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Abstract

Background. Depression and anxiety are prevalent mental health disorders. While sleep
duration has been extensively studied, sleep regularity may play a critical role. We aimed to
examine associations between objectivelymeasured sleep regularity and incident depression and
anxiety and to investigate whether meeting recommended sleep duration modifies these
associations.
Methods. In 79,666 UK Biobank participants without baseline depression or anxiety, wrist
accelerometers worn for 7 days yielded a sleep regularity index (SRI) and average sleep duration.
SRI was categorized as irregular (≤51), moderately irregular (52–70), or regular (≥71). Sleep
duration was classified by age-specific recommendations (7–9 hours for ages 18–64 years; 7–
8 hours for over 65 years). Cox regressionmodels assessed associations between sleep parameters
and mental health outcomes.
Results. During a median follow-up of 7.5 years, 1,646 participants developed depression, and
2,097 developed anxiety. Compared to irregular sleepers, regular sleepers had a 38% lower
depression risk (hazard ratio [HR], 0.62; 95% confidence interval [CI], 0.52–0.73) and a 33%
lower anxiety risk (HR, 0.67; 95%CI, 0.58–0.77). Participants with both irregular sleep and
nonrecommended duration exhibited the highest risks (depression HR, 1.91; 95%CI, 1.55–2.35;
anxiety HR, 1.61; 95%CI, 1.35–1.93). Notably, irregular sleepers who met duration guidelines
still faced elevated risks (depression HR, 1.48; 95%CI, 1.18–1.86; anxiety HR, 1.35; 95%CI, 1.11–
1.64).
Conclusions. Greater sleep regularity is independently associated with lower depression and
anxiety risk regardless of sleep duration, suggesting that sleep–wake consistency should be
considered in mental health promotion strategies alongside traditional sleep duration recom-
mendations.

Introduction

Mental health disorders, particularly depression and anxiety, represent a significant global health
burden with increasing prevalence rates worldwide (COVID-19Mental Disorders Collaborators,
2021). Depression affects approximately 280 million people globally, while anxiety disorders
affect an estimated 301 million individuals, with both conditions often co-occurring and sharing
common risk factors (GBD, 2019). Given their substantial societal impact, identifyingmodifiable
risk factors for these disorders remains a public health priority.

Sleep plays a fundamental role in maintaining mental health and emotional regulation.
Extensive research has established robust associations between various sleep parameters and
mental health outcomes (Scott et al., 2021; Sun et al., 2022).While numerous studies have focused
on sleep duration, with both short and long sleep durations associated with adversemental health
outcomes (Chunnan, Shaomei, & Wannian, 2022), mounting evidence suggests that other
dimensions of sleep may be equally important.

Sleep regularity, the day-to-day consistency in sleep–wake timing rather than the amount of
sleep obtained, has emerged as a potentially critical component of healthy sleep (Windred et al.,
2024). The sleep regularity index (SRI), developed by Phillips et al., quantifies the probability of
an individual being in the same sleep–wake state at any two time points 24 hours apart (Phillips
et al., 2017), thus capturing the stability of circadian timing independent of total sleep duration.
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The biological underpinnings of sleep regularity are closely tied to
the circadian system (Charrier, Bertrand, Pierre, & Sylvie, 2017).
Disruption of these rhythms, often manifested as irregular sleep
patterns, may trigger cascading effects on neuroendocrine function,
inflammatory processes, and neurotransmitter systems implicated
in mood regulation (Logan & McClung, 2019; Walker, Walton,
DeVries, & Nelson, 2020).

Despite growing recognition of the importance of circadian
rhythm, current research on sleep and mental health has several
limitations. Studies have predominantly focused on sleep duration
and quality, with insufficient attention to sleep regularity (Matric-
ciani et al., 2018). Most existing studies rely on self-reported sleep
measures, which are subject to recall bias and limited in capturing
day-to-day variations in sleep patterns (Cespedes et al., 2016; Lauder-
dale et al., 2008). Additionally, large-scale prospective studies using
objective sleep measurements to examine the relationship between
sleep regularity and incident depression or anxiety are notably scarce.

Therefore, in this study, based on the UK Biobank database, we
aimed to investigate the associations between objectively measured
sleep regularity, sleep duration, and risk of developing depression
and anxiety, and determine whether achieving recommended sleep
duration mitigated the effects of irregular sleep on depression and
anxiety incidence.

