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Abstract

Background: Sleep health (SH) is considered a key determinant of physiological and
psychological human well-being. In line with this, previous studies have found that poor
sleep is associated with various psychiatric disorders, in particular with anxiety and
depression. Although little is known about the neural mechanisms underlying these
associations, recent findings suggest that essential dimensions of SH are associated with
altered amygdala reactivity (AR), but evidence to date is inconsistent and reliant on small
sample sizes.

Methods: Addressing this problem, the current pre-registered study investigated
associations between SH and AR to negative facial expressions in the UK Biobank cohort
(25,758 participants). Drawing on a large sample size and consistent data acquisition, five
dimensions of SH (insomnia symptoms, sleep duration, daytime sleepiness, chronotype,
and sleep medication) were examined.

Results: Exploratory analyses revealed that short sleep duration was associated with
decreased AR while neither any of the remaining SH dimensions nor a composite measure
of all SH dimensions were associated with AR.

Conclusions: To our knowledge, this is the largest study to test associations between
SH and AR. Habitual short sleep duration may be associated with decreased AR, possibly
indicating compensation for impaired prefrontal processes and hampered emotion

regulation.
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Introduction

Sleep has been linked to emotional outcomes in experimental as well as
observational studies (e.g., 1). In particular, there is evidence of bidirectional relationships
between poor sleep and both depressive and anxiety symptoms (2; 3; 4; 5; 6; 7). Although
neural mechanisms underlying these associations have not been reliably identified, a crucial
role is ascribed to the amygdala. For example, sleep deprivation studies in healthy
participants (8; 9), as well as studies in participants with insomnia / sleep disturbances (10;
11) and depression (12) have proposed that altered processing of emotional stimuli and
dysregulated amygdala function play a key role in linking sleep disturbance with emotional
outcomes. However, conclusions drawn from previous studies are limited by small sample
sizes and variability in study design and methodology (e.g., sleep deprivation vs. case-
control studies, task-related vs. resting-state neuroimaging). Furthermore, sleep health, a
broader concept combining multiple dimensions of sleep, has not yet been studied in relation
to amygdala function.
Sleep Health and Emotional Outcomes

While it is difficult to formulate a clear-cut definition of sleep health (SH), there is a
rather consistent pool of heterogeneous variables that have been considered as relevant
(e.g., 13; 14; 15). These were first suggested by Buysse in 2014 and include sleep duration,
sleep continuity, timing of sleep, daytime sleepiness and sleep satisfaction / quality. This
selection rests principally on theoretical considerations deduced from existing definitions of
health in general, as well as on previous research examining associations between different
sleep measures and health outcomes (16).

Previous studies in large samples have found a range of associations between SH
dimensions and health outcomes. For example, both short and long sleep duration were

shown to be associated with impaired cognitive performance (17), higher risks of
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cardiovascular morbidity (18) and all-cause mortality (19). Difficulties in initiating or
maintaining sleep were found to be associated with cardiovascular morbidity and mortality
(20; 21), to be a predictor of depression and anxiety disorders (3; 2), and confer risk for
suicidal thoughts and behaviors (22). Excessive daytime sleepiness was shown to indicate
cardiovascular mortality in elderly subjects (23) and to be a risk factor for depressive
symptoms (24). Late chronotype is associated with an increased risk of arterial hypertension
(25) and more severe depressive symptoms (26). Beside these mostly epidemiological
findings, there are many more research results from well-controlled laboratory studies
underlining the importance of SH (for a tabular overview, see 16).

In particular, SH seems to be closely linked to cardiovascular and emotional
outcomes. With respect to the latter, Bouwmans et al. (27) found that changes in sleep
quality predicted changes in affect as measured by items from the Positive and Negative
Affect Schedule (PANAS). Sin et al. (28) observed long sleep duration to predict PANAS
scores and Chiang et al. (29) showed poor sleep efficiency to strengthen the association
between stress and depressive symptoms. Moreover, a strong link between insomnia and
emotional outcomes has been suggested in neuroimaging studies of brain morphometry,
activation and connectivity patterns (for a review, see 30; for a broader conceptual
embedding, see 31). This apparently close relationship, which is additionally backed by an
extensive epidemiological study on genetics in the UK Biobank cohort (32), leads to the
question about the specific mechanisms of action underlying the association between SH
and emotional outcomes.

