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Beyond the hours slept: inconsistent sleep
routines threaten mental health in 100,000 UK
Biobank participants

Max Moebus' and Christian Holz'"

Abstract

Background Sleep duration has a well-established effect on mental health and well-being, with durations of 7

to 9 hours being the general recommendation. Here, we analyze the significance of sleep patterns and find that a
consistent routine reduces the risk of developing mental disorders far more than simply ensuring a certain average
sleep duration.

Methods We analyzed the sleep behavior of 100,000 adults for one week using motion data from wrist-worn devices.
We modeled sleep behavior using multivariate generalized additive Cox proportional hazard models, incorporating

a smooth 2D interaction effect of sleep duration and routine sleep hours. We calculated C-statistics and E-values to
evaluate model performance and assess the robustness against hidden confounders. We also stratified analyses by
age and gender.

Results Most participants slept for 7 to 9 hours as recommended, yet they consistently only slept during the same
4.8 hours each night. We found that an average sleep duration around 8 hours minimizes the risk of future mental
disorders—but only if integrated into a rigorous sleep routine spanning at least the same 7 hours each night. Our
study provides evidence that adopting such sleep behavior could reduce the population incidence rate of mental
disorders by 23% (HR: 0.79, p < 0.0001, for the average participant). The models showed a strong fit (C-statistics:
0.63), robustness to hidden confounders (E-value: 1.8), and stability under age- and gender-based stratification. We
identified weekend behavior as a frequent reason for low sleep routines, with over 25% of the population disrupting
their weekly sleep routine during weekend nights—raising the risk of future mental disorders by 10%.
Conclusions Our results suggest that maintaining a consistent sleep routine is more important for mental health
than sleep duration alone. Socially disadvantaged groups, including low-income households and ethnic minorities,
exhibited poorer sleep routines and thus higher mental disorder risks, underscoring existing social inequalities.
Promoting regular sleep behavior may therefore have significant public health benefits.
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Background

Mental disorders have profound implications for indi-
viduals and society at large. They encompass conditions
such as depression, anxiety, and bipolar disorder. These
conditions can hinder personal well-being, relationships,
and workplace productivity, and place significant strain
on healthcare systems [1-4]. The Broader societal and
economic repercussions of untreated or inadequately
managed mental health issues are vast and undeniable.
Already in 2019, mental disorders were the leading cause
of years lived with disability (one out of six years) at an
estimated cost of one trillion USD per year to the global
economy [5]. The recent COVID-19 pandemic further
exacerbated these challenges, introducing an unprec-
edented combination of stressors including social iso-
lation, health anxieties, and economic disruptions [6].
In 2020 alone, mental disorders are estimated to have
increased by 26%-28% worldwide [7]. The surge in men-
tal health concerns during the pandemic, but also as
part of the post-COVID syndrome (long COVID) [8, 9],
accentuates the pressing need for a better understanding
of related risk factors.

Sleep has long been recognized for its role in emo-
tional regulation, cognitive function, and overall health
[10-12]. Sufficient sleep duration and its effect on men-
tal well-being have been investigated in numerous studies
[12-15]. There is overwhelming evidence that adequate
sleep (e.g., durations of 7-9 hours [16]) reduces the risk
of a Broad range of diseases including cardiovascular dis-
ease, type 2 diabetes, obesity, and many mental disorders
such as depression [12, 17-19]. To aid with achieving suf-
ficient sleep duration, various health organizations have
recommended regular sleep habits, such as always going
to bed at the same time [20]. Especially for children, for
whom sufficient sleep is of particular importance [21,
22], regular sleep habits proved instrumental during the
COVID pandemic when daily routines and structures
such as school or sports were removed [23] as already
indicated by earlier works [24—26]. For adults, there are
strong indications that regular bed and wake times, lit-
tle variation in sleep duration, and high sleep efficiency
should all promote mental health [27-35]—all of which
points to the importance of sleeping routinely for the
same hours each night [36].

However, the importance of routine sleep (sleeping for
the same hours each night) even when sufficient sleep
duration is generally achieved remains unclear. In a soci-
ety where erratic schedules [37, 38] and, similarly, mental
disorders are becoming commonplace [5], the potential
link between sleep routines and the risk of developing
mental disorders is of paramount importance.