Methods

Study design

The data used in this study were derived from the UK Biobank, a
large, population-based prospective cohort study that included over
500,000 participants aged 38–73 years, recruited between 2006 and
2010 (Allen et al., 2024). Participants completed an initial assess-
ment at the time of recruitment, designed to capture information
across a broad range of health and lifestyle factors, through ques-
tionnaires and physical measurements (Sudlow et al., 2015).
Between February 2013 and December 2015, a total of 103,683
participants with valid e-mail addresses from the UK Biobank were
randomly invited to participate in a 7-day wrist-worn accelerom-
eter study. After excluding participants with depression or anxiety
at baseline, a total of 89,533 participants were included. Further
exclusion was conducted for participants with unreliable acceler-
ometer data or missing data required for calculating the SRI and
sleep duration. Ultimately, a total of 79,666 participants were
included in the final analysis (Supplementary Figure 1).

All participants gave written consent, and all data collection was
conducted following the Declaration of Helsinki. The study was
approved by the North West Multicenter Research Ethics Com-
mittee in the United Kingdom (Allen et al., 2024) and was con-
ducted under UK Biobank application number 211772.

Sleep regularity and sleep duration

From this baseline cohort, participants wore Axivity AX3 devices
(Axivity, Newcastle upon Tyne, UK) on their dominant wrist for
7 days under free-living conditions. The Axivity AX3 accelerometer
is a lightweight, wrist-worn device designed to capture triaxial accel-
eration data continuously at a high resolution of 100 Hz, with a
dynamic range of ±8 gravity. The raw accelerometer data were
preprocessed using the Euclidean Norm Minus One method, which
removes the gravitational constant from the vector magnitude of the
triaxial signals and expresses the resulting movement in milligravity
units. Sleep status (awake or asleep) at any given time was estimated

using the open-source R package GGIR, version 2.7-1, which lever-
ages established algorithms (Vincent T. vanHees et al., 2015; Vincent
Theodoor van Hees et al., 2018). In the absence of sleep diary data,
GGIR uses a specific algorithm to define a daily sleep period time
window for each participant (Vincent Theodoor van Hees et al.,
2018). This window represents the timeframe between the start
and end of the main daily sleep episode, during which sustained
inactivity, arm angle changes consistent with lying position, and the
absence of intermittent movement patterns typical of conscious rest
are interpreted as sleep. The validity of accelerometer-based sleep
assessment has been established through comparison with polysom-
nography. The GGIR algorithm shows 83% accuracy in sleep–wake
classification, with the specific Axivity AX3 device demonstrating
high sensitivity and specificity for sleep detection (Doherty et al.,
2017; van Hees et al., 2018). By default, the algorithm does not detect
sleep episodes occurring outside this defined window and thus
cannot identify naps.

Sleep regularity was evaluated using the SRI, a metric that
quantifies the consistency of daily sleep patterns by comparing
consecutive days (Phillips et al., 2017). The SRI calculates the
average concordance in sleep–wake states across all time pairs
separated by 24 hours. For example, two individuals may both
achieve 8 hours of sleep, but one who consistently sleeps from
10 PM to 6 AM would have a high SRI score, while another who
varies their sleep timing daily (e.g., 10 PM–6 AM on Monday,
2 AM–10 AM on Tuesday) would have a low SRI score despite
similar sleep duration. Participants were included in the SRI
calculation only if they had at least five valid days of accelerom-
eter data, recorded for a minimum of 16 hours per day. This
ensured that only high-quality data were used for downstream
analyses. An SRI score of 100 indicates perfectly consistent sleep–
wake patterns, while a score of 0 reflects completely random
patterns. Participants were categorized as irregular (0–25th per-
centile, SRI ≤ 51); moderately irregular (25–75th percentile,
52 ≤ SRI ≤ 70); and regular (75–100th percentile, SRI ≥ 71)
sleepers (Windred et al., 2021).

Sleep duration data were extracted based on the same study days
used for calculating the SRI. For each participant, the daily average
sleep duration was calculated based on the period of sustained
inactivity between sleep onset and offset times, as estimated by
GGIR (Windred et al., 2024). The overall average sleep duration for
each participant was then derived by aggregating these daily values
across the study period. Participants were categorized based on
whether they met the sleep duration recommendation of 7–9 hours
per day for adults aged 18–64 years or 7–8 hours per day for adults
aged over 65 years (Hirshkowitz et al., 2015; Ross et al., 2020).

Outcomes

Depression and anxiety diagnoses were identified in participants
through multiple sources, including hospital inpatient records,
primary care, and death registry data. The primary care data
captured information recorded by healthcare professionals in gen-
eral practice settings, which typically identifies mental health con-
ditions earlier than hospital admissions. The classification of
depressive and anxiety disorders was based on the 10th Revision
of the International Classification of Diseases, using diagnostic
codes F32 (depressive episode) and F33 (recurrent depressive dis-
order) for depression, and F40–F48 (neurotic, stress-related, and
somatoform disorders) for anxiety, including all subcategories (Fan
et al., 2025). Follow-up was conducted until depression or anxiety
diagnosis, death, or the end of follow-up (October 31, 2022 for
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England, May 31, 2022 for Wales, and August 31, 2022 for Scot-
land), whichever came first.

