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Abstract  

Sleep spindles are thalamocortical oscillations that contribute to sleep maintenance and sleep-related brain 

plasticity. The current study is an explorative study of the circadian dynamics of sleep spindles in relation to 

a polygenic score (PGS) for circadian preference towards morningness. The participants represent the 17-

year follow-up of a birth cohort having both genome-wide data and an ambulatory sleep EEG measurement 

available (N =154, Mean age = 16.9, SD = 0.1 years, 57% girls). Based on a recent genome-wide association 

study, we calculated a PGS for circadian preference towards morningness across the whole genome, 

including 354 SNPs. Stage 2 slow (9-12.5 Hz, N = 186 739) and fast (12.5-16 Hz, N = 135 504) sleep spindles 

were detected using an automated algorithm with individual time tags and amplitudes for each spindle. 

There was a significant interaction of PGS for morningness and timing of sleep spindles across the night. 

These growth curve models showed a curvilinear trajectory of spindle amplitudes: those with a higher PGS 

for morningness showed higher slow spindle amplitudes in frontal derivations. Overall, the findings provide 

new evidence on how individual sleep spindle trajectories are influenced by genetic factors associated with 

circadian type. The finding may lead to new hypotheses on the associations previously observed between 

circadian types, psychiatric problems and spindle activity.  
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 Introduction  

Individual circadian rhythm is a biological feature governing the timing of behavioural and physiological 

functions, such as the sleep-wake rhythm1. Based on the variation in the timing of these functions and 

activity, individuals can be categorised by their circadian rhythm profile; those with earlier timed functions 

are considered to be more morning-oriented and the later-timed more evening-oriented 2,3. Recent genome-

wide studies (GWAS) have identified a set of genetic loci associated with the circadian preference4-6, and 

provided evidence that morningness is genetically negatively correlated with both depression and 

schizophrenia, and positively correlated with well-being7. The same study did not find any association 

between these loci and sleep duration and quality measured with actigraphy, but morningness associated 

with earlier sleep rhythms, as in previous studies8. 

Sleep EEG measurements are warranted in order to understand how genetic predispositions 

to circadian preference are associated not only with sleep timing, but with essential microstructures of sleep. 

This information could, for example, contribute to the understanding of the associations found between 

between circadian types and mental health.  Sleep spindles are a hallmark example of microstructure 

constituents: they appear as brief bursts of rhythmic thalamocortical oscillations (9–16Hz) that are most 

prominent during stage 2 (N2) of non-rapid eye movement (NREM) sleep10. Sleep spindles have important 

functions, including sleep maintenance by prohibiting external stimuli inputs to the cortex 11,12 and promoting 

long-term potentiation and enhancing sleep-related memory consolidation 13,14. They also show significant 

heritablity10. Many psychiatric conditions, such as depression15 and schizophrenia16  have been associated 

with deficits in sleep spindle activity, assumed to reflect reduced brain plasticity and vulnerability for sleep 

disturbance. 
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There are few studies showing that sleep spindles and associated sigma power in NREM sleep 

have an endogenous circadian rhythm. In a one-month long laboratory experiment with a forced 

desynchronization of the circadian rhythm, it was found that low-frequency sleep spindle amplitude reached 

its crest, and high-frequency sleep spindle activity reached its nadir when sleep coincided with the phase of 

melatonin secretion 17.  Similar trends were observed in two other studies, one with an experimental sleep-

wake paradigm, and the other studying naturally occurring sleep rhythm 18 19. However, it is still unknown 

whether the circadian rhythm of spindles is common to all, or whether there are individual genetic tendencies 

that regulate sleep spindle activity over the night course. This information would be particularly important 

to understand individual variation in sleep regulation and associated phenomena.  

The current study approached the circadian dynamics of sleep spindle activity with growth 

curve modelling and investigated how genetic variants associated with circadian preference are associated 

with both the timing and change of amplitude of sleep spindles across the night. To tackle this question, we 

calculated a polygenic score for morningness based on UK Biobank GWAS on circadian preference on adults5, 

and investigated the question in a community cohort with data from 154 adolescents. Based on our previous 

study on self-reported chronotype20, we hypothesized that a higher genetic tendency towards morningness 

would be associated with a faster decline of spindle activity towards the morning hours. 