In this paper, we analyze the effect of routine sleep
on mental disorders challenging current recommenda-
tions for healthy sleep habits, comparing the effect of

Page 2 of 12

routine to that of mere duration of sleep. We introduce
the metric of ‘routine sleep hours’ counting the number
of hours that participants are routinely asleep, which
combines the notions of sufficient sleep duration, con-
sistent sleep duration, sleep continuity, and regular sleep
onset times. For 100,000 participants of the UK Biobank
(UKB) we passively assess sleep routine using wrist-worn
accelerometers during a one-week sleep behavior study.
Through multivariate generalized additive Cox propor-
tional hazard models, we calculate the optimal sleep rou-
tine and its effect on the onset of mental disorders. We
construct a smooth 2D interaction effect between mere
sleep duration and routine sleep hours—our metric of
sleep routine. In contrast to related works that investi-
gated the relation between sleep duration and mental
health using 1D (linear or non-linear) effects, our 2D
effect adequately captures the complexity of sufficient
sleep duration being integrated within a rigorous routine.
Additionally, we investigate daily routines during week-
ends, which commonly disrupt sleep patterns.

Methods

Study population

Our analysis is based on 103,661 participants of the UKB
who participated in a one-week substudy wearing an
accelerometer capturing wrist motion (sleep behavior
study). For 98,470 participants pre-computed activity
profiles were available according to previously validated
models [39]. For 5,191 participants, activity profiles were
not computed due to low compliance [39]. 56.3% of par-
ticipants were female and the median age at the time of
the sleep behavior study was 63.5 years with an inter-
quartile range (IQR) of 12.3 years. More details are pro-
vided in Table 1.

Measuring sleep routine via routine sleep hours

We assess sleep routine based on the one-week sleep
behavior study of the UKB. Using previously verified
activity recognition models [39], we assess for what per-
centage of the time participants were asleep during 24
one-hour Brackets for each of the 7days. For each one-
hour Bracket when participants were asleep for at least
95% of the time, we count one hour of sleep routine. To
determine the optimal threshold that defines a window
as a routine sleep hour, we computed the average num-
ber of routine sleep hours across the entire study popula-
tion for possible threshold between 1% and 99% (with 1%
increments). The threshold of 95% represents the high-
est threshold before the average number of routine sleep
hours in the entire study population starts to drop dras-
tically towards 0. Thus, thresholds beyond 95% appear
to be unnaturally high or impossible to achieve due to
potentially inaccurate sleep classification. An exam-
ple sleep behavior profile is displayed in Fig. A1 which
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Table 1 Comparison of routine sleep hours (RSH), average sleep duration (ASD), non-routine sleep hours (NRSH), and average awake
duration (AAD) between different subgroups of participants. For RSH, we show the mean (RSH.,.) and median (RSH; /2). The p-value
corresponding to Wilcoxon signed rank tests (two-sided) for mean comparison of RSH for each subgroup against all other participants
is given in the p-val column. The MD¢ and MD,, columns give the percentage of people who developed a mental disorder after and
prior to the sleep behavior study, respectively. For the percentage in the MDy column, participants who had developed a mental
disorder prior to the sleep behavior study were excluded. The size of each subgroup is given in column n. Where applicable, the unit is
given in the first row for each criterion. For each criterion separately, participants who did not provide information or who responded
‘Do not know' or ‘Prefer not to answer’ were removed from the table. Thus, for some criteria, the n column does not sum to 98,470

