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Correlates of sleep variability in a
mobile EEG-based volunteer study

Péter Przemyslaw Ujma"! & Rébert Bédizs™

Variable sleep patterns are a risk factor for disease, but the reasons some people express greater
within-individual variability of sleep characteristics remains poorly understood. In our study, we
leverage BSETS, a novel mobile EEG-based dataset in which 1901 nights in total were recorded

from 267 extensively phenotyped participants to identify factors related to demographics, mental
health, personality, chronotype and sleep characteristics which predict variability in sleep, including
detailed sleep macrostructure metrics. Young age, late chronotype, and napping emerged as robust
correlates of increased sleep variability. Correlations with other characteristics (such as student
status, personality, mental health and co-sleeping) generally disappeared after controlling for age.
We critically examine the utility of controlling the correlates of sleep variability for the means of sleep
variables. Our research shows that age and sleep habits affecting the amount of sleep pressure at night
are the most important factors underlying sleep variability, with a smaller role of other psychosocial
variables. The avoidance of daytime naps emerges as the most promising modifiable behavior
associated with increased sleep regularity.
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Human sleep is a moderately to strongly individual-specific characteristic. The power spectrum of the
electroencephalogram (EEG), if recorded from the same person across multiple nights, is so similar that it
is referred to as the sleep EEG fingerprint!~. Conversely, only about a quarter to a half of variance of sleep
macrostructure metrics such as total sleep time or sleep efficiency was between-individual in multiday sleep
studies*™®. Although typical sleep (the mean of sleep metrics across several nights) has been much more
commonly studied, within-person variability in sleep has been proposed to be a distinct dimension of sleep
metrics” that may be related to both normal and pathological human variation.

Maintaining a regular sleep pattern is generally recommended by sleep societies in order to preserve health®.
Longitudinal analyses have implicated sleep variability as a factor of adversely altered neurodevelopment in
adolescents’, in addition to finding that increased sleep variability predicts increased mortality risk'®!!. A
systematic review!? as well as a large study utilizing sleep monitoring data collected from over 60,000 adults'?
linked sleep irregularity to hypertension and its risk factors. Sleep variability was also linked to metabolic health
measures such as adiposity and glycemic dysregulation'?, as well as cardiometabolic health!>!® in reviews. A
recent large study'” reported that sleep variability is a stronger predictor of mortality than mean total sleep time,
highlighting the importance of sleep variability in addition to the mean values of sleep metrics.

Several systematic reviews and large-scale studies investigated the potential sources of high intra-individual
variability in sleep metrics. A systematic review’ scanned the literature published up to 2014 regarding all
correlates of sleep variability. From a synthesis of 53 studies, the review concluded that young age, minority
status, poor physical and mental health, non-cohabitation, and poor sleep were most frequently associated with
increased sleep variability. These conclusions are largely upheld in the most recent version of this continuously
updated literature collection'®. Similar factors were found to be associated with sleep variability in another
systematic review!® focusing on children and adolescents. A large study based on eight datasets with a total of
over 3000 participants® confirmed that young age is related to increased sleep variability, but found no consistent
sex effect and refined findings about minority status.

Weaknesses of the extant literature include the relatively low number of participants per study, limited
mapping of psychological traits which may contribute to sleep variability (for example, personality or specific
mental health problems), an unsystematic use of various variability metrics, and lack of controls for common-
sense drivers of sleep variability such as age or individual mean values of sleep variables’. Furthermore,
there is an almost complete lack of polysomnography-based studies (but see?!), which limits the literature to
investigate variations in sleep timing, but not sleep macrostructure. In the present study, we aimed to investigate
the correlates of sleep regularity in a relatively large mobile EEG-based dataset, focusing on normal human
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variation as opposed to the relatively well-researched domains of physical health. We intended to replicate
previous research”!® regarding the relationship between sleep variability and demographics, mental health and
chronotype, extend this investigation to novel traits including personality’*??, and systematically explore the
effect of analytical choices (variability metrics and controls) on the results.