Assessment of covariates

Covariates included in the analysis were selected based on their
potential confounding effects on the association between sleep
regularity and health outcomes (Chaput et al., 2024; Yang et al.,
2023). Baseline characteristics included age at recruitment
(continuous, years), sex (male or female), body mass index
(BMI, continuous), and ethnicity (White or non-White). Health-
related covariates encompassed smoking status (never, previous,
current, or unknown/missing); alcohol consumption status
(never, previous, current, or unknown/missing); physical activity
level (low: <600, moderate: 600–3000, and high: >3000 metabolic
equivalent tasks minutes/week); healthy diet score (continuous);
and shift work (yes, no, or unknown/missing). The healthy diet
score was calculated based on the consumption of fruits, veget-
ables, processed meat, red meat, fish, whole grains, and refined
grains (Supplementary Table 1). A score of 4 or above was
considered indicative of a high diet quality. Socioeconomic fac-
tors included household income (<£31,000, ≥£31,000, or
unknown/missing); education level (college level, below college
level, no qualification, or unknown/missing); and Townsend
deprivation index (continuous). Additionally, the season during
which the accelerometer was worn (spring, summer, autumn, or
winter) was included as a covariate. Detailed coding information in
the UK Biobank is shown in Supplementary Table 2.

Statistical analysis

Baseline characteristics of the participants were described as
means (standard deviation) or medians (interquartile range) for
continuous variables and proportions for categorical variables.
In the statistical analysis, chi-square tests were used for cat-
egorical variables. For continuous variables, a range of tests
were applied, including analysis of variance, Wilcoxon tests, or
Kruskal–Wallis tests, depending on the data distribution and
study requirements. Furthermore, we compared baseline char-
acteristics between participants included and those excluded
from the final analysis. Pearson’s correlation coefficient was
calculated to quantify the linear association between two sleep
parameters.

The proportionality assumption of Cox regression models was
verified through Schoenfeld residuals analysis, confirming compli-
ance with proportional hazards criteria across all variables (P > 0.05).
Multivariable-adjusted Cox regression analyses were performed to
assess the associations between SRI and sleep duration with risks of
depression and anxiety, with results reported as hazard ratios (HRs)
and 95% confidence intervals (CIs). SRI was analyzed both as con-
tinuous (per standard deviation increase) and categorical variables
(irregular: 0–25th percentile, moderately irregular: 25–75th percent-
ile, regular: 75–100th percentile). All models adopted the time
since accelerometer deployment as the temporal scale. Two
models were constructed. Model 1 adjusted for age at recruit-
ment, sex, BMI, and ethnicity. Model 2 further adjusted for
annual household income, education level, smoking status,
Townsend deprivation index, alcohol consumption status, phys-
ical activity level, healthy diet score, shift work, the season of
accelerometer wear, and sleep duration. Furthermore, to explore
potential nonlinear relationships between sleep patterns and
mental health outcomes, we applied restricted cubic spline

(RCS) models with four knots (at the 5th, 35th, 65th, and 95th
percentiles), adjusting for all covariates included in Model 2.

To comprehensively examine the potential interaction and
combined effects of SRI and meeting the recommended sleep
duration on the risk of anxiety and depression, a joint analysis
was conducted. Participants were categorized into six distinct
groups based on combinations of SRI levels and sleep duration
categories, with the group characterized by regular sleep patterns
and meeting the recommended sleep duration as the reference.
Stratified analyses were performed to evaluate the independent
effects of sleep regularity on anxiety and depression risk within
subgroups defined by sleep duration. The multiplicative inter-
action between SRI and sleep duration was evaluated using the
“interactionR” package in R. In the joint and stratified analyses,
sleep duration was treated as a grouping variable rather than a
covariate to avoid overadjustment.

Subgroup analyses were conducted to determine whether the
associations varied across specific demographic and lifestyle
factors. These factors were guided by previous literature, includ-
ing age at recruitment, sex, BMI, education level, annual house-
hold income, Townsend deprivation index, diet quality, and
physical activity level (Kandola et al., 2021; Dankang et al.,
2023; Lv et al., 2024; Xu, Yin, & Gong, 2023). To ensure the
robustness and reliability of the primary findings, several sensi-
tivity analyses were conducted: (1) excluding participants diag-
nosed with depression or anxiety within the first 2, 5, and 7 years
of follow-up to reduce potential reverse causation bias (Lu et al.,
2024); (2) removing individuals with missing or incomplete
covariate data; (3) further adjusted for: polygenic risk scores for
depression and anxiety (Supplementary Method 1), region,
chronotype (morning-type or evening-type preference), neuroti-
cism scores from the revised Eysenck Personality Questionnaire
(Lyall et al., 2018), history of chronic diseases at baseline, includ-
ing hypertension, diabetes, and hyperlipidemia (Cribb et al.,
2023); (4) redefining depression and anxiety cases using Patient
Health Questionnaire (PHQ)-9 and Generalized Anxiety Dis-
order (GAD)-7 questionnaires administered between 2016 and
2017 to avoid bias from relying solely on medical records. A
PHQ-9 or GAD-7 total score of ≥10 was considered depression
or anxiety symptoms (Supplementary Method 2) (Fan et al.,
2025); and (5) stricter baseline exclusion criteria by excluding
participants with subclinical symptoms (PHQ-4 assessment
positive) or any psychotropic medication use at baseline.