The Role of Amygdala Reactivity to Emotional Stimuli

AR can be defined as amygdala activity associated with the presentation of an

emotional or otherwise salient stimulus as compared to control stimuli (33). Increased AR is

commonly interpreted as amplified emotional response (34). In the following, according to
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this interpretation, AR and the term emotional reactivity are referred to as neurobiological
and psychological description of the same concept, respectively.

AR has been shown to be associated with at least some aspects of SH in previous
studies, for example Prather et al. (35) found bilateral AR towards fearful facial expressions
to predict depressive symptoms and higher perceived stress in subjects with poor sleep
quality. Baglioni et al. (10) found AR towards insomnia-related stimuli to be increased in
patients with insomnia compared to healthy good sleepers. However, this effect was not
observed for negative non-sleep-related stimuli. Focusing on AR in the context of overnight
system consolidation, Wassing et al. (11) found that restless REM sleep is associated with
impaired AR adaptation (no attenuation of AR overnight). Moreover, AR is assumed to be
consistently increased in patients with either post-traumatic stress disorder, social anxiety
disorder or specific phobia as demonstrated in a meta-analysis by Etkin and Wager (36).

While the link between AR and emotional outcomes has long been documented (37),
the link between AR and SH dimensions rests on fewer studies, often focusing on concepts
beyond mere emotional reactivity (e.g., 11; 34) and drawing on relatively small sample sizes
(e.g., 10; 11). In light of recent criticism of low replicability, insufficient statistical power, and
heterogeneity of data acquisition and image processing in neuroimaging studies (38; 39;
40), it must be stated that the association between AR and SH needs further, well-powered
investigation.

The UK Biobank: An Epidemiological Approach

The UK Biobank (UKBB) offers a unique opportunity for epidemiological research by
providing a very large sample size, consistent data acquisition and state-of-the-art image
processing (41; 42; 43). AR has been recorded in the UK Biobank project since functional

magnetic resonance imaging (fMRI) was introduced in 2014. The current analysis examined
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the independent associations between several SH variables and AR in 25.758 individuals in
the UKBB.

Our aims were to assess a) whether SH is associated with AR and b) if distinct SH
dimensions differ in their relationships with AR. Our hypothesis was that poor SH is

associated with increased AR measured as fMRI responses to negative facial expressions.

Material and Methods
Preregistration
The detailed analysis plan of the current study was officially preregistered at Open

Science Framework (https://osf.io/gnrpv?mode=&view_only) on the 14" of May in 2020 at

07:00 AM. The preregistration was verifiably initiated on the 11t of May in 2020 at 02:44 PM
and not modified afterwards. Hence, all analysis steps had been specified before the UKBB
dataset used in this study was downloaded on the 12" of May in 2020 at 02:33 PM. As a
consequence, the current analysis is confirmatory in nature and based on original, a-priori
formulated hypotheses.
Participants

The UKBB is a prospective epidemiological study, which enrolled over 500,000 adults
aged 37 to 73 years between 2006 and 2010 (41). Multimodal MRI scanning of a subgroup
of 100,000 individuals began in 2014 and is set to be completed by 2022. The present study
included data from the 2020 data release of functional imaging data (Instance 2: Imaging
visit, 2014+), which included 32,915 participants. For the purposes of the present study,
participants were excluded if they self-reported a neurological condition (n = 843; see Table
S1 for a list of conditions) or sleep apnea syndrome (n = 133). Furthermore, participants
were excluded if they had missing data at Instance 2 for sleep duration (n = 254), insomnia

symptoms (n = 15), daytime sleepiness (n = 30), chronotype (n = 2770), socioeconomic
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status (n = 23), Body Mass Index (BMI; n = 825), level of education (n = 1746) or depressive
symptoms (n = 518) leaving a sample of 25,758 participants. All UKBB research procedures
have been approved by the NHS National Research Ethics Service (Ref. 11 / NW / 0382)
and all participants gave written informed consent. Ethical procedures are constantly

controlled by a dedicated Ethics Advisory Committee (http://www.ukbiobank.ac.uk/ethics),

which has developed a UKBB-specific Ethics and Governance Framework (given in full at

https://www.ukbiobank.ac.uk/media/Oxsbmfmw/egf.pdf).

Sleep-Related Variables

The aim of the current operationalization of SH was to select available variables in
the UKBB (Instance 2) which: a) represent central aspects of SH (see 16), b) provide a high
consistency with previous SH studies — in particular with our recent study on sleep health
and neurocognitive function (17), and c) exhibit a certain degree of heterogeneity (e.g.
nighttime- and daytime-related, quantitative and qualitative information) and therefore draw
a multifaceted picture of SH. On that basis, the chosen variables were sleep duration,
insomnia symptoms (following the SH dimensions sleep continuity and — to a limited extent
— sleep satisfaction / quality), excessive daytime sleepiness, chronotype (following the SH
dimension timing of sleep) and sleep medication use.