Methods

Participants

Data from the Budapest Sleep, Experiences and Traits Study (BSETS) was used. The full BSETS protocol has
been published separately®*. Briefly, BSETS is a multiday observational study in which healthy volunteer
participants slept in their homes with a Dreem2 wearable mobile EEG headband?>?¢ while living their lives
according to their normal routines. Participants were instructed to start recording when they intended to sleep.
Each day, participants filled out an evening diary about daily experiences and a morning diary about sleep
circumstances, sleep quality and dreams. On a separate occasion, they were extensively phenotyped with a web-
based questionnaire. A total of 1901 nights from 267 participants were recorded in BSETS, with relatively little
missing data for specific sleep or other phenotype variables (see Results). 45% of participants were male, 55%
female, with a mean age of 28.9 years with and a right-skewed, bimodal age distribution in line as much of the
participant pool consisted of medical students and their parents (Supplementary figure S1).

The Institutional Review Board (IRB) of Semmelweis University as well as the Hungarian Medical Council
(under 7040-7/2021/ EUIG “Vondsok és napi események hatdsa az alvasi EEG-re” (The effect of traits and daily
activities and experiences on the sleep EEG)) approved BSETS as compliant with the latest revision of the
Declaration of Helsinki. All participants gave written informed consent on a form reviewed and approved by
the IRB.

Sleep and sleep variability
Subjective sleep quality was rated by participants using the Hungarian version of the Groningen Sleep Quality
Scale (GSQS), administered in each morning diary. Higher scores on the GSQS indicate worse sleep quality.

Objective sleep metrics were based on mobile EEG data. Dreem2 recordings are automatically scored on a
30-second basis by an algorithm that demonstrated high validity against visual scorings®®. The automatically
scored hypnogram was used to extract the following 15 objective sleep macrostructure metrics: total sleep time,
sleep onset latency, REM latency, clock time at sleep onset, wake after sleep onset (WASO), sleep efficiency,
number of awakenings, as well as the percentage of N1, N2, SWS and REM. The variability of these sleep metrics
was estimated via several methods: the individual standard deviation (iSD), the root mean square of successive
differences (RMSSD) and average rolling differences (ARD), in line with published recommendations”?’.
All variability metrics were calculated using the varian R package. Participants with a single observation and
consequently SD =0 (N =3) were excluded from analyses.

In addition to within-individual variability in specific sleep metrics, we also calculated the Sleep Regularity
Index (SRI*®), as an omnibus measure of sleep variability. The SRI is normally calculated from actigraphy which
scores an individual’s state at the same time point on successive days as “wake” or “asleep”. We adapted this
method to mobile EEGs worn only during the night by (1) coding S1, S2, SWS and REM as “sleep” and (2) filling
in “wake” states for all time points in-between EEG recordings. For each second of the day we calculated the
following formula?:

200 % (((number of days asleep — number of days awake) / number of days — 0.5) (1)

This was then averaged across every second of the day to provide a single number per participant. The maximum
value of the SRI is 100, expressing perfect regularity of sleep-wake patterns (all time points on all days are spent
in the same vigilance state). Lower values indicate higher variability.

Predictors of sleep variability

In line with the strategy of published”! and ongoing!® systematic reviews, we organized our analysis around
“themes”, conceptually related predictors with a potential relationship with sleep variability. Based on the
availability of data in BSETS?* and a literature review’ we set up the following themes:

Theme 1: Demographics and cognition.

In this theme, we used the following predictors: binary-coded sex, age, binary-coded student status, self-
reported grades on a national high school graduation examination, and intelligence (estimated as total scores
on the ICAR16 brief open-source intelligence test?®). Physical health was not assessed in detail in BSETS, but we
had data on body mass index (BMI) which we included in this theme.

Theme 2: Personality.

Personality was assessed in BSETS by two questionnaires: the 44-item Big Five Inventory and the 99 item
Zuckerman-Kuhlman Personality Questionnaire. The BFI uses 5-point Likert scale items to measure personality
along the dimensions of Extraversion, Neuroticism, Agreeableness, Conscientiousness and Openness. The ZKPQ
uses binary items to measure personality in an alternative model using the Sociability, Activity, Aggression-
Hostility, Neuroticism-Anxiety and Impulsive Sensation Seeking dimensions.