Results  

General sleep characteristics and spindle amplitude by sex 

Table 1 shows sleep characteristics by sex. As reported previously in the same cohort 20, females had longer 

REM sleep duration (P = 0.02) and N2 duration (P = 0.03) than males. Furthermore, fast sleep spindle 

amplitude was higher among females than males at the central (P < 0.001) and frontal (P = 0.01) derivation. 
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There were no other differences between sexes in general sleep characteristics or in the sleep spindle 

amplitudes. Sex was adjusted to in all analyses. 

Growth curve models of sleep spindles across the night 

Frequency range 9-16 Hz: We tested the effect of time of spindle occurrence since sleep onset on spindle 

amplitude in linear models and non-linear (quadratic and cubic) growth curve models,  with all sleep spindle 

frequencies pooled together, adjusting for age, sex, N2 duration, and location of derivation.  Linear (Blinear = -

0.03, Standard Error (SE) = 0.005 P = 0.000001) and non-linear quadratic (Bquadratic = 0.01, SE = 0.002, P = 9.7 x 

10-14) growth models were statistically significant in predicting sleep spindle amplitude as a function of time 

since sleep onset (Bcubic = -0.002, SE = 0.002, P = 0.28), the quadratic model having the best fit according to 

the Schwarz´s Bayesian Criterion (BIC). Derivation did not moderate the association significantly (‘time as 

quadratic since sleep onset x derivation’ P =0.17).  

Frequency range 9-12.5 Hz (slow sleep spindles): Linear (Blinear = -0.03, Standard Error (SE) = 0.01 P = 3.1 x 10-

8) and non-linear quadratic (Bquadratic= 0.01, SE = 0.002, P = 3.4 x 10-7) growth models were statistically 

significant in predicting sleep spindle amplitude as a function of time since sleep onset (Bcubic = 0.008, SE = 

0.002, P = 0.67), again quadratic model having the best fit (BIC). Derivation did not moderate the association 

significantly (‘time as quadratic since sleep onset x derivation’ P =0.70).  

Frequency range 12.5-16 Hz (fast sleep spindles): Linear (Blinear = -0.02, Standard Error (SE) = 0.001, P = 0.013) 

and non-linear quadratic (Bquadratic= 0.01, SE = 0.003, P = 1.8 x 10-7) and cubic growth model (Bcubic = -0.007, SE 

= 0.002, P = 0.002) were statistically significant in predicting sleep spindle amplitude as a function of time 

since sleep onset. The best fit according to the Schwarz´s Bayesian Criterion (BIC) was attained with the 

quadratic model.  Derivation moderated the association significantly (‘time as quadratic since sleep onset x 

derivation’ P = 0.02). Post hoc tests indicated a significant quadratic model in central (Bquadratic = 0.12, SE 0.02, 
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P = 1.9 x 10-8) and in frontal (Bquadratic = 0.06, SE 0.03, P = 0.03) derivations. Figure 1 shows the trajectories of 

sleep spindles in frontal (Panel A) and central (Panel B) derivations. 

PGS for morningness and the average spindle amplitude overnight in the frequency range 9-16 Hz 

As Table 2 shows, higher PGS for morningness was not associated with the average sleep spindle amplitude 

across the night P = 0.93) in the linear mixed model, with all sleep spindle frequencies were pooled together, 

adjusting for age, sex, stage 2 duration, and derivation. The analysis for the association between PGS for 

morningness and fast sleep spindle amplitude was statistically significant (P = 0.038; P = 0.26 for slow sleep 

spindle amplitude). Thus, higher PGS for morningness was associated with lower average fast sleep spindle 

amplitude across the night, although the association did not survive the Bonferroni correction (Table 2). 