Results

Participant characteristics

This study included a total of 79,666 participants, with an average
follow-up time of 7.5 years (interquartile range: 6.98–8.05 years).
During the follow-up period, 1,646 (2.07%) participants were diag-
nosed with depression, and 2,097 (2.63%) were diagnosed with
anxiety. The baseline demographic and clinical characteristics of
participants, stratified by sleep regularity, are presented in Table 1.
Compared with participants with irregular sleep patterns, those
with regular sleep patterns were younger, had a higher proportion
of females, and exhibited a lower BMI. Participants with regular
sleep patterns also reported higher income levels and lower pro-
portions of current smoking and alcohol consumption. Further-
more, they were more likely to engage in moderate to high levels of
physical activity and follow a healthy dietary pattern. In contrast,
participants with irregular sleep patterns were more likely to be
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Table 1. Characteristics of participants at baseline

Characteristics Total

Sleep regularity index

Irregular
(Q1)

Moderate Irregular
(Q2–Q4)

Regular
(Q5)

Number of population 79,666 15,934 47,799 15,933

Age, mean (SD), year 61.53 (7.87) 62.26 (7.78) 61.47 (7.85) 60.98 (7.94)

BMI, mean (SD), kg/m2 26.62 (4.43) 28.02 (4.95) 26.52 (4.28) 25.51 (3.96)

Sleep duration, mean (SD), hours 7.22 (1.00) 6.94 (1.24) 7.26 (0.95) 7.36 (0.81)

Townsend deprivation index, mean (SD) �1.77 (2.79) �1.28 (3.05) �1.83 (2.75) �2.06 (2.60)

Sex

Female 43,620 (54.75) 6,188 (38.84) 26,292 (55.01) 11,140 (69.92)

Male 36,046 (45.25) 9,746 (61.16) 21,507 (44.99) 4,793 (30.08)

Ethnic background

White 77,124 (96.81) 15,126 (94.93) 46,370 (97.00) 15,628 (98.09)

Non-White (mixed, Asian, Black,
Chinese, and other ethnic groups)

2,542 (3.19) 808 (5.07) 1,429 (3.00) 305 (1.91)

Annual household income, £

<31,000 26,921 (33.79) 6,388 (40.09) 15,604 (32.65) 4,929 (30.94)

≥31,000 44,499 (55.86) 7,960 (49.96) 27,315 (57.15) 9,224 (57.89)

Unknown/missing 8,246 (10.35) 1,586 (9.95) 4,880 (10.20) 1,780 (11.17)

Education status

High 34,475 (43.27) 6,436 (40.39) 20,927 (43.78) 7,112 (44.64)

Middle 37,803 (47.45) 7,604 (47.72) 22,580 (47.24) 7,619 (47.82)

No above 6,592 (8.28) 1,694 (10.63) 3,834 (8.02) 1,064 (6.68)

Unknown/missing 796 (1.00) 200 (1.26) 458 (0.96) 138 (0.86)

Smoking status

Never 45,905 (57.62) 8,244 (51.74) 27,774 (58.11) 9,887 (62.05)

Current 5,147 (6.46) 1,581 (9.92) 2,879 (6.02) 687 (4.31)

Previous 28,401 (35.65) 6,058 (38.02) 17,016 (35.60) 5,327 (33.43)

Unknown/missing 213 (0.27) 51 (0.32) 130 (0.27) 32 (0.21)

Alcohol consumption status

Never 2,265 (2.84) 538 (3.38) 1,279 (2.68) 448 (2.81)

Current 75,393 (94.64) 14,841 (93.14) 45,409 (95.00) 15,143 (95.03)

Previous 1,935 (2.43) 537 (3.37) 1,065 (2.22) 333 (2.10)

Unknown/missing 73 (0.09) 18 (0.11) 46 (0.10) 9 (0.06)

Physical activity levela

Low 11,011 (13.82) 2,607 (16.36) 6,389 (13,37) 2,015 (12.65)

Moderate 49,306 (61.89) 9,625 (60.41) 29,830 (62.41) 9,851 (61.83)