Theme 3: Mental health.

BSETS used the 9-item Patient Health Questionnaire (PHQ-9) to measure symptoms of depression. In
addition, the 20-item Toronto Alexithymia Scale (TAS) was used to measure alexithymia and the 28-item
Dissociative Experiences Scale (DES) to measure dissociation. For both the TAS and DES, total scores were
used. In addition to self-report questionnaires, participants rated positive and negative experiences during the
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day in each evening diary using the brief Positive and Negative Affect Scale (PANAS). An average across all days
was calculated to estimate overall positive and negative emotionality during the study.

Theme 4: Chronotype and sleep.

In the final theme, we focused on sleep habits as predictors of sleep variability. Chronotype was assessed
using the Hungarian version of the Munich Chronotype Questionnaire (MCTQ) as free-day midsleep corrected
for oversleeping (MSFsc). Symptoms of insomnia were assessed using the Hungarian version of the Athens
Insomnia Scale (AIS). In evening diaries, participants indicated the number and duration of daily naps. In the
morning diaries, they indicated if they slept alone, with a partner, with a friend or other person, or with an
animal (recoded as “alone” or “not alone”) and if they slept in their usual place, at home but not in their usual
bed, at a friend’s or partner’s place, or in a hotel (recoded as “Slept in usual place” or “Slept in foreign place”).
Individual sums of daily nap frequency, nap duration, and sleeping with another person or a foreign place were
entered as four additional variables with a possible influence on sleep variability.

Statistical analysis
In all analyses, we calculated Pearson correlations between all sleep variability metrics and potential predictors.

In the most basic analyses, we calculated zero-order correlations to reveal the simple observed relationship
between sleep variability and other characteristics. In a second step, we controlled these correlations for age as
a covariate. Published recommendations’ also call for controlling correlations for the means of sleep variables.
We disagree that such controls are essential (see the Discussion and the Supplementary note) because while for
skewed (gamma-distributed) sleep metrics the means and standard deviations indeed correlate, it is unclear if
changes in the former are the cause of the latter and not vice versa. However, in a third model we also calculated
correlations corrected for means, as recommended. Age-sleep variability correlations were only corrected for
mean sleep measures (if appropriate), and correlations with the Sleep Regularity Index were not corrected for
means as the SRI by itself is already a measure of variability without an interpretable mean.

In order to account for the large number of comparisons while avoiding type II errors we initially set the
p-value threshold at p=0.01, but also performed a more formal correction for multiple testing using the
Benjamini-Hochberg method® applied by theme. We report all findings which pass the laxer threshold of
p=0.01, but we focus the discussion on findings which also pass the more stringent test.

Results

Descriptive statistics

Table 1. Descriptive statistics of the variables used in the study. Self-reported phenotypes are expressed in
raw points. For these and other bounded variables possible minimum and maximum values are provided in
parentheses. Time variables (e.g. sleep latency, total sleep time) are expressed in minutes, except total weekly
nap duration which is expressed in hours. Clock time variables (sleep onset time, chronotype) are expressed in
fractional hours relative to midnight. Sleep composition and sleep efficiency are expressed in percentages. The
means of binary variables sex and student status indicate the proportion of males and students, respectively,
while other descriptive statistics are undefined. ‘Slept with others’ and ‘Slept in unusual place’ are averaged
proportions over all day in the study and consequently have valid descriptive statistics. For sleep metrics used in
variability analyses, the descriptive statistics of both the means and individual standard deviations are reported.

Demographics and cognition

Uncorrected correlations showed that higher age was associated with decreased variation in total sleep time,
sleep onset time, and the percentage of N3 sleep, with a corresponding increase in the Sleep Regularity Index.
In contrast, higher variability of WASO was also associated with higher age. Student status was also associated
with more variable total sleep time, N3%, but less variable WASO (Supplementary figure S2). Controlling for
age eliminated all correlations with student status (Fig. 1). The other correlations remained significant after
controlling for multiple comparisons.