PGS for morningness and timing of spindle amplitude in the frequency range 9-16 Hz  

Regarding spindles in the entire frequency range (9-16 Hz), the interaction between ‘PGS for morningness 

and time since sleep onset as quadratic’ was significantly associated with sleep spindle amplitude (P = 

0.00002; Table 2). Figure 2 displays the interaction with the PGS score divided in three categories, based on 

± 1 standard deviations groups. It shows the highest amplitudes at the sleep onset for all PGS groups, and a 

steeper decline among those with high PGS for morningness of sleep spindle amplitude in the last decile of 

the sleep time.  The three-way interaction with derivation (‘PGS for morningness x derivation × time from 

sleep onset as quadratic’, was not significant (P = 0.57; Table 2).  

PGS for morningness and timing of spindle amplitude in the frequency range 9-12.5 Hz  

Regarding spindles in the slow frequency range (9-12.5 Hz), the interaction between ‘PGS for morningness x 

time from sleep onset as quadratic’ was significantly associated with slow sleep spindle amplitude (P = 

0.000005; Table 2).  The three-way interaction with derivation (‘PGS for morningness x derivation × time from 
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sleep onset as quadratic’, was significant (P = 0.004), and the post-hoc interaction (‘PGS for morningness x 

time from sleep onset as quadratic’) was significant in the central derivation (B = -0.02, SE = 0.005, P = 

0.000002; P = 0.07 for the frontal derivation).  Figure 3 displays the interaction with the PGS score divided in 

three categories, based on ± 1 standard deviations groups. Figure 3A (frontal slow) shows significantly higher 

spindle amplitude among those with high PGS for morningness both at sleep onset, and in six deciles of time 

thereafter. Figure 3B (central slow) shows a more mixed picture, with the lowest amplitudes for the group 

with high PGS for morningness both at sleep onset and in the last decile. 

 PGS for morningness and timing of spindle amplitude in the frequency range 12.5-16 Hz  

As Table 2 shows, for spindles in the fast range (12.5-16 Hz), the interaction between ‘PGS for morningness 

and time since sleep onset as quadratic’ was not associated with sleep spindle amplitude (P = 0.42). The EEG 

measurement derivation did not moderate the effect on fast spindle amplitude (‘derivation × PGS for 

morningness x time from sleep onset as quadratic’, P = 0.41).  

Materials and Methods 

Participants  

The study sample is derived from a Finnish community-based cohort of 1049 healthy singletons born 

between March and November 1998 in Helsinki, Finland. The details of the cohort are described in more 

detail in previous reports21-24. We invited those cohort members who participated in the previous follow-up 

at age 12 in years 2014-15 and lived within the 30 km radius from Helsinki (N = 279, 77.1 % of the participants 

of the 12-year follow-up). Of them, 197 (70.6 %) participated at the age of 17 (mean age = 16.9, SD = 0.1 

years). All participants were Caucasian. 
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The analytic sample comprised 154 (87 females and 67 males) adolescents who had both 

complete records of an overnight sleep EEG measurement at the age of 17 and genetic samples extracted at 

the age of 12. The Ethics Committee for Children and Adolescents’ Diseases and Psychiatry at the Helsinki 

University Central Hospital approved the study protocol. All participants and their parents gave their written 

informed consent. 

Sleep EEG recording 

Overnight polysomnographic sleep recordings (PSG) were conducted in the homes of the participants with 

SOMNOscreen plus (SOMNOmedics GmbH, Germany). The participants were instructed to follow their own 

sleep schedule. Electroencephalography (EEG) was recorded with gold cup electrodes at 6 EEG locations 

(frontal (F) hemispheres: F3, F4; central (C) hemispheres: C3, C4; occipital (O) hemispheres: O1, O2) and two 

channels for the mastoids (A1, A2) according to the standardized 10/20 system. The electro-oculogram (EOG) 

and the electromyogram (EMG) were measured by using disposable adhesive electrodes (Ambu Neuroline 

715, Ambu A/S, Denmark), two locations for EOG and three locations for EMG. In addition, an online 

reference Cz and a ground electrode in the middle of the forehead were used. The sampling rate was 256 Hz 

(the hardware filter bandwidth for SOMNOscreen plus is 0.2-35 Hz). PSG data was scored manually using the 

DOMINO program (v2.7; SOMNOmedics GmbH, Germany) in 30-sec epochs into N1, N2, N3 and REM 

according to AASM guidelines (The AASM Manual for the Scoring of Sleep and Associated Events). 