Criterion Condition RSH,., RSH; /o ASD NRSH AAD p-val MD MD,, n

All 477 5 8.90 413 15.10 34% 15.2% 98470
Sex Female 497 5 8.94 397 15.06 <0.001 3.9% 17.0% 55447
Sex Male 451 5 8.85 434 15.15 <0.001 2.8% 10.9% 43023
Age <56.2(y) 4.74 5 8.76 4.02 15.24 <0.001 3.5% 16.1% 24205
Age 56.21068.6 4.82 5 892 4.10 15.08 <0.001 3.1% 14.7% 49304
Age >68.6 4.69 5 8.99 430 15.01 <0.001 3.8% 11.9% 24931
Smoking Never 4.89 5 8.89 4.00 15.11 <0.001 3.0% 13.3% 56065
Smoking Previous 467 5 8.91 424 15.09 <0.001 3.8% 15.1% 35334
Smoking Current 424 5 8.95 471 15.05 <0.001 4.9% 19.3% 6807
Alcohol Never 452 5 8.92 4.39 15.08 <0.001 4.1% 17.1% 2846
Alcohol Previous 439 5 8.98 458 15.02 <0.001 5.7% 23.7% 2712
Alcohol Current 4.79 5 8.90 41 15.10 <0.001 3.3% 14.0% 92821
Ethnicity White 4.79 5 891 41 15.09 <0.001 3.4% 14.4% 95079
Ethnicity Asian 415 4 8.74 4.59 15.26 <0.001 2.6% 10.5% 1307
Ethnicity Black 3.55 4 851 496 1549 <0.001 4.2% 10.6% 1006
Ethnicity Other 4.24 5 878 4.54 15.22 <0.001 42% 12.9% 1078
Income < 18k (£/y) 453 5 9.09 455 14.91 <0.001 5.1% 20.5% 13033
Income 18k to 30k 4.72 5 8.98 4.26 15.02 0.005 3.8% 15.5% 21374
Income 31k to 52k 4.79 5 8.87 408 1513 0.057 3.2% 14.2% 25322
Income 52k to 100k 4.87 5 877 391 15.23 <0.001 2.4% 11.6% 22138
Income >100k 484 5 8.67 3.83 15.33 0.078 1.7% 8.4% 6428
Night shifts Always 325 4 8.81 555 15.19 <0.001 2.5% 16.1% 971
Night shifts Sometimes 414 4 8.82 468 15.18 <0.001 3.5% 13.1% 2272
Night shifts Usually 3.58 4 8.94 535 15.06 <0.001 3.9% 17.6% 618
Night shifts Never/rarely 4.50 5 8.85 435 15.15 <0.001 3.9% 16.5% 4211
Work week <28 (h) 497 5 893 3.95 15.07 <0.001 3.3% 15.4% 15382
Work week 28to42 4.75 5 8.84 4.09 15.16 0.229 3.2% 14.4% 28230
Work week >42 454 5 8.65 412 15.35 <0.001 2.5% 10.7% 13944

corresponds to 5 routine sleep hours. Fig. 1a shows the
sleep behavior of an average participant who maintains
a sleep routine covering the same 5 hours each day. A
detailed visualization of the logic of routine sleep hours is
shown in Fig. Al.

ICD-10 codes used to identify mental disorders

We extracted the diagnosis of mental disorders from clin-
ical and primary care records using the ICD-10 Codes
F20-F69. There was no participant diagnosed with ICD-
10 Codes F60-F69, who had not been diagnosed with a
different mental disorder. The censoring date for partici-
pants registered with NHS England was in October 2022,

in August 2022 for Scottish participants, and in May 2022
for Welsh participants [40].

Statistical analysis

For an initial analysis, we used two-sided Wilcoxon
signed rank tests to test for differences in routine sleep
hours between subgroups of the study population in
Table 1. To predict the risk of developing mental dis-
orders in the future we used multivariate generalized
additive Cox proportional hazard models. To this end,
we used the ‘MGCV* package [41] to calculate non-lin-
ear and 2D effects. For non-linear effects, we fitted thin
plate regression splines as generally recommended [42].
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(c) Participants’ average sleep duration against the hours they routinely slept.

Fig. 1 Sleep behavior of participants who meet the commonly recommended average sleep duration of 7-9 hours per night. a Examplary sleep behavior
of a participant maintaining a sleep routine that covered the same 5 hours each night at an average sleep duration of 8.9 hours. b Histogram of routine
sleep hours for participants who slept 7-9 hours per night. ¢ Participants'average sleep duration against the hours they routinely slept during the sleep
behavior study, split according to prior diagnosis of a mental disorder. Differences in sleep duration per level of routine sleep hours depending on prior
diagnosis: ****p < 0.0001, ***p < 0.001, **p < 0.01, nsp > 0.05 according to two-sided Wilcoxon signed rank tests. The secondary axis on the right
is for the bottom histogram for each group
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Motivated by related work [33], we controlled for age,
sex, body mass index (BMI), smoking status, alcohol
consumption, household income, time spent in a state
of high physical activity, fruit and vegetable consump-
tion, smartphone use, computer use, and TV use. While
the time spent in a state of high physical activity is pas-
sively assessed during the week-long sleep behavior study
[39], information about participants’ household income,
smoking status, alcohol consumption, fruit and vegetable
consumption, smartphone use, and computer use was
assessed during a questionnaire upon recruitment into
the UK Biobank between 2006 and 2010. After including
all of the aforementioned control variables in the mul-
tivariate generalized additive Cox proportional hazard
model, we iteratively removed the effect with the high-
est p-value until all effects were significant with a p-value
< 0.1 [43, 44]. This removed alcohol consumption and
smartphone use from the model.