An additional correction for sleep metric means slightly changed the pattern of correlations (Supplementary
figure S3). After this correction, age was still associated with less variable total sleep time and lower SRI, but
also with less variability in sleep efficiency and awakenings. These associations, except for the one with sleep
efficiency, remained significant after controlling for multiple comparisons.

Personality

Impulsive Sensation Seeking was associated with more variable sleep onset times and reduced Sleep Regularity
Index, Conscientiousness with lower variability in N3 sleep percentage, Sociability with reduced Sleep Regularity
Index, and Openness with more variable N2 sleep percentage (Supplementary figure S4). After corrections for
age only the first and the last persisted (Fig. 2). After further controls for sleep metric means (Supplementary
figure S5) only the N2% variability-Openness association remained, while Openness was also associated with
more variable WASO and awakenings, and Agreeableness was associated with more variable sleep efficiency. No
correlations were significant after correction for multiple testing.

Mental health
Dissociative symptoms were associated with more variable N3 sleep percentage and lower Sleep Regularity Index
(Supplementary figure S6). Corrections for age eliminated these correlations while another one (dissociative
symptoms being associated with more variable N1 sleep percentage) appeared (Fig. 3). This persisted after further
controls for trait means (Supplementary figure S7). No correlation, however, was significant after correction for
multiple testing.
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Means SDs
Valid N | Mean | Median |[SD |(Min |Max |Mean | Median |SD | Min | Max

Age 253 28,86 | 22,00 12,72 | 18,00 76,00

Male sex 260 0,45

Student status 257 0,59

Math grade (1-5) 216 4,38 5,00 0,94 | 2,00 5,00

Literature grade (1-5) 215 4,66 5,00 0,70 | 2,00 5,00

History grade (1-5) 213 4,59 5,00 0,82 | 2,00 5,00

Intelligence (0-16) 229 12,61 13,00 2,57 | 5,00 16,00

BMI 246 23,11 | 22,56 3,70 | 15,37 43,50

Total sleep time 258 395,57 | 400,61 57,36 | 136,00 | 533,75 | 73,00 | 64,00 36,91 | 12,56 | 275,42
Sleep onset latency 258 14,99 | 12,61 9,63 | 4,07 66,29 | 8,95 6,85 8,25 | 0,99 | 54,85
REM latency 258 79,18 | 74,61 22,37 | 19,00 | 161,80 | 28,02 | 26,63 16,48 | 4,11 | 87,12
Sleep onset time 258 0,44 0,31 1,35 | -3,26 6,72 1,05 0,89 0,72 | 0,12 5,18
WASO 258 21,37 | 17,43 17,40 | 1,92 175,00 | 12,25 8,67 11,64 | 1,26 | 70,07
Sleep efficiency (0-100) 258 90,92 | 92,16 5,51 | 37,66 96,95 | 3,98 2,89 3,55 | 0,64 | 30,60
N1% 258 6,08 5,69 2,00 | 1,97 14,64 1,51 1,36 0,82 | 0,24 5,46
N2% 258 46,34 | 45,95 6,78 | 28,41 62,65 | 6,20 5,87 2,50 | 0,86 | 21,85
N3% 258 21,76 | 21,09 7,19 | 0,00 40,29 | 6,14 5,64 3,03 | 1,15 | 19,01
REM % 258 25,81 | 2548 4,80 | 12,85 43,96 | 5,64 5,30 2,73 | 1,60 | 26,64
Awakenings 258 19,53 | 18,29 7,38 | 4,33 47,71 | 6,05 522 3,01 1,11 | 23,33
Sleep regularity index (-100-100) | 256 69,94 | 71,03 11,71 | 10,88 90,19

Self-rated sleep (0-14) 256 4,12 3,86 1,91 | 0,14 12,00 | 2,86 2,78 1,06 | 0,38 5,64
Sociability (ZKPQ) (0-17) 248 7,69 8,00 3,70 | 2,00 17,00