Spindle Detection and Power Spectral Density Analysis 

The manually scored PSG signals were converted to EDF format in DOMINO software and then further 

analysed by using functions of EEGlab 14.1.2b25 running on Matlab R2018a (The Mathworks Inc., USA). All 

signals were digitally offline filtered with pass band of 0.5-35 Hz (Hamming windowed sinc zero-phase FIR 

filter, cut-off (-6dB) 0.25 Hz and 39.3 Hz respectively) and re-referenced to the average signal of A1 and A2 
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electrodes. Electrodes located at F3, F4, C3, C4 were included in the analysis. Only epochs with impedance 

equal to or lower than 10 kΩ on all scalp electrodes and both mastoids were included in the analyses. 

Spindles were computationally extracted with a method based on an automated detection 

algorithm described by Ferrarelli26. The spindle analysis was conducted in valid N2 epochs in two different 

frequency bands (slow: 9- 12.5Hz, and fast: 12.5–16Hz) in order to differentiate between slow and fast 

spindles. Before applying an amplitude threshold for spindles, the pre-processed EEG data were further 

filtered using the above-mentioned frequency bands separately. The threshold values for detecting spindles 

in each channel were defined by the mean of the channel amplitude (µV) multiplied with 6 (higher) including 

all valid epochs (N2 and mastoid impedance ≤ 10 kΩ). The spindle’s amplitude was required to stay over the 

mean channel amplitude multiplied by 2 (lower) for 250-1000 ms (duration limit) in both directions from the 

peak maximum. Thus, we used channel-wise threshold definitions, taking into account that signal amplitude 

may vary across the channels. Before and after each detected spindle, signal amplitude was required to stay 

under the lower threshold for 78.1 ms which is approximately the duration of one period of sine at 13 Hz. 

This was done in order to prevent false alarms in spindle detection. Sleep spindle amplitude was measured 

separately for central and frontal derivations. In order to obviate interindividual amplitude differences from 

the overnight dynamics of spindle amplitudes, standardized amplitude scores for individual spindles were 

calculated separately for each subject. Derivation-specific spindle mean amplitudes were calculated only if 

at least 10 minutes of N2 EEG data was available. Spindles with amplitude exceeding 80 µV or 6 SD from the 

individual mean were excluded (~1.01 % of spindles). Altogether, our data comprised 321 243 spindles (Nslow 

= 186 739 and Nfast = 135 504. Compared to our previous analysis of spindle distribution across the night 27, 

the current spindle detection method is less strict in terms of the spindle threshold value (6 vs. 8 times 

channel amplitude), and the contrary to our previous study, the amplitudes were standardized within the 
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subject’s values across the night. Similarly to existing knowledge18, we found a lower average spindle 

frequency in frontal vs. central derivations (11.7 Hz vs. 12.6 Hz respectively, P < 0.001).  

Genotyping, SNP selection and calculation of the weighted polygenic score 

DNA was extracted from blood (22%) and saliva samples (78%) collected at the 2009-2011 

follow-up and the genotyping was performed with the Illumina OmniExpress Exome 1.2 bead chip at the 

Tartu University, Estonia, in September 2014, according to the standard protocols. Genomic coverage was 

extended by imputation using the 1000 Genomes Phase I integrated variant set (v3 / April 2012; NCBI build 

37 / hg19) as the reference sample and IMPUTE2 software. Before imputing the following quality control 

filters were applied: SNP clustering probability for each genotype > 95 %, Call rate > 95 % individuals and 

markers (99 % for markers with minor allele frequency (MAF) < 5 %), MAF > 1 %, Hardy–Weinberg equilibrium 

(HWE) P > 1×10-6. Moreover, heterozygosity, sex check and relatedness checks were performed and any 

discrepancies removed (N = 2). We calculated the polygenic score (PGS) for morningness based on a recent 