High 19,349 (24.29) 3,702 (23.23) 11,580 (24.22) 4,067 (25.52)

Diet qualityb

Healthy 53,281 (66.88) 9,683 (60.77) 32,145 (67.25) 11,453 (71.88)

Unhealthy 26,385 (33.12) 6,251 (39.23) 15,654 (32.75) 4,480 (28.12)

Employment shift

No 42,915 (53.87) 7,628 (47.87) 26,289 (55.00) 8,998 (56.47)

Yes 6,289 (7.89) 1,733 (10.88) 3,597 (7.53) 959 (6.02)

Unknown/missing 30,462 (38.24) 6,573 (41.25) 17,913 (37.47) 5,976 (37.51)

(Continued)
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employed in shift work. Comparison of included versus excluded
participants revealed modest differences in baseline characteristics
(Supplementary Table 3).

Additionally, we examined the correlation between SRI and
sleep duration. The weak correlation (r = 0.16, P < 0.001) suggests
that these two sleep parameters capture distinct dimensions of sleep
health.

SRI with anxiety and depression risk

The associations between SRI and risks of anxiety and depression
are presented in Table 2. In the fully adjustedmodels, each standard
deviation increase in SRI was associated with a 14% decreased risk
of depression (95% CI: 0.82, 0.90) and a 12% decreased risk of
anxiety (95% CI: 0.85, 0.92). The RCS curve demonstrated a

significant linear dose–response relationship between SRI and risk
of depression and anxiety, as shown in Figure 1. When SRI scores
were categorized, individuals with moderate irregular sleep pat-
terns (HR: 0.80; 95%CI: 0.71, 0.90 for depression; HR: 0.82; 95%CI:
0.74, 0.91 for anxiety) and regular sleep patterns (HR: 0.62; 95% CI:
0.52, 0.73 for depression; HR: 0.67; 95% CI: 0.58, 0.77 for anxiety)
had significantly lower risks of both disorders compared with the
irregular group. The association between SRI and mental health
outcomes persisted after adjusting for sleep duration, confirming
that sleep regularity represents an independent risk factor beyond
sleep quantity alone.

The results of subgroup analyses consistently supported the
primary findings (Supplementary Tables 4 and 5). Additionally,
significant multiplicative interactions were observed between the
Townsend deprivation index and SRI on anxiety risk and between
age and SRI on depression risk (all P for interaction <0.001). The
observed associations remained robust in all sensitivity analyses
(Supplementary Tables 6–10).

Stratified analysis of SRI with depression and anxiety risks by
sleep duration

Figure 2 illustrates the joint effects of sleep regularity and duration.
Compared with participants who had regular sleep patterns and
met duration guidelines, those with both irregular sleep and non-
recommended duration had a 91% higher risk of depression (95%
CI: 1.55, 2.35) and a 61% higher risk of anxiety (95% CI: 1.35, 1.93)
(Supplementary Tables 11 and 12).

In stratified analyses (Figure 3), irregular sleep was linked to
greater depression and anxiety risks regardless of whether partici-
pants met duration recommendations. Even among those who
achieved the recommended sleep duration, individuals in the low-
est SRI category had a 48% higher risk of depression (95% CI: 1.18,
1.86) and a 35% higher risk of anxiety (95% CI: 1.11, 1.64) com-
pared with regular sleepers. No significant interaction between SRI
and sleep durationwas observed (Supplementary Tables 13 and 14).

Discussion

In this large prospective cohort study with objective sleep meas-
urements, SRI was associated with an increased risk of depression
and anxiety, with a significant linear dose–response relationship.
Our joint analysis revealed a clear gradient of risk, with participants
experiencing both irregular sleep patterns and adverse sleep

Table 2. Association between SRI and risk of depression and anxiety

SRI Cases/total

HR (95% CI)

Model 1a Model 2b

Depression

Irregular (Q1) 434/15,934 1.00 (Ref.) 1.00 (Ref.)

Moderate
irregular (Q2–Q4)

965/47,799 0.73 (0.65–0.82) 0.80 (0.71–0.90)

Regular (Q5) 247/15,933 0.55 (0.47–0.64) 0.62 (0.52–0.73)

P for trend < 0.001 < 0.001

Per SD increment 0.81 (0.78–0.85) 0.86 (0.82–0.90)

Anxiety

Irregular (Q1) 504/15,934 1.00 (Ref.) 1.00 (Ref.)