Sensitivity analysis and model validation

We extensively tested the validity, sensitivity, and robust-
ness of our multivariate generalized additive Cox propor-
tional hazard model following established guidelines for
Cox proportional Hazards models [45—47]. Via cross-val-
idation, we tested the performance and generalizability
of our model comparing predicted survival to Kaplan-
Meier curves visually and based on Uno’s and Harrel’s
C-statistic [48, 49]. During 10-fold cross-validation, we
computed C-statistics for the training as well as the test
set, which allowed us to assess the model’s optimism and
identify any structural overfitting. To assess the sensitiv-
ity of our model towards hidden confounders, we cal-
culated the E-value [50] for the 2D sleep routine effect
which measures the necessary strength of the relation-
ships between a hidden confounder and, both, the risk of
developing a mental disorder as well as sleep behavior to
explain away the measured effect.

We further assessed the robustness of the model fit by
constructing the multivariate generalized additive Cox
proportional hazard model for four subgroups of the
study population separately. We fitted the multivariate
generalized additive Cox proportional hazard model once
for female, male participants, younger, and older partici-
pants separately (Fig. A2a—e). The 2D sleep routine effect
remains constant and results in nearly the same optimal
sleep routine demonstrating general robustness towards
sex-based stratification. The shape of the 2D sleep rou-
tine effect also remained constant when removing any
of the aforementioned control variables—again demon-
strating a robust model fit.

To rule out reverse causality (at least partially) and
further assess the robustness of our model, we calcu-
lated the model ignoring any diagnosis within 2 years of
the sleep behavior study. However, mental disorders are
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commonly diagnosed very late or not at all [51]. Thereby,
reverse causality remains a limitation, especially given
the oftentimes bi-directional relationship between sleep
and mental disorders [52].

We carefully evaluated the proportional hazards
assumption for the 2D sleep routine effect by visually
inspecting score residuals [41, 53].

Results

We first analyze sleep routines via our novel metric of
‘routine sleep hours’ and mental disorder incidence
across subgroups of the population. Subsequently, we
assess how sleep routines might be affected through
mental disorders. Finally, we investigate the effects of
specific sleep routines on mental disorder onset using
multivariate generalized additive Cox proportional haz-
ard models during an average follow-up of 8 years.

Sleep routine and mental disorder incidence across
subgroups
Sleep behavior, and sleep routine, vary significantly
across different subgroups of the population based on
sex, age, ethnicity, household income, alcohol consump-
tion, smoking status, or work environment (Table 1).
The average participant slept for 8.9 hours per day and
maintained a sleep routine covering the same 4.8 hours
each day. Subgroups of the population such as male par-
ticipants (4.5 h), current smokers (4.2 h), participants of
black ethnicity (3.6 h), participants with an annual house-
hold income of less than 18.000 GBP (4.5 h), participants
whose job involves night shifts, or participants with a
work week of 42 hours or longer (4.5 h) sleep significantly
less routinely than the rest of the population. Overall,
15.2% of all participants had been diagnosed with a men-
tal disorder before the start of the sleep behavior study.
For current smokers (19.3%), participants who used to
consume alcohol but not anymore (23.7%), and partici-
pants with an annual household income below 18.000
GBP (20.5%) this proportion was highest. Out of the par-
ticipants who did not develop a mental disorder prior to
the sleep behavior study, 3.4% developed a mental disor-
der during an average follow-up period of 8.0 years. The
incidence rate of mental disorders was highest for female
participants (3.9%), current smokers (4.9%), participants
who used to drink alcohol but not anymore (5.7%), par-
ticipants of black ethnicity (4.2%), those categorized
under ‘Other’ ethnicities, (4.2%), and participants with an
annual household income below 18.000 GBP (5.1%).
With participants of black ethnicity, those categorized
under ‘Other’ ethnicities, and those with a household
income below 18.000 GBP, ethnic minorities and socially
disadvantaged groups show, both, less regular sleep pat-
terns and a high incidence of mental disorders.
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Sleep routine is more than just sleeping enough
Participants who slept on average 7 to 9 hours per day
during the sleep behavior study (55% of participants)
achieved a sleep routine that covers on average the same
4.5 hours each day with a mode of 5 hours (Fig. 1b). Only
7.8% achieved a sleep routine that covered more than the
same 6 hours each day. Figure 1c shows the relationship
between average sleep duration and number of routine
sleep hours across all participants with an overall corre-
lation of 0.41 (Spearman, p < 0.0001). Most participants
who had been diagnosed with a mental disorder prior to
the sleep behavior study maintained a sleep routine cov-
ering the same 5 hours each day. For participants who
had not been diagnosed with a mental disorder, the most
common sleep routine covered the same 6 hours per day.
For sleep routines covering the same 1-8 hours per day,
participants who had been diagnosed with a mental dis-
order before the sleep behavior study slept on average
significantly longer (p < 0.01) than participants who had
not been diagnosed with a mental disorder—at each level
of routine sleep hours.