GWAS5 across whole genome. We computed the PGS for morningness using the beta and P-values from 

summary statistics of this GWAS for self-reported chronotype, based on data from 128,266 British adults, 

aged 37 to 73 years, from the UK Biobank study and replicated in 89,283 23andMe participants5. Before 

calculating the PGS, clumping was performed with plink 2.0 (http://www.cog-genomics.org/plink/2.0/) in 

order to remove the SNPs which are in linkage disequilibrium with each other (r2 value 0.1 used according to 

the default value in PRSice software). For the PGS analysis, we used the statistical analysis software package 

PRSice v2.2.0. Best fit PGS for genetic tendency towards morningness was gained with a p-value threshold of 

0.0001 including 354 SNPs. The correlation of this PGS with the self-reported chronotype was modest in our 

sample (r=0.157 p=0.025). 
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Statistical analysis 

We analysed the sex differences in general sleep characteristics and sleep spindle amplitude with one-way 

ANOVA. We used unconditional growth curve analyses28 to study whether the sleep spindle amplitude was 

associated with time distribution of spindles during the night. The time was calculated as spindle occurrence 

time as seconds from the individual sleep onset time. We modelled the time both as linear, and as in higher-

order quadratic (time × time) and cubic (time × time × time) terms. If the time effect was significant in 

predicting the sleep spindle amplitude, we analysed the interaction between PGS for morningness and time, 

and between PGS for morningness, time and derivation in predicting spindle characteristics. We used 

intercept and time from sleep onset as random-effect variables. This indicates that the slopes were defined 

individually taking into account the effect of sleep duration. We used Bonferroni corrections to adjust for 

multiple testing in the analyses concerning the associations between PGS and sleep spindle amplitude. 

Discussion 

Our explorative study used growth curve modelling to explore how sleep spindle activity is organized across 

the night in relation to polygenic score for morningness, and taking into account both the individual sleep 

time and the individual’s own level of spindle activity.  While there were no large differences in the average 

level of sleep spindle amplitudes, we found associations between the genetic predisposition for circadian 

preference and temporal sleep spindle dynamics across the night. Specifically, individuals with a higher 

genetic propensity for morningness displayed higher spindle amplitudes in the low frequency range for the 

most part of the night in the frontal derivation. The findings did not consistently support our hypothesis of a 

steeper decline in spindle amplitudes towards the morning in individuals with a higher genetic propensity 

towards morningness, although a trend was observed specifically in central low frequency spindles. Together, 
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these findings show how individual genetic tendency towards morningness/eveningness extends its 

influence from sleep timing to sleep microstructure events.  

Our finding of the overnight dynamics of sleep spindle amplitude being influenced by PGS for 

circadian preference expands prior knowledge of sleep spindle amplitude dynamics across the night and 

circadian periods 17-19. While these previous studies have examined universal characteristics of sleep spindle 

function, the current study contributes to the field by showing how individual genetic contributions related 

to circadian preference modify the sleep spindle trajectories.  Previous experimental studies17,18 both showed 

how the amplitude of sleep spindles is modulated by the endogenous circadian period, the amplitude of 

spindles peaking the phase of melatonin secretion for slow spindles, and being at its nadir for fast spindles. 

This trend was echoed in the current study such that there was a clear decreasing slope of specifically slow 

spindles from the sleep onset.  

There are some studies that have focused on self-reported circadian preference and sleep 

dynamics across the night. For example, it has been reported that morning-types express elevated 

homeostatic responsivity to sleep pressure changes, which is reflected in higher initial level and faster 

dissipation of slow-wave activity 29-32 and larger decrease in sigma power30. As sleep spindles are regarded to 

have a key role in sleep maintenance by prohibiting external stimuli inputs to the cortex11,12, a steeper 

decrease of amplitude towards the end of sleep time in genetic morning-types would indicate earlier 

homeostatic readiness for awakening. However, the current study did not strongly support this hypothesis, 

although a trend for steeper decline was observed in slow central spindle amplitudes in the group of genetic 

morning types. Indeed, our previous study20 based on a self-reported circadian preference showed a more 

distinct association between self-reported morningness and steeper decline of spindles  towards the 

morning27 than the current study.  However, in the current study, in the light of new data33  we refined the 
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cut-off for fast spindles from 13 to 12.5 Hz, and refined the spindle detection method, thus our two studies 

are not entirely paralleled in terms of sleep spindle definition. Of the previous studies examining the course 

of spindle-related sigma power in different circadian types, Mongrain et al. 29 also reported a curvilinear 

association with time across the night. They found a steeper increase of low sigma power (12–14Hz) during 

the first three NREM cycles, and a steeper decrease during the fourth NREM cycle among morning- versus 

evening-types. The circadian types differed specifically in parietal but not in frontal low sigma power profiles. 