Moderate
irregular (Q2–Q4)

1,242/47,799 0.77 (0.69–0.85) 0.82 (0.74–0.91)

Regular (Q5) 351/15,933 0.62 (0.53–0.71) 0.67 (0.58–0.77)

P for trend < 0.001 < 0.001

Per SD increment 0.85 (0.82–0.89) 0.88 (0.85–0.92)

Abbreviations: CI, ‘confidence interval’; HR, ‘hazard ratio’; Q, ‘quantile’; Ref, ‘reference’; SD,
‘standard deviation’; SRI, ‘sleep regularity’ index.
aModel 1 was adjusted for age at recruitment, sex, body mass index, and ethnicity.
bModel 2 was further adjusted for annual household income, education level, smoking status,
Townsend deprivation index, alcohol consumption status, physical activity level, healthy diet
score, employment shift, season of accelerometer wear, and sleep duration based onmodel 1.

Table 1. (Continued)

Characteristics Total

Sleep regularity index

Irregular
(Q1)

Moderate Irregular
(Q2–Q4)

Regular
(Q5)

Season of accelerometer wear

Spring 18,059 (22.67) 3,509 (22.02) 10,897 (22.80) 3,653 (22.93)

Summer 20,688 (25.97) 3,694 (23.18) 12,469 (26.09) 4,525 (28.40)

Autumn 23,814 (29.89) 4,816 (30.23) 14,288 (29.89) 4,710 (29.56)

Winter 17,105 (21.47) 3,915 (24.57) 10,145 (21.22) 3,045 (19.11)

Note: Data are presented as mean (standard deviation) for continuous variables and n (%) for categorical variables.
Abbreviations: BMI, ‘body mass index’; MET, ‘metabolic equivalent tasks’; Q, ‘quantile’; SD, ‘standard deviation’.
aPhysical activity was divided into three levels according to metabolic equivalent tasks (MET): low (<600 MET minutes/week), medium (600–3,000 MET minutes/week), and high (>3,000 MET
minutes/week).
bDiet score was calculated based on the consumption of fruits, vegetables, processed meat, redmeat, fish, whole grains, and refined grains. The diet score ranged from 0 to 7, with higher scores
reflecting better diet quality, and ≥4 was considered a healthy diet.
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duration exhibiting the highest risk of developing these disorders.
Notably, even among participants meeting recommended sleep
duration guidelines, those with irregular sleep patterns still exhib-
ited significantly elevated risks of both conditions compared with
the regular sleep group.

These results align with and expand upon recent investigations
into sleep regularity as an emerging health indicator. Lyall et al. first
linked disrupted circadian rhythmicity with mental health through
a cross-sectional study (Lyall et al., 2018). Cribb et al. demonstrated
that irregular sleep–wake patterns were associated with higher
mortality risk in the UK Biobank cohort, with HR exhibiting a
nonlinear dose–response relationship (Cribb et al., 2023). Similarly,

Chaput et al. found that moderate and high sleep irregularity were
associated with an increased risk of type 2 diabetes, even among
participants who achieved the recommended sleep duration (Chaput
et al., 2024). Our findings regarding mental health outcomes com-
plement these studies on physical health, highlighting sleep regularity
as a critical dimension beyond traditional sleep parameters. The
observed linear relationship between SRI and a decreased risk of
depression and anxiety suggests that even modest improvements in
sleep regularity might yield mental health benefits, underscoring the
importance of consistent sleep–wake patterns.

Additionally, our subgroup and interaction analyses found that
regular sleep was more strongly associated with a reduced risk of

Figure 1. Dose–response relationship between SRI and depression (a) and anxiety (b) risk by RCS analysis.
Note: CI, ‘confidence interval’; RCS, ‘restricted cubic spline’; SRI, ‘sleep regularity index’.
Models were adjusted for age at recruitment, sex, body mass index, ethnicity, annual household income, education level, smoking status, Townsend deprivation index, alcohol
consumption status, physical activity level, healthy diet score, employment shift, and season of accelerometer wear.
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depression among participants younger than 60 years, and with a
lower risk of anxiety among those from socioeconomically disad-
vantaged backgrounds. These findings align with previous research
showing that younger individuals tend to have more sensitive
circadian rhythms (Liao, Shi, Li, & Han, 2025), and that socio-
economic hardship can amplify the physiological and psychological
effects of sleep disruption, leading to increased mental health risks
(Etindele, Faustin, Holmes, & Weinstein, 2021). These results
suggest that improving sleep regularity may be an effective and
low-cost strategy to mitigate depression and anxiety risks in high-
risk groups, particularly younger populations and socioeconomi-
cally disadvantaged individuals.

The association between sleep regularity and mental health
outcomes, persisting after stratification by sleep duration, is par-
ticularly noteworthy. This relationship parallels findings by Zheng
et al. and Yiallourou et al., who observed that sleep regularity and
duration were all important factors associated with health condi-
tions (Zheng et al., 2024), and sleep regularity displayed aU-shaped
association with risk of incident dementia, operating through
mechanisms distinct from sleep duration alone (Yiallourou et al.,
2024). Collectively, these findings highlight that maintaining regu-
lar sleep–wake cycles may be equally or potentially more important
than achieving recommended sleep duration.

