequency band ‘background’ activity present at all times.
Note that also in the present study most robust APM ‘between-

group differences’ were found if measures of spindle ‘intensity’ [i.e,
spindle activity, see Figs 2–4; spindle duration or amplitude, see
Supplementary material, Appendix S1, (Fig. S1)] are used, with
weaker (but still significant) effects for sigma power and non-
significant effects for the number of detected sleep spindles and
traditional spindle density [see Supplementary material, Appendix S1
(including Table S1)]. It is very likely that the applied spindle
algorithm specifically tuned to detect spindles with a high sensitivity
provides quite diverging estimates from traditional (manually counted)
spindles. This might explain our diverging results, showing no
significant relationships (with tests of memory or cognitive perfor-
mance) for the traditional used measures of spindle counts and spindle
densities (see Nader & Smith, 2001; Bódizs et al., 2005). We believe
that the intensity of a spindle (i.e. its amplitude and duration) is more
important than the pure number of spindles. Presumably, a powerful
highly synchronous spindle burst is more suited to trigger intracortical
long-term potentiation-related cascades and the more ideal condition
for shaping neuronal networks (see Steriade, 1999; Rosanova &
Ulrich, 2005). Likewise, measures of spindle intensity should be the
best indicators of highly efficient thalamo-cortical and ⁄ or hippocam-
po-neocortical networks. Recently introduced aspects of spindles (in
the context of cognitive ability), like their proposed frontal topography
and ⁄ or their grouping by the slow oscillation (see Bódizs et al., 2005;
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Mölle et al., 2002), seem interesting and should be pursued; however,
they were not in the focus of the present paper.

In summarizing, we support the view that a behaviour like sleep that
consumes so much of our life’s time is indeed a perfect candidate for
shaping neuronal networks. More specifically, we assume that spindle
activity is a functional correlate of the ‘quality’ of thalamo- and ⁄ or
hippocampo-cortical connectedness. In addition, we believe that
spindle activity operates to shape the interconnectivity between these
brain areas. Therefore, sleep-spindle activity is probably related to
cognitive as well as memory performance because efficiently shaped
thalamo- and ⁄ or hippocampo-cortical networks are of equal impor-
tance for both types of processing demands.

Supplementary material

The following supplementary material may be found on
http://www.blackwell-synergy.com
Appendix S1. Additional, more detailed spindle measures, includ-

ing amplitude, duration & frequency.
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G., Zeitlhofer, J., Barbanoj, M., Danker-Hopfe, H., Himanen, S.L., Kemp, B.,
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