Comparisons between studies are not straightforward though:  the low and high sigma frequency ranges 

used in their study29 differed from our definition of slow and fast spindles, their study had less participants, 

and their sample consisted of older individuals aged 19 to 34 years. The age effect is important to 

acknowledge when comparing the studies, as a recent study on 11 630 individuals showed that spindle 

frequency is profoundly affected by age 10,34. Also, spindles of low (~11Hz) and fast (~15Hz) frequencies show 

independent topography as well as differing overnight dynamics 10.  

Another interesting perspective related to the association observed between higher slow 

spindle activity along with a higher PGS for morningness, is related to the well-documented association 

between morningness and a lower risk for mental health problems. Together with the reports showing 

deficits in spindle activity in psychiatric conditions, such as depression15 and schizophrenia16, the current 

findings open up new hypotheses of their common genetic pathways. In our recent study in the same 

adolescent cohort as reported here, we showed that fast sleep spindle amplitude and density were 

associated with a PGS for schizophrenia, and slow sleep spindle duration and amplitude with the CACNA1l 

gene variants35. The CACNA1l gene encodes the T-type calcium channels in thalamic reticular nucleus 

generating sleep spindles 36. This and other genes influencing for example the regulation of thalamocortical 

networks could present future gene candidates for examining the association between circadian rhythms 

and sleep spindle characteristics.  
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The overall picture of particular genetic variants influencing sleep microstructure, such as 

sleep spindles, is still largely unknown. Further investigations are needed to understand the complex 

interactions of homeostatic pressure, circadian pacemakers and genetic influence in the association with 

sleep spindles and circadian rhythms. Twin studies have shown sleep EEG characteristics to be highly 

heritable traits, with one study suggesting up to a 96% heritability estimate at the 8-16Hz power spectra 

range37. One recent twin study found the genetic influence to be stronger regarding slow rather than fast 

sleep spindles38. While the mechanisms for this are unclear, our overall findings echoed the notion that 

genetic mechanisms play a part in spindle activity.   

Strengths and limitations 

Our sample provides a unique platform to study the question of genetic regulation of sleep spindles, as only 

few cohorts have both sleep EEG and genome-wide data available. As a further strength, the participants 

slept according to their normal schedule in their own home environment, which increases the validity of the 

studied sleep parameters. We also had a very good control of the EEG data quality, and excluded any epochs 

with poor impedance from the spindle analyses. The sample has a homogeneous age distribution, which 

increases the specificity of our analyses, as age can be a major confounding factor regarding research on 

spindle activity 34. However, this may also prevent generalizability of the current findings to other age groups. 

Regarding the age-specificity of chronotype, we have previously reported that the PGS for morningness was 

associated the continuity of sleep timing from age 8 to 17 years, thus from childhood to late adolescence 8. 

  As a limitation, our study only includes sleep EEG data for one night. Recordings covering two 

or several nights would provide a better representation of the night-to-night stability of sleep spindles. 

Second, while we have been able to investigate such a large and healthy sample in optimal conditions, there 

may still be further confounding factors which influence the participants’ spindle activity. Furthermore, our 
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study is only correlative in its nature and does not imply any potential mechanism for the findings: the genetic 

variation relating to circadian preference is likely to influence sleep behaviour, which in turn mediates spindle 

activity. Thus, the associations we report may be a representation of these pathways rather than direct 

causalities. Finally, it is not clear whether spindles manifesting in different derivations originate from 

functionally different thalamic sources, or whether they are reflections of the same origin. 