Activity (ZKPQ) (0-17) 249 8,89 9,00 3,14 | 1,00 16,00

Aggression (ZKPQ) (0-16) 250 7,43 7,00 3,08 | 1,00 15,00

Neuroticism (ZKPQ) (0-19) 246 8,97 9,00 4,64 | 0,00 19,00

ImpSS (ZKPQ) (0-18) 245 7,16 7,00 4,18 | 0,00 17,00

Extraversion (BFI) (8-40) 251 27,02 | 27,00 5,70 | 14,00 40,00

Agreeableness (BFI) (9-45) 252 32,90 | 33,00 5,21 | 17,00 45,00

Conscient. (BFI) (9-45) 252 31,88 | 32,00 5,93 | 17,00 44,00

Neuroticism (BFI) (8-40) 252 23,88 | 24,00 6,02 | 8,00 38,00

Openness (BFI) (10-50) 253 37,48 | 38,00 5,59 | 22,00 49,00

Depression (0-27) 250 6,09 5,00 4,62 | 0,00 24,00

Alexithymia (20-100) 249 45,30 | 45,00 11,13 | 22,00 80,00

Dissociation (0-100) 243 24,5 | 22,14 9,98 | 10.36 62,14

Positive emotions (5-25) 256 16,11 | 16,21 2,92 | 8,43 22,71

Negative emotions (5-25) 256 7,89 7,31 2,08 | 5,00 14,57

Chronotype 165 421 4,17 1,22 | 0,10 8,06

Insomnia (0-24) 255 4,71 4,00 3,41 | 0,00 18,00

Nap frequency (0-1) 253 0,17 0,14 0,20 | 0,00 1,00

Nap duration 253 11,72 3,57 17,79 | 0,00 88,57

Slept with others (0-1) 256 0,41 0,29 0,40 | 0,00 1,00

Slept in unusual place (0-1) 256 0,15 0,00 0,21 | 0,00 1,00

Table 1. Reports descriptive statistics for all variables.

Chronotype and sleep
Significant zero-order correlations were found between a large number of sleep characteristics and the variability
of sleep. Late chronotype was associated with more variable sleep onset latency and reduced Sleep Regularity
Index. Insomnia symptoms were associated with more variable morning GSQS self-ratings of sleep, but not of
objective sleep metrics. More frequent naps during the day were associated with more variable nightly N1 sleep
percentage, while longer self-reported naps were associated with higher variability of a host of sleep variables
(sleep onset latency, sleep onset time, sleep efficiency, sleep composition, and reduced Sleep Regularity Index).
Sleeping with another person or animal more frequently was associated with reduced variability in sleep onset
times and the percentage of N3 sleep (Supplementary figure S8).

Controlling for age eliminated most associations. After this control, longer and more frequent naps were
still associated with more variable sleep onset latency, WASO, sleep efficiency, and sleep composition. Insomnia
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Fig. 1. The association between sleep variability and demographic factors. Each cell shows the correlation
between the individual standard deviation of sleep variables (horizontal axis) and the means of demographic
factors (vertical axis). All correlations are corrected for age (except for age itself). Only significant correlations
(p<0.01) are shown.
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Fig. 2. The association between sleep variability and personality. Each cell shows the correlation between the
individual standard deviation of sleep variables (horizontal axis) and the means of personality traits (vertical
axis). All correlations are corrected for age. Only significant correlations (p <0.01) are shown.

symptoms and sleeping in unusual places were also associated with more variable self-rated sleep (Fig. 4). All of
these correlations remained significant after corrections for multiple comparisons.

After correcting for sleep metric means, only two associations were significant: the one between chronotype
and more variable sleep onset times, and the one between naps and more variable nightly sleep composition
(Supplementary figure S9).