Sleep duration was assessed by means of the question “About how many hours sleep
do you get in every 24 hours? (please include naps)’. Taking account of the U-shaped
relation between sleep duration and health outcomes (44), participants were categorized as
short sleepers (< 7 hours), normal sleepers (7 — 9 hours) and long sleepers (> 9 hours)
based on recent guidelines (45). Insomnia symptoms were assessed by means of the
question “Do you have trouble falling asleep at night or do you wake up in the middle of the
night?” with responses “never/rarely”, “sometimes” and “usually”. Participants were

categorized as subjects with insomnia symptoms if they answered “usually”, otherwise they
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were categorized as control subjects without insomnia symptoms. Daytime sleepiness was
assessed by the means of the question "How likely are you to doze off or fall asleep during
the daytime when you don't mean to? (e.g. when working, reading or driving)" with

” “ ” “*

responses “never/rarely”, “sometimes”, “often” and “all of the time”. Participants were
categorized as sleepy if they answered “sometimes” or “often”, they were categorized as
non-sleepy if they answered “never/rarely”. No person answered “all of the time”. Insomnia
symptoms and daytime sleepiness were dichotomized because the primary aim was to
compare participants with and without clinically relevant symptoms. Chronotype was
assessed by means of the question “Do you consider yourself to be definitely a ‘morning’
person / more a ‘morning’ than an ‘evening’ person / more an ‘evening’ than a ‘morning’
person / definitely an ‘evening’ person?”. The two middle responses were collapsed into an
intermediate chronotype category, permitting comparisons with the early (‘definitely
morning’) and late (‘definitely evening’) chronotype category. Sleep medication use
(sedatives and hypnotics as specified in Dashti et al., 46; see Table S2 for a complete list)
was self-reported to a research nurse and dichotomized into sleep medication use vs. no
sleep medication use.
Magnetic Resonance Imaging

Full details of the MRI acquisition protocols, image processing pipeline and image
data files for the brain imaging component of the UKBB project have been described

previously (42). An official in-depth documentation is available online

(http://biobank.ctsu.ox.ac.uk/crystal/refer.cqi?id=2367 and

http://biobank.ctsu.ox.ac.uk/crystal/refer.cqi?id=1977). In the current analysis, fMRI data

based upon the Hariri faces / shapes “emotion” task (33; 47) — ‘median blood oxygenation
level dependent (BOLD) effect in group-defined (amygdala activation) mask for faces-

shapes contrast’ — served as dependent variable. The Hariri task is a widely used paradigm
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to assess AR to negative facial expressions (e.g., in the Human Connectome Project; 48).
The Hariri faces / shapes “emotion” task was implemented with the psychology
software tool E-Prime (49) and comprised two different block types (see Figure 1): In the
experimental block type, participants had to match one of two simultaneously presented
images of negative emotional stimuli (angry and fearful facial expressions) with an identical
target image. In the control block type, participants had to complete a sensorimotor control
task (matching geometric shapes). Block types were shown alternately. Procedure details
are described in Barch et al. (47). Additionally, the E-Prime script used in the UKBB project
can be viewed and downloaded at

https://biobank.ndph.ox.ac.uk/showcase/refer.cqi?id=1462.

FIGURE 1

Covariates

Socioeconomic status was measured by the Townsend index of material deprivation,
which was log-transformed due to skewed distribution using an ‘In (x+7)’ equation (minimum
of non-transformed index: -6.26). Level of education was assessed by means of the question
“Which of the following qualifications do you have? (You can select more than one)” with the
possibility to specify “College or University degree”, “A levels / AS levels or equivalent”, “O
levels / GCSEs or equivalent”, “CSEs or equivalent”, “NVQ or HND or HNC or equivalent”
and / or “Other professional qualifications, eg: nursing, teaching”. The variable was
dichotomized into academic training vs. no academic training (“College or University degree”
was vs. was not among the given responses). Depressive symptoms were assessed by
means of the question “Over the past two weeks, how often have you felt down, depressed

or hopeless?” with responses “not at all”, “several days”, “more than half the days” or “nearly
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every day”. Participants were categorized as subjects with depressive symptoms if they
answered “several days”, “more than half the days” or “nearly every day”, otherwise they
were categorized as control subjects without depressive symptoms. Intracranial brain
volume (ICV = volume of gray matter + volume of white matter + volume of ventricular
cerebrospinal fluid), BMI (continuous), sex (male vs. female) and age (continuous) as well
as psychotropic medication use (mood stabilizers, antidepressants, and antipsychotics; see
Table S3) were also included as covariates in the analyses. All measures were taken from
Instance 2.