Conclusions 

Our results indicate that polymorphisms in different genetic variants influencing circadian preference5 are 

also associated with sleep spindle activity. The main finding revealed that those with a stronger genetic 

tendency towards morningness displayed higher spindle amplitudes in the low frequency range for the most 

part of the night in the frontal derivation.   These findings contribute to the understanding of individual, 

genetic-driven differences in the circadian regulation of sleep EEG oscillations. As sleep spindles contribute 

to sleep maintenance and brain plasticity, the found associations may underlie both associations found 

between low spindle activity and mental health problems.  
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Table 1. Polysomnography-based sleep characteristics and sleep spindle amplitude by sex analyzed with 
one-way ANOVA. SD refers to standard deviation. 

 

  

 Girls (N=87) Boys (N=67)  

P  Mean ± SD/% Mean ± SD/% 

Age  16.9 ± 0.1 16.9 ± 0.1 0.7 
Sleep duration (hh:mm) 7:48 ± 1:06 7:30 ± 1:04 0.08 
Wake after sleep onset (WASO) 
(hh ) 

0:31 ± 0:23 0:34 ± 0:26 0.5 
REM duration (hh:mm) 1:42 ± 0:29 1:30 ± 0:30 0.02 
NON-REM duration (hh:mm) 6:06 ± 0:48 5:59 ± 0:52 0.4 
Stage 1 duration (hh:mm) 0:48 ± 0:22 0:54 ± 0:22 0.06 
Stage 2 duration (hh:mm) 3:16 ± 0:39 3:02 ± 0:42 0.03 
Stage 3 duration (hh:mm) 2:03 ± 0:28 2:03 ± 0:27 0.9 
Central slow amplitude (µV) 20.4 ± 4.3 20.1 ± 4.1 0.7 
Frontal slow amplitude (µV) 19.2 ± 4.6 19.3 ± 4.0 0.9 
Central fast amplitude (µV) 18.3 ± 4.6 14.6 ± 4.0 8.5 × 10-7 

Frontal fast amplitude (µV) 12.1 ± 3.2 11.0 ± 2.2 0.01 
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Table 2. Associations between PGS and sleep spindle amplitude  
 Main effect ‘PGS x time as quadratic’ ‘PGS x time as quadratic  

x derivation’ 

 B (SE) P-value P-value P-value 

Frequency range     

 9-16 Hz 0.001 (0.01) 0.88 0.00002* 0.57 
 9-12.5 Hz 0.01 (0.01) 0.26 0.000005*** 0.004* 

 12.5-16 Hz -0.03 (0.02) 0.039 0.42 0.41 

Bonferroni corrected P-values 
* P < 0.05 
**P < 0.01 
***P < 0.001 
All models are adjusted for sex, age, sleep stage 2 duration, derivation, and time since sleep onset. Sleep spindle 
amplitude is referring to a standardized value within subjects across the night. 
B refers to unstandardized estimate 
SE refers to Standard Error 
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Figure Legends 

 

Figure 1. Sleep spindle amplitudes in slow (black line) and fast (grey line) frequency ranges as a function of 
time since sleep onset in frontal (A) and central (B) derivations.  X-axis refers to individually defined z-score 
decile for the time since sleep onset, and Y-axis refers to individually defined z-score of the sleep spindle 
amplitude across the night. 

Figure 2. Sleep spindle amplitudes in the frequency range 9-16 Hz as a function of time since sleep onset 
and PGS for morningness divided in three groups based on 1 Standard Deviation (≤ - 1 (dotted), >-1 and < 1 
(grey), ≥+1 (black).   X-axis refers to individually defined z-score decile for the time since sleep onset, and Y-
axis refers to individually defined z-score of the sleep spindle amplitude across the night. 

Figure 3. Sleep spindle amplitudes in the frequency range 9-12.5 Hz as a function of time since sleep onset 
and PGS for morningness divided in three groups based on 1 Standard Deviation (≤ - 1 (dotted), >-1 and < 1 
(grey),  ≥+1 (black).   X-axis refers to individually defined z-score decile for the time since sleep onset, and Y-
axis refers to individually defined z-score of the sleep spindle amplitude across the night. Panel A: frontal 
derivation, panel B: central derivation. 
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