Mental disorders hazard model
To assess if less routine sleep hours also increase the
risk of developing mental disorders in the future, we
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constructed multivariate generalized additive Cox pro-
portional hazard models [41]. Our model calculates the
2D sleep routine effect: the smooth non-linear 2D effect
of routine sleep hours and average sleep duration. In
line with related work, we controlled for age, sex, body
mass index (BMI), smoking status, alcohol consumption,
household income, time spent in a state of high physi-
cal activity (passively assessed during the sleep behavior
study), fruit and vegetable consumption, smartphone use,
computer use, and TV use based on related work [33].

Figure 2 displays the 2D sleep routine effect
(p < 0.0001, positive values correspond to an increased
risk of developing mental disorders). Calculated effects
for the control variables are illustrated in Fig. A3. We find
that 7 routine sleep hours at an average sleep duration of
8 hours per day minimizes the risk of developing men-
tal disorders in the future. Figure 3 shows three example
sleep routines: the routine for the average participant
and a routine with a particularly low and particularly
high risk of mental disorders. Switching from the sleep
behavior of the average participant (5 routine sleep hours
and 8.9 average sleep duration) to what we calculate as
the optimal sleep behavior corresponds to a Hazard ratio
(HR) of 0.79 (p < 0.0001).

average sleep duration per day (hours)
(o<}

p < 0.0001

estimated effect

100
951

754

% of time asleep
3
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A A
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time of day
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(b) Sleep routine with the lowest
risk of developing mental disor-

0 2 4 6 8
routine sleep hours per day

(a) 2D effect of sleep duration and routine sleep.

10 ders in the future (observed from
one participant during the sleep
behavior study).

Fig. 2 aThe calculated 2D effect of average sleep duration and routine sleep hours on the hazard function of developing a mental disorder in the future
(positive values increase the risk). Observed data points are presented as dots with jitter in the horizontal axis. Areas too far away from any data point are
gray. b The observed sleep routine with the lowest risk of developing a mental disorder is 6 routine sleep hours at an average sleep duration of 6.8 hours
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Fig. 3 Three participants’sleep routine. a A participant with a high risk of developing mental disorders due to their sleep routine (2 routine sleep hours
and average sleep duration of more than 10 hours). b A participant representative of the population average (5 routine sleep hours and 8.9 hours average
sleep duration). ¢ The observed sleep routine with the lowest associated risk of developing mental disorders (7 routine sleep hours and 8 hours average

sleep duration)

Sensitivity Analysis

To assess the robustness of our calculated 2D sleep rou-
tine effect, we conducted a thorough sensitivity analy-
sis. The calculated Hazard ratio of 0.79 corresponds to
an E-value of 1.83 indicating strong robustness against
hidden confounders [50]. As mentioned above, we have
included a wide range of control variables to rule out
such hidden confounders [33]. The constant shape of the
2D sleep routine effect when removing subsets of the
aforementioned control variables from the model, and
during age-/gender-based stratification (Fig. A2b—e) is
another sign of robustness. The 2D sleep routine effect
also remained constant when ignoring any diagnosis that
occurred within 2 years after the sleep behavior study
suggesting a long-term effect and no reverse causality
(Fig. A2f).

However, there is likely slight variation in the optimal
sleep routine between individuals. Figure A2a—e all show
that less than 8 hours average sleep duration might still
be close to optimal as long as they are integrated into a

rigorous routine: e.g., 7 hours average sleep duration
with at least 6 hours of routine sleep. Across 10 splits,
we evaluated our model by randomly leaving out 10% of
the data as an unseen test split. On the training splits, the
model achieved an average Harrel’'s and Uno’s C-statistic
of 0.634 [48, 49]. On the test splits, the model achieved
an average C-statistic of 0.625. As highlighted in Fig.
A4, such C-statistics demonstrate good model fit and no
excessive optimism.