Alternative variability metrics

The two alternative variability metrics (RMSSD and ARD) had extremely high correlations with the
individual standard deviation, ranging from 0.8 (ARD, self-rated sleep) to 0.957 (RMSSD, sleep onset latency)
(Supplementary table S1). All correlations with individual standard deviations which survived correction for
multiple comparisons were replicated with the two alternative sleep metrics, and no new findings emerged.
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Fig. 3. The association between sleep variability and mental health. Each cell shows the correlation between
the individual standard deviation of sleep variables (horizontal axis) and the means of mental health indicators
(vertical axis). All correlations are corrected for age. Only significant correlations (p <0.01) are shown.
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Fig. 4. The association between sleep variability and sleep/chronotype characteristics. Each cell shows the
correlation between the individual standard deviation of sleep variables (horizontal axis) and the means of
sleep characteristics and chronotype (vertical axis). All correlations are corrected for age. Only significant
correlations (p <0.01) are shown.

Nonparametric correlations

Our initial findings were based on Pearson correlations due to the simplicity, robustness to violations of normality,
and intuitive interpretability of this metric. However, due to skew in many of our variables (Supplementary figure
S1, see also Supplementary note), we re-calculated all effects using Spearman rank correlations, still corrected for
age (except for age correlations itself). This method replicated and generally strengthened findings.

Age effects (Fig. 1) replicated, increased in effect size and remained statistically significant, including after
FDR corrections, with Spearman correlations. For example, the age-SRI Spearman correlation increased to
r=0.315.

The correlation between higher trait Impulsive Sensation Seeking and more variable sleep onset time
increased slightly (r=0.274) and was now significant even after FDR corrections.

Dissociation remained the only mental health indicator correlated with sleep variability (more variable N1%
and N2%) but this effect did not survive FDR correction.

The duration and frequency of naps was still correlated (after FDR correction) with more variable N1%, N3%,
and REM%, but not sleep onset latency, WASO or sleep efficiency. More variable sleep was still correlated with
insomnia symptoms, but not sleeping in unusual places. Later chronotype was correlated with more variable
sleep onset time, an effect not seen with Pearson correlations.
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Thus, the use of nonparametric correlation confirms that age and daytime napping have the most profound
effects on sleep variability, although some specific napping effects fell short of significance. Nonparametric
correlations more confidently reveal relationships between personality, chronotype, and sleep variability,
however, we are cautious about interpreting findings which do not replicate across methods.

Comparison with social jetlag

Social jetlag refers to the fact that most people have later sleep times on weekends than on weekdays®!. As
such, social jetlag is a concept strongly related to sleep variability, especially to the variability of sleep timing.
In order to establish the similarity of social jetlag and self-reported or measured sleep variability, we calculated
correlations between within-individual standard deviations of sleep metrics and absolute and relative social
jetlag. Social jetlag was calculated as standard from self-reported habitual midsleep data in the Munich
Chronotype Questionnaire (MCTQ)**%. Alternatively, we also calculated an EEG-based estimate of social jetlag
using objective measures of sleep onset and sleep termination instead of self-reports in the same formula used
to calculate MCTQ-based social jetlag.

The self-reported and objective estimates of social jetlag correlated only weakly (r=0.175). Low correlations
were observed between the standard deviation of sleep variables and social jetlag (Supplementary table S1),
except for the variability of total sleep time (ry.;;=0.146, ry;;=0.295), sleep onset time (ry;.;,=0.156,
1:=0.563) and the sleep variability index (rMCTQ= —0.262, 1= — 0.567). Day of the week (either used as a
seven-category predictor or as binary weekday/weekend) accounted for a trivial amount of sleep metrics, with
the highest value of R2=2.5% observed for sleep onset time (Supplementary table S1). The Sleep Regularity
Index had high between-person correlations between weekdays and weekends (r=0.673), and both weekday
(r=0.915) and weekend (r=0.629) SRI had high correlations with the total value. In sum, weekend-weekday
differences do not seem to be the main driver of the variability of most sleep metrics aside from timing.

Discussion

We used a large mobile EEG-based sample to identify biological, demographic, behavioral and psychological
factors underlying sleep variability. We systematically explored the effect of controlling age and sleep metric
means on the associations, as well as the use of different variability metrics.