Statistical Analysis

The response options “do not know” and “prefer not to answer” were handled as
missing values. Mean values and standard deviations were used for descriptive data
presentation. The association between SH variables and AR was analyzed using a linear
regression model (LM) with sleep duration (3 factor levels with ‘normal sleep duration’ as
the reference category), insomnia symptoms (2 factor levels), excessive daytime sleepiness
(2 factor levels), chronotype (3 factor levels with the ‘intermediate type’ as the reference
category) and sleep medication use (2 factor levels) as predictor variables and the ‘median
BOLD effect in group-defined (amygdala activation) mask for faces-shapes contrast’ as
dependent variable.

Socioeconomic status, level of education, depressive symptoms, ICV, BMI, sex, age
and psychotropic medication use were implemented as covariates. By doing so, all variables
were used as described in our preregistration, referring to our previous study on sleep health
and neurocognitive function (17). The significance level was set at a = 0.05.

Accounting for the principle of parsimony for statistical models, covariates were
added gradually starting with a strictly reduced model (insomnia symptoms only), continuing

with two moderately adjusted models (first adding basic demographic variables as
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covariates, then adding all remaining covariates) and ending with a fully adjusted model
including all described variables (adding all remaining SH variables, see Table S4). Hereby,
the prioritization of insomnia symptoms as sleep-related variable arises from the assumption
that subjective difficulties in initiating / maintaining sleep cover multiple aspects of SH, such
as sleep satisfaction and — to a limited extent — sleep continuity or efficiency and subjective
short sleep duration. The significance of improvement between models was evaluated by
partial F-tests.

In addition to our pre-registered analysis plan the following sensitivity and exploratory
analyses were conducted: a) We cleaned the fMRI data (median BOLD effect for faces-
shapes contrast) from zeros, which occurred in an unexpectedly high number (discernible
in Figure 3) and may indicate drop out in this specific region of interest (personal
communication with UKBB imaging analysis team). b) Accounting for weaknesses arising
from the pre-registered, theory-driven analysis plan (coarseness, multicollinearity), a data-
driven, stepwise model comparison by the Akaike Information Criterion (AIC) was
implemented. For this purpose, the fully adjusted model was chosen as starting point and
variables were dropped one by one depending on the explanatory power they add to the
model according to the AIC.

Furthermore, we examined c) whether including anxiety as an additional covariate
changes the current results, d) whether a composite measure of SH is associated with AR,
e) whether operationalizing insomnia symptoms and excessive daytime sleepiness with
multiple factor levels (instead of dichotomizing these variables) leads to a different outcome,
and f) whether associations between SH and AR are altered when considering SH stability

over years (by using SH data from Instance 0: Initial assessment visit, 2006-2010).

Results
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Sample Characteristics

The sample consisted of 13,993 (54.3%) women and 11,765 (45.7%) men with a
mean age of 62.9 £ 7.4 years. Further characteristics are presented in Table 1. An overview
of mean AR differences between subsamples (depending on factor level constellations of

sleep-related variables) is depicted in Figure 2b.

TABLE 1

Main analysis

Once basic demographic variables were added (LM 2), the inclusion of further
variables (LM 3 and 4) did not result in a significant increase of explained variance (see
Table S5; for an overview of all estimates and p-values, see Table S6). Standardized effect
sizes (Cohen’s d) and p-values for the effects of all independent variables of LM 2 on AR
are presented in Figure 2a. According to our analysis, large ICV (8 =5.32 x 10-%8, d = 0.04,
p < 0.001), high BMI (8=23.79 x 1094, d =0.01, p = 0.021), and low socioeconomic status
(B =259 x 10%, d = 0.01, p = 0.050) were associated with increased AR. High level of
education (8 =-6.76 x 103, d =-0.03, p < 0.001) and old age (B =-1.05 x 1093, d = -0.07,
p < 0.001) were associated with decreased AR. Neither sex (8 =1.94 x 103, d =0.01, p =

0.267) nor insomnia symptoms (8 = 3.01 x 10-%, d = 0.00, p = 0.843) were related to AR.