Several plausible biological mechanisms may explain the
observed associations between sleep regularity and mental health
outcomes. First, irregular sleep patterns can disrupt the synchron-
ization of central and peripheral circadian clocks (Charrier et al.,

2017), potentially altering the expression of clock genes that regu-
late various physiological processes. This desynchronization may
affect neurotransmitter systems implicated in mood regulation,
including serotonin, dopamine, and norepinephrine (Vadnie &
McClung, 2017). Second, disrupted sleep–wake cycles may impair
hypothalamic–pituitary–adrenal (HPA) axis function, leading to
dysregulated cortisol secretion patterns (Koch et al., 2017). Chronic
HPA axis dysfunction has been consistently linked to both depres-
sion and anxiety disorders (Gilbert et al., 2017). Third, irregular
sleep may compromise prefrontal cortex function and emotion
regulation capabilities. Neuroimaging studies have shown that even
acute sleep disruption can enhance amygdala reactivity to negative
stimuli while reducing functional connectivity with prefrontal
regions that modulate emotional responses (Goldstein & Walker,
2014; Krause et al., 2017). Fourth, emerging evidence suggests that
sleep irregularity may promote systemic inflammation, as evi-
denced by elevated levels of pro-inflammatory cytokines observed
in individuals with disrupted circadian rhythms (Wright et al.,
2015). This is particularly relevant as chronic low-grade inflamma-
tion is increasingly recognized as a potential pathophysiological
pathway tomood disorders (Miller & Raison, 2016). Additionally, a
recent work by Logan and McClung further elucidates how circa-
dian disturbances often precede and potentially contribute tomood
disorders, suggesting a causal pathway from sleep irregularity to
psychiatric symptoms (Logan & McClung, 2019).

Our findings have important implications for clinical practice
and public health strategies. For public health, our findings

Figure 2. Joint associations of SRI and sleep duration with the risks of depression and anxiety.
Note: CI, ‘confidence interval’; HR, ‘hazard ratio’; SRI, ‘sleep regularity index’.
Meeting guidelines was defined as 7–9 hours daily sleep for adults aged 18–64 years or 7–8 hours for those ≥65 years, based on public health recommendations. Not meeting
guidelines was classified as sleep durations outside these ranges.
Models were adjusted for age at recruitment, sex, body mass index, ethnicity, annual household income, education level, smoking status, Townsend deprivation index, alcohol
consumption status, physical activity level, healthy diet score, employment shift, and season of accelerometer wear.
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underscore the importance of education about sleep regularity as a
modifiable risk factor and could provide additional mental health
benefits at the population level. Current sleep guidelines primarily
emphasize duration. Our results suggest that these guidelines
should be expanded to incorporate recommendations for main-
taining regular sleep–wake patterns, similar to recent calls by the
National Sleep Foundation’s consensus statement on sleep regular-
ity (Sletten et al., 2023). From a clinical perspective, healthcare
providers should routinely assess sleep regularity alongside other
sleep parameters when evaluating patients’ sleep health, particu-
larly those at risk of or experiencing depression and anxiety (Sun
et al., 2025). Simple interventions to improve sleep regularity, such
as maintaining consistent bedtimes and wake times, may represent
an underutilized approach to mental health prevention and man-
agement.

Our study has strengths that enhance the reliability and signifi-
cance of the findings. The use of wrist-worn accelerometers to

objectively measure sleep patterns eliminated the recall bias
inherent in self-reported sleep data, providing a more accurate
assessment of sleep regularity and duration under free-living
conditions. The prospective design, with a large sample size and
extended follow-up period, allowed for a robust temporal analysis
of the relationship between sleep parameters and subsequent
mental health outcomes.

Despite these strengths, several limitations warrant consider-
ation when interpreting our results. First, we acknowledge several
important limitations regarding causal inference. Despite our pro-
spective design and multiple sensitivity analyses, the observational
nature of our study precludes definitive causal conclusions.
Although we excluded incident cases occurring up to 7 years post-
baseline and adjusted for subclinical symptoms, we cannot com-
pletely rule out reverse causality given the long prodromal phases of
depression and anxiety. Furthermore, despite extensive covariate
adjustment, including polygenic risk scores and personality traits,