Surprisingly, neither day of the week nor social jetlag were major drivers of sleep variability. We replicated
this finding when social jetlag was calculate based on objectively measured sleep timing instead of self-reports
of habitual sleep. Only low correlations between self-reported and measured social jet lag were observed. The
cause for this can be twofold. On the one hand, self-reports may contain information about sleep timing which
is not captured by a single week of objective tracking. Previous findings*-3 show that the correlation between
self-reported and objectively tracked sleep timing is relatively low, but increases if the duration of the tracking
period is longer. On the other hand, self-reports may simply be inaccurate, and reporting errors of different sleep
characteristics (such as weekday and weekend bedtimes and rise times) add up if a derivative metric like social
jetlag is calculated.

Uncorrected correlations (Supplementary figure S2-S5) between sleep variability and trait-level characteristics
replicated patterns familiar from the previous literature. Younger participants and students had less regular
sleep, reflected in more variable timing, duration, and composition of sleep and reduced Sleep Regularity Index.
In line with previous findings®”*%, we found no associations between sleep variability and cognition (school
grades or intelligence) or BMI. We found no associations between affective symptoms and sleep variability,
although less regular sleep was associated with dissociative symptoms. Sleep was more variable in those with a
later chronotype” and those who napped frequently, but co-sleeping with people or animals was associated with
more regular sleep patterns®>*. To the best of our knowledge, ours is the largest study exploring the association
between personality and sleep regularity (see??%* for previous work). Findings were sporadic, but impulsivity and
sociability had some associations with less regular sleep. Although the choice of the specific variability metric
is very important in theory?, in practice we found that the individual standard deviation and two alternative
variability metrics were very highly correlated in the current sample and the choice of variability metric has little
influence on the results.

There are two factors, however, which may confound these results. First, age is associated with less variable
sleep (Fig. 1, Supplementary figure S2, see also”!?), suggesting that it may confound the association of other age-
variant human characteristics with sleep variability. A statistical control for age eliminated the apparent higher
sleep variability in those who are students, have higher Sociability (BFI) and Impulsive Sensation Seeking (ZKPQ)
personality scores, more dissociative symptoms, a later chronotype, and those who sleep alone more frequently,
indicating that the associations were primarily driven by age and not by the psychosocial characteristics per se.

Second, the standard deviation of a person’s sleep metrics across days was strongly correlated with the means
(Supplementary table S1, see also”*! for theoretical treatises). As expected, given that sleep variability metrics are
often bounded by an ideal value such as zero sleep latency or perfect sleep efficiency, bounded variables had the
strongest mean-SD correlations and the sign of the correlation corresponded to the direction of skew in these
variables. This suggests that variability is strongly driven by outlying values, and these outlying values also affect
the mean. The correlation between means and standard deviations suggests that correlations with variability
in sleep characteristics may simply reflect a correlation with mean values. For example, while participants
scoring higher on the Impulsive Sensation Seeking ZKPQ personality scale have more variable sleep onset times
(r=0.25, p<0.001), they also have later mean sleep onset times (r=0.21, p <0.001), mean sleep onset times and
their variability are correlated (r=0.46, p<0.001), and controlling for means reduces the correlation between
the personality trait and sleep onset variability to insignificance (r=0.1, p=0.11).

After further controls for the means of sleep metrics, the pattern of correlations with sleep variability changed
substantially. Older age was still associated with less variable sleep after controlling for means. Of personality
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traits, only Openness was associated with more variable sleep (WASO, N2 sleep percentage and awakenings).
Isolated correlations were seen between more variable sleep efficiency and the Agreeableness personality trait
and N1 sleep percentage and dissociative symptoms. A later chronotype was only associated with increased
variability in sleep timing, mirroring its well-known association with social jetlag*?. More frequent napping was
associated with more variable sleep composition, likely reflecting variable sleep pressure during nightly sleep™’.
Of these nominally significant (p <0.01) correlations, only age effects survived a stringent control for multiple
testing, a finding replicated using the two alternative sleep variability metrics as well.