FIGURE 2

FIGURE 3

Sensitivity and Exploratory Analyses
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a) Removing zeros from the fMRI data did not change the results of the main or
exploratory analyses considerably, while reducing the sample size by 156 participants (see
Table S7). b) Testing each variable’s individual contribution by the Akaike Information
Criterion (AIC) in a stepwise algorithm (50), a new model was obtained (LM 5) — consisting
exclusively of variables with a relevant increment value, as identified by the AIC (see Table
S8). Significant associations as reported in LM 2 remained unaffected in LM 5. Short sleep
duration was the only SH variable to survive stepwise model comparison. All results of LM
5 are depicted in Table S9. Differences in AR between short sleepers vs. normal sleepers
and between participants with vs. without insomnia symptoms are depicted in Figures 3a
and b. ¢) When expanding a LM comprising all sleep-related variables and all covariates by
the variable  “Worrier /  anxious feelings” (UKBB  Data-Field 1980:

https.//biobank.ndph.ox.ac.uk/showcase/field.cqi?id=1980, Instance 2), effect sizes were

slightly altered. However, significant results as reported above remained unchanged (see
Table S10). d) When replacing all sleep-related variables in the same model by a single
composite measure of SH (oriented towards previous research, e.g. 15), no significant
association was found (see Table S11). Details on how the composite measure was obtained
are provided in Figure S1. e) When assigning multiple factor levels to previously
dichotomized SH variables, significant results as reported above remained unchanged.
Additionally, we found that participants who answered “often” in the daytime sleepiness item
had a decreased AR (B8 = -1.07 x 102, d = -0.01, p = 0.029, see Table S12). f) When
assigning time-dependent factor levels to SH variables in the same model, significant
associations were found between stable short sleep duration and decreased AR (8 =-5.72
x 103, d =-0.02, p =0.013) as well as between instable long sleep duration and increased

AR (B=7.09 x 102, d = 0.01, p =0.048). All results are depicted in Table S13.
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Discussion

The goal of the current analysis was to investigate associations between SH and AR
to negative facial expressions in the UKBB cohort (N = 25,758). In the pre-registered
analysis, indicators of SH were not associated with AR. Against our hypothesis, exploratory
analyses suggested that short sleep duration (compared to normal sleep duration) may be
associated with decreased AR.

Sleep Health Variables

Previous research has shown associations between sleep-related variables and
amygdala function but sample characteristics, study designs (experimental manipulation vs.
case-control studies), and specific methods for data collection and processing have varied
considerably in these studies (8; 9; 10; 11; 12; 34). The current study adds to this literature
by showing that trait-like individual differences in SH are not associated with AR to negative
facial expressions on the epidemiological level. With respect to insomnia symptoms, this
finding sheds doubt on theoretical considerations that sleep disruption is associated with
amplified emotional reactivity to stimuli of negative valence (1). However, the absence of an
association between insomnia and AR to general negative stimuli is in line with some
previous case-control studies investigating AR (10; 51).

Testing each variable’s individual contribution by the AIC in an exploratory stepwise
model comparison yielded that self-reported short sleep duration was associated with
decreased AR. To our knowledge, this is a new finding. Experimental sleep deprivation, in
contrast, has been shown to result in increased AR (8; 9). Likewise, most studies suggest
that experimental sleep deprivation (beyond a therapeutic context) leads to increased
emotional reactivity on the behavioral level (52). In addition, acute and chronic sleep loss
have been shown to be associated with sustained attention towards negative stimuli (53),

reduced capacity for cognitive reappraisal strategies (54), and with impaired prefrontal brain
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functions related to emotion regulation (55; 56; 57). In particular, brain connectivity within
and between prefrontal and subcortical areas cease to function properly under REM sleep
loss (57; 34). In light of these findings, the association between habitual short sleep duration
and decreased AR may protect the short sleeper against emotional overwhelming. This
hypothesis is further supported by our exploratory analysis revealing that only stable short
sleep duration (over years) is associated with decreased AR.
Covariates

The observed associations between the covariates and AR are mostly in line with
previous empirical research and theoretical assumptions. Low socioeconomic status, which
includes a low level of education, has been shown before to be associated with increased
AR to negative stimuli (58). The association between older age and decreased AR to
negative stimuli is also in line with previous evidence (59) and adds to literature reporting
that the impact of negative information on attention and memory processes decreases
during adulthood (60). To our knowledge, associations between BMI and AR have not been
systematically investigated so far. However, negative emotions have been shown to play an
important role in the development of obesity (61). The lack of association between
depressive symptoms and AR is surprising and, thus, presented in detail in Tamm et al. (62).
Limitations