Potential to reduce mental disorder incidence

Our study provides evidence that incorporating sufficient
sleep duration into a rigorous sleep routine could reduce
the population incidence rate of mental disorders by 23%.
Based on our multivariate generalized additive Cox pro-
portional hazard model, we calculated an optimal sleep
routine: a sleep routine that covers at least the same 7
hours each day at an average sleep duration of 8 hours.
Figure 4 displays the probabilities of not developing a
mental disorder across an 8-year follow-up aggregated
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Fig. 4 The probabilities of survival (i.e, the probability of not developing a mental disorder) per year are aggregated for all participants. We compare
the calculated probabilities of not developing a mental disorder for all participants if they behaved as observed, and for the—according to our calcula-
tions—optimal but counterfactual case where all participants sleep for an average of 8 hours per day and for 7 hours routinely each day. a depicts the
development of the whole 8-year follow-up. b shows the significant difference in survival probability after the 8-year follow-up (**** : p-val < 0.0001,

two-sided Wilcoxon signed rank test)
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over all participants if everyone had adopted what we
calculated as the optimal sleep routine: maintaining a
sleep routine covering the same 7 hours each day at an
average sleep duration of 8 hours (counterfactual). We
simulate this counterfactual scenario by simply replac-
ing the observed sleep routines, with what we calculate as
the globally optimal sleep routine leaving all other vari-
ables unchanged [54]. We calculate that if everyone had
adopted an average sleep duration of 7 to 9 hours, with-
out paying attention to sleep routine, we calculate only a
3% reduction in mental disorder incidence at a popula-
tion level.

Changes in sleep routine on the weekend

Over the weekend, parts of the population change their
sleep routine increasing their risk of mental disorders.
When re-calculating the number of ‘routine sleep hours’
only during weekdays, we find that 26.6% of participants
broke their sleep routine on the weekend decreases their
achieved number of ‘routine’ sleep hours. We calculate
that such disruptions in sleep routine increase their risk
of developing a mental disorder by 10% (Fig. 5a). On the
other hand, 17.6% of participants increased their rou-
tine sleep hours over the weekend, which we calculate
decreased their risk of developing a mental disorder by
6% (Fig. 5b). More than 55% of the population main-
tained the same number of routine sleep hours on the
weekend. However, on average they slightly increased
their sleep duration, which we calculate to increase their
risk of developing a mental disorder by 3% (Fig. 5¢).
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Discussion

We demonstrated the importance of a rigorous sleep
routine that accommodates sufficient sleep duration
to reduce the risk of developing an ever more common
medical condition: mental disorders. We calculate that
adopting a sleep routine covering the same 7 hours alone
has the potential to reduce mental disorder incidence
by 23%. On average, individuals who achieve an aver-
age sleep duration of 7-9 hours—as commonly recom-
mended [55]—only manage to maintain a sleep routine of
less than the same 4.5 hours each night. This discrepancy
indicates the need for large parts of the population to
rethink their daily routines to foster adequate sleep rou-
tines. Health organizations might promote this change
in sleep behavior by updating their recommendations
to stress the importance of sleep routines. Ideally, one
sleeps at the same time each night covering one’s need for
sleep each night.

Our analysis also surfaces that socially disadvantaged
groups, such as ethnic minorities or low-income house-
holds, exhibit significantly fewer routine sleep hours.
The incidence of mental disorders is particularly high in
these groups, which highlights a known social inequality
in health as also observed for various other diseases [56—
59]. The significant difference in sleep routine of socially
disadvantaged groups as observed in our study offers
a possible explanation for this known social inequality
related to mental disorders [60].

Using our metric of ‘routine sleep hours, we unify mul-
tiple ideas from a large body of literature on healthy sleep:

100- *kkk 100- *kkk l 100- *kkk
3 z i | ' z i i
= 0.951 = 0.954 = 0.95 1
© © ©
Ke] Qo Qo
<) <] <]
g 0.904 S 0.904 S 0.90
© © ©
; counterfactual ; counterfactual ; counterfactual
5 0.854 incident rate: g 5 0.8514 e incident rate: 5 0.85 incident rate:
@ -9.5% @ +6.3 % @ e -29% e

° °
0.804 ° 0.80 1 0.80 -
weekday observed weekday observed weekday observed
routine routine routine routine routine routine