In sum, we found age to be the only factor unambiguously associated with sleep regularity: older participants
had more regular sleep schedules. This finding survived corrections for sleep metric means and stringent
controls for multiple testing. Some correlations with personality and mental health were significant using the
p<0.01 threshold but did not survive a more stringent control for age and multiple testing and are possibly
spurious. Sleep habits — especially napping and a late chronotype - also emerged as correlates of higher sleep
variability, but their formal significance after multiple comparisons corrections depended on whether the means
of sleep metrics were controlled.

We consider controlling for age to be unambiguous, as age is a clear confounder of the relationship between
sleep and other characteristics. It is our view, however, that despite recommendations for it’, controlling for means
may be unnecessary and may in fact mask a genuine association between sleep variability and other traits. This
is especially true for sleep metrics bounded at ideal value, such as sleep onset latency or sleep efficiency, which
have mean values close to ideal (e.g. in the current sample Mg, =14.99, SD =12.61; M;=90.92, SD= 5.51). For
these variables, the room for variation is asymmetric and the variables are skewed, approximately following a
gamma distribution. In such a distribution, means and standard deviations are mathematically related and there
is a plausible causal route from both to the other. While a mean value more distant from the ideal increases the
room for variation*!, increased variability necessarily results in more bound-distant values which ultimately
affect the mean. (See the Supplementary note for a simulation and Supplementary table S1 which demonstrates
that bounded and skewed sleep metrics exhibit the higher correlations between means and standard deviations).
Thus, we suggest that mean differences in certain sleep metrics may be the mathematical consequence, rather
than the cause, of sleep variation, and statistically controlling them introduces overadjustment bias**.

In the current study, the question of controlling for means was critical in the case of napping effects on
the variability of sleep onset latency, WASO and sleep efficiency. Without controlling for means, the increased
variability of these sleep variables (in addition to sleep stage percentages), were associated with longer naps
(Fig. 4). These effects survived corrections for multiple comparisons. However, with controls for means only
the correlation with stage percentages persisted and did not survive corrections for multiple comparisons
(Supplementary figure S9). We believe that this illustrates our point about the problematic nature of controlling
for means. Naps during the day reduce sleep pressure, affecting the characteristics of nightly sleep®>®. More
frequent napping changes the means of sleep characteristics (because some nightly sleeps are affected by the
preceding nap), but also introduces variability as a nap occurs on some days but not others. Changing means in
this case are not an artifact to be controlled but the consequence of the very same phenomenon that increases
variability. Controlling for means effectively controls for a large part of the mechanism that caused variability.

Our study has a number of limitations. First, for the purposes of the current study BSETS is a cross-sectional
study and we cannot establish the route of causation between sleep variability and other factors. Longitudinal
studies are needed to clarify these. Second, the use of self-reported variables may introduce bias, typically in the
downward direction as error is introduced due to the inaccuracy of self-reports. Third, although the findings
cohere well with the literature, the generalizability of the findings may be affected by the demographics of the
BSETS sample which predominantly consists of young, well-educated individuals. A specific demographic
limitation is a positive selection for education and cognitive ability as BSETS participants were mostly drawn
from the social circles of medical students. This led to restriction of range in terms of school grade and intelligence
and affected our ability to detect correlations with these variables (note that the median participant had the
highest possible grades from all three subjects, Table 1). Correlations with grades may have been also impacted
by grade inflation as younger participants systematically had better grades (r_ ,=— 0.183, r, . =-0.132,
Iisory=— 0-105), and by the fact that participants older than 33 years (N=52) may have obtained their grades in
a different exam scheme which was abandoned in 2005.

In conclusion, we have shown age and sleep habits to be the most important drivers of sleep variability, with
a comparatively smaller role of normal and pathological psychological characteristics. Controlling for age as an
important driver of reduced sleep variability, many zero-order correlations (such as those with student status
or sleeping alone) are reduced to non-significance. Conversely, we claim that statistically adjusting associations
for variable means is not obviously the right choice and may introduce overcontrol bias. Our findings highlight
napping habits as the most modifiable factor affecting sleep regularity.

Data availability
Raw data, code used for simulations, and a high-quality image of variable distribution fits used in the Supple-
mentary note are available at https://osf.io/crfw3/.
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