The following limitations need to be addressed: a) All SH variables were assessed by
means of a single question. This circumstance might bring with it an increased degree of
imprecision in operationalization. However, for example, single items on insomnia symptoms
have a high accuracy of discriminating insomnia cases from controls (63). Moreover, due to
the large sample size provided by the UKBB cohort, statistical power to detect even small
effect sizes was still guaranteed in heavily contaminated group comparisons (e.g. healthy

controls falsely classified as patients with insomnia). b) Since the current analysis is an



SLEEP HEALTH AND AMYGDALA REACTIVITY IN THE UK BIOBANK 16

epidemiological approach, subsample sizes were not adjusted. Consequently, subsamples
defined by a characteristic of low prevalence were smaller, thus resulting in a higher
uncertainty of statistical estimates. ¢c) The sample consisted predominantly of older adults,
which reduces the generalizability of the results. d) The UKBB does not provide data on
performance in the Hariri task (e.g., reaction times, percentage of correct responses).
Hence, it cannot be ruled out that different levels of vigilance or attention both between- and
within-subjects had an impact on the current results.
Outlook and Conclusions

The current analysis and previous evidence clearly demonstrate that it is important to
differentiate between habitual short sleep duration, acute sleep loss and insomnia when
investigating AR. For future research, it might be of particular interest to examine
longitudinally if AR decreases over time under persisting short sleep duration. Additionally,
it may be worthwhile to investigate higher order, non-linear associations between SH
dimensions and AR as well as more complex associations using latent class or machine
learning approaches. It may also be of interest to investigate associations between SH and
cortical structures involved in the regulation of emotional reactivity. In particular, further
research on functional and structural connectivity between the prefrontal cortex and the
limbic system might help to integrate the current findings on SH and AR into established
neurobiological models (64).

Concluding, our results (based on a large sample size, consistent methods, and a
pre-registered analysis plan) suggest that a) short sleep duration may be associated with
decreased AR, possibly indicating compensation for impaired prefrontal processes and

hampered emotion regulation, and b) other SH dimensions are not associated with AR.
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Tables / Legends for Figures

Figure 1. Setup of the Hariri faces / shapes “emotion” task as used in the UKBB project. Top left:
Exemplary trial (experimental block) depicting male, fearful facial expressions. Top right: Exemplary trial
(experimental block) depicting female, angry facial expressions. Bottom left: Exemplary trial (control
block) depicting neutral figures. Bottom right: lllustration of how participants had to give their responses

(right hand; index finger = left option, middle finger = right option).
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Table 1

Sample Characteristics
Short, n (%) Normal, n (%) Long, n (%)

Sleep duration 6,114 (23.7) 19,367 (75.2) 277 (1.1)
Early, n (%) Intermediate, n (%) Late, n (%)

Chronotype 7,190 (27.9) 16,141 (62.7) 2,427 (9.4)
Yes, n (%) No, n (%)

Insomnia symptoms 8,061 (31.3) 17,697 (68.7)

Excessive daytime 5,672 (22.0) 20,086 (78.0)

sleepiness

Sleep medication use 144 (0.6) 25,614 (99.4)

Psych. medication use 2210 (8.6) 23,548 (91.4)

Depressive symptoms 4,544 (17.6) 21,214 (82.4)

Figure 2. A Overview of all results from LM 2, depicted as standardized effect sizes (Cohen’s d: vertical,
colored labels) and p-values (-log10, y-axis). Complete results from LM 1-4 are depicted in Table S6. Blue
color indicates a negative effect size, red color indicates a positive effect size, gray color indicates an
effect size close to zero (-0.01 > d > 0.01). The horizontal, gray dotted line visualizes the significance
level a = 0.05 (-log10) set for this analysis. B lllustration of mean AR increase / decrease in subsamples
(vs. control samples) depending on factor level constellations of sleep-related variables (mean AR
subsample minus mean AR control sample). SDS = sleep duration (short), SDL = sleep duration (long),
INS = insomnia symptoms, EDS = excessive daytime sleepiness, CE = chronotype (early), CL =

chronotype (late), SM = sleep medication.

Figure 3. Boxplots (medians, quartiles, 5% and 95% quantiles) of the sleep-related variables A sleep
duration (normal vs. short; {(10249) = 2.0, p = 0.045) on the left and B insomnia symptoms (no vs. yes;
{(15618) = 0.7, p = 0.491) on the right. The violet point clouds in the background depict individual

measured values, providing a more differentiated visualization of the underlying distribution.