(a) Weekend breaks routine

(b) Weekend boosts routine

(c) Constant routine

Fig. 5 Mental disorder incidence rate changes due to weekend sleep routine. a 26.6% of participants Broke their sleep routine on the weekend. Keep-
ing the same sleep pattern on weekends would have reduced the incidence rate by 9.5%. b 17.6% of participants improved their sleep routine on the
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sufficient sleep duration, consistent sleep durations, sleep
continuity, and regular sleep onset times. Although we
argue against sleep duration as the main measure of iden-
tifying healthy sleep behavior, our work highly agrees
with existing works on the importance of sleep [12-15].
Healthy sleep is well recognized to decrease the likeli-
hood of mental disorders [12—15] and conditions like
cardiovascular diseases and type 2 diabetes [12, 17-19],
as also supported by extensive studies using the UK Bio-
bank [30]. Our study highlights an aspect of sleep behav-
ior that is somewhat neglected in previous work as well
as in recommendations by health organizations: integrat-
ing sufficient sleep duration into a rigorous sleep routine.
Our results provide a unifying view on an extensive body
of work that showed the importance of regular sleep and
wake times, reduced variability in sleep duration, and
sleep efficiency for adults’ overall and mental health [13,
27-32, 34]. Similarly, our results reinforce various works
that showed the importance of regular sleep habits for
children’s overall health and development [24-26]. A rig-
orous sleep routine would result in minimal variability
in both sleep duration and bedtime, which is in line with
findings from related studies [13, 30-32, 34, 36]. Our
metric of sleep routine goes further than what has been
considered in previous works. Metrics such as the Sleep
Regularity Index (SRI) [35], while related and likely cor-
related, consider only day-to-day changes in sleep behav-
ior and ignore longer term trends. Thus, falling short of
assessing actual routine behavior. Ideally, such a sleep
routine aligns with individuals’ circadian rhythm [61].

In contrast to related works, our analysis accounts for a
smooth 2D interaction effect between passively assessed
sleep duration and routine sleep hours. As opposed to 1D
(linear or non-linear) effects, the 2D effect captures the
complexity of sufficient sleep duration integrated within
a rigorous routine. We are thus able to draw a much more
nuanced conclusion than previous works: an average
sleep duration of 8 hours integrated into a rigorous sleep
routine covering at least the same 7 routine sleep hours
significantly reduces the risk of future mental disorders.
The 2D effect also shows that also an average sleep dura-
tion of 7 hours might be associated with low mental dis-
ease risk, if integrated into a routine that spans at least
6 routine sleep hours. It is the added complexity of our
model that allows to investigate the simultaneous impor-
tance of sleep duration and routine sleep hours.

Our analysis also underscores the bidirectional rela-
tionship between sleep and mental disorders. Similar to
related studies [30, 62], we find that individuals affected
by mental disorders sleep significantly differently to
healthy individuals. Past research found that individuals
affected by mental disorders often develop sleep apnea
[52], insomnia [63], or hypersomnia [64]. However,
these conditions were also identified as risk factors for
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developing mental disorders. Thus, it is not surprising
to find a similar relationship between mental disorders
and sleep routine—especially since insomnia, hypersom-
nia, and sleep apnea seem likely to affect sleep routine.
To ensure our model does indeed provide evidence of a
bidirectional relationship and does not simply capture
reverse causality, we also evaluated our model when
excluding any diagnosis within 2 years after the sleep
behavior study [54].

Our metric of sleep routine—routine sleep hours—is
affected by participants’ sleep duration and the general
regularity of their sleep. While only excessive daytime
napping would affect our sleep routine metric, par-
ticipants’ sleep continuity is likely to have an effect. By
counting all 1-hour Brackets when participants were
asleep for at least 95% of the time, we allow for 3 minutes
of wakefulness on average in each of the 24 1-hour Brack-
ets, which accumulates to 21 minutes across the 7 days
of the sleep behavior study. If participants woke up dur-
ing the same 1-hour Bracket on multiple days during the
1-week sleep behavior study, this might reduce the num-
ber of routine sleep hours. Since we base our sleep rou-
tine metric on 24 fixed 1-hour brackets (from midnight
tolam, fromlamto2am, ,from 11 pm to midnight),
it might underestimate routine sleep if participants do
not fall asleep at a full hour and wake up exactly at a full
hour. Thus, it is likely that the optimal number of routine
sleep hours to minimize the risk of developing mental
disorders lies somewhat higher—closer to our calculated
optimal sleep duration of roughly 8 hours.

Our study provides evidence for future sleep recom-
mendations to highlight more clearly the importance of
incorporating sufficient sleep duration into a rigorous
sleep routine, helping realize the calculated potential
reduction in population incidence of mental disorders of
up to 23%. We calculate that at least 7 routine sleep hours
at an average sleep duration of 8 hours minimize the risk
of developing mental disorders in the future. However,
there will be some variability in this optimum between
different individuals as also visible in Fig. A2a—e. While
ever more erratic schedules [37, 38] might contribute to
less consistent sleep routines, our analysis highlights that
less sleep overall might be more beneficial for a large pro-
portion of the population—as long as it is integrated into
a healthy sleep routine.

Participants are particularly likely to change their daily
routines and, subsequently, also their sleep routine on
the weekend. We find that 27% of participants disrupt
their sleep routine on the weekend. In contrast, 18% of
participants used the weekend to increase their number
of routine sleep hours. Participants who kept their num-
ber of sleep routine hours constant over the weekend
(56%), on average increased their sleep duration on the
weekend. Participants who used the weekend to increase
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their number of routine sleep hours decreased their risk
of developing mental disorders by 6%, while participants
who Broke their sleep routine on the weekend increased
their risk of developing mental disorders by 10%. This
stresses the potential of the weekend to recover from
potentially disrupted patterns during the week, as well
as the danger of breaking any routine built up during the
week.

The sensitivity analysis of our multivariate general-
ized additive Cox proportional hazard model indicates
a robust 2D sleep routine effect. Predicted and observed
survival curves show good agreement in Fig. A4, as also
confirmed by Harrel’s and Uno’s C-statistics of 0.634—
which lies well within the acceptable range of 0.6—0.75
for biomedical survival analysis [65, 66]. For the aver-
age participant, the 2D sleep routine effect implies a
Hazard ratio of 0.79 (p < 0.0001) decreasing the risk of
developing mental disorders when adopting the opti-
mal sleep routine of at least 7 routine sleep hours at an
average sleep duration of 8 hours. This corresponds to
an E-value of 1.83, indicating the necessary strength of
a hidden confounder on both sleep behavior and mental
disorder risk to explain the 2D sleep routine effect [50],
which exceeds similar survival studies also conducted on
large-scale observational studies such as the UKB [54].
Since we control for established risk factors [33], such
a hidden confounder is particularly unlikely. Age- and
sex-based stratification indicate robust behavior of the
2D sleep routine effect across different subgroups in Fig.
A2a-e. Figure A2f further shows the robustness of the
2D sleep routine effect when excluding any diagnosis
within 2 years after the sleep behavior study. This rules
out reverse causality in case some mental disorders were
simply not diagnosed at the time of the sleep behavior
study but would have affected sleep behavior as shown
in Fig. 1c and also indicates that the 2D sleep routine
effect remains constant over time. We assessed the pro-
portional hazards assumption for the 2D sleep routine
effect by inspecting score residuals [41, 53] and found
evidence to reject it (p < 0.05), which indicates that the
main model assumption of our multivariate generalized
additive Cox proportional hazard model is valid and that
there is no change in the 2D sleep routine effect over
time.

Our study has several limitations. First, our calculations
might actually underestimate the prevalence of mental
disorders. Despite its large study size, the UKB is subject
to a well-documented healthy volunteer bias and thus not
representative of its sampling population [67, 68]. Gener-
ally, many mental disorders go undetected [51, 69]. Our
calculated optimal sleep routine might thus not be opti-
mal for the whole population, which is amplified by the
high average age of the UKB cohort (63.5 years with an
IQR of 12.3 years). Another limitation is the four to eight
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years between recruitment (2006—2010), when informa-
tion such as household income was reported, and the
sleep behavior study (2014) of the UKB. It is unlikely that
the information listed in Table 1 was up-to-date for all
participants at the beginning of the sleep behavior study.
It is also unknown how well the 1-week sleep behavior
study represents participants’ true daily and sleep rou-
tines. Most likely, for a single participant, the 1-week
sleep behavior study is a noisy observation of their overall
routine. The noise level is amplified potentially by inac-
curate sleep detection, which is still not perfect based on
wrist-worn accelerometers [70, 71]. The true importance
of sleep routine might thus be understated in our analysis
and would require more long-term modeling of partici-
pants’ routines.

Conclusions

Sleep routine, assessed via our novel metric of ‘routine
sleep hours, shows a strong, likely bi-directional, rela-
tionship to mental disorders: poor routine increases the
risk of mental disorders, while mental illness likely also
impairs routine. While optimal sleep behavior remains
individual, we estimate that adopting a sleep routine that
covers at least the same 7 hours each night at an aver-
age sleep duration of 8 hours could reduce the popula-
tion-wide incidence of mental disorders by 23%. We find
weekends to be a common reason for disrupted sleep
routines. Moreover, our analysis highlights a critical
social dimension: individuals from low-income house-
holds and ethnic minority groups are disproportionately
affected by poor sleep routines and higher mental health
risks.
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