Figure 3. Association between SRI and risk of depression (a) and anxiety (b) according to sleep duration stratification.
Note: CI, ‘confidence interval’; HR, ‘hazard ratio’; Q, ‘quantile’; Ref, ‘reference’; SRI, ‘sleep regularity index’.
Meeting guidelines was defined as 7–9 hours daily sleep for adults aged 18–64 years or 7–8 hours for those ≥65 years, based on public health recommendations. Not meeting
guidelines was classified as sleep durations outside these ranges.
aModels were adjusted for age at recruitment, sex, body mass index, ethnicity, annual household income, education level, smoking status, Townsend deprivation index, alcohol
consumption status, physical activity level, healthy diet score, employment shift, and season of accelerometer wear.
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residual confounding from unmeasured factors remains possible.
Second, the accelerometer-based assessment of sleep had inherent
limitations. The algorithm we used to determine sleep and wake
relied on identifying a main sleep period time window and did not
account for napping, which may contribute to overall sleep pat-
terns. Our sleep regularity assessment was based on a single 7-day
measurement period, which may not fully capture long-term sleep
patterns or changes over time. Additionally, the accelerometer
provides an estimate of sleep based on an algorithm, which may
not perfectly align with polysomnography, the gold standard for
sleep measurement (Boulos et al., 2019). Third, the predominantly
White ethnic composition of the cohort restricts the applicability of
results to more diverse populations. Fourth, depression and anxiety
diagnoses identified through medical records may underestimate
the true prevalence of these conditions, as many individuals with
mental health disorders do not seek professional help. Although we
supplemented this with questionnaire-based assessments in a sen-
sitivity analysis, some cases may still have been missed.

Conclusion

In conclusion, our study provides compelling evidence that regular
sleep patterns are associated with a reduced risk of depression and
anxiety. Even among individuals who achieve the recommended
sleep duration, consistency in sleep–wake timing remains an inde-
pendent and significant factor. These results underscore the
importance of placing equal emphasis on sleep regularity and
duration in depression and anxiety prevention and management.

Abbreviations
BMI body mass index;
CI confidence interval;
GAD generalized anxiety disorder;
HR hazard ratio;
PHQ patient health questionnaire;
RCS restricted cubic spline;
SRI sleep regularity index

Supplementary material. The supplementary material for this article can be
found at http://doi.org/10.1017/S0033291725101281.

Data availability statement. Data used in this study are available on appli-
cation to the UK Biobank (www.ukbiobank.ac.uk). Analytical methods and
study materials will be available to other researchers from the corresponding
authors upon reasonable request for the purposes of reproducing the results or
replicating the procedure.

Acknowledgments. The authors are grateful to all participants in the UK
Biobank project for their contributions.

Author contribution. D-RL, B-QL, S-YG, and Q-JW contributed to the study
design. D-RL, Z-XL, M-HL, B-QL, J-CL, W-RZ, and S-YG analyzed the data.
D-RL, Z-XL, B-QL, QF, T-TG, S-YG, and Q-JW wrote the first draft of the
manuscript and edited the manuscript. All authors read and approved the final
manuscript. D-RL, Z-XL, M-HL, and B-QL contributed equally to this work.

Funding statement. This study did not receive any funding.

Competing interests. The authors declare no competing interests.

Ethical standard. The UK Biobank received approval from the North West
Multicenter Research Ethics Committee, and all participants provided written
informed consent. As the dataset is publicly accessible and free of identifiable
information, additional ethical approval and informed consent were not
required.

References

Allen, N. E., Lacey, B., Lawlor, D. A., Pell, J. P., Gallacher, J., Smeeth, L., &
Collins, R. (2024). Prospective study design and data analysis in UK Biobank.
Science Translational Medicine, 16(729), eadf4428. https://doi.org/10.1126/
scitranslmed.adf4428.

Boulos, M. I., Jairam, T., Kendzerska, T., Im, J., Mekhael, A., & Murray, B. J.
(2019). Normal polysomnography parameters in healthy adults: A systematic
review and meta-analysis. The Lancet. Respiratory Medicine, 7(6), 533–543.
https://doi.org/10.1016/S2213-2600(19)30057-8.

Cespedes, E. M., Hu, F. B., Redline, S., Rosner, B., Alcantara, C., Cai, J., & Patel,
S. R. (2016). Comparison of self-reported sleep duration with Actigraphy:
Results from the Hispanic community health study/study of Latinos Sueño
ancillary study. American Journal of Epidemiology, 183(6), 561–573. https://
doi.org/10.1093/aje/kwv251.

Chaput, J.-P., Biswas, R. K., Ahmadi, M., Cistulli, P. A., Sabag, A., St-Onge, M.-
P., & Stamatakis, E. (2024). Sleep irregularity and the incidence of type
2 diabetes: A device-based prospective study in adults. Diabetes Care,
47(12), 2139–2145. https://doi.org/10.2337/dc24-1208.

Charrier, A., Bertrand, O., Pierre, R., & Sylvie, T. (2017). Clock genes and altered
sleep-Wake rhythms: Their role in the development of psychiatric disorders.
International Journal of Molecular Sciences, 18(5). https://doi.org/10.3390/
ijms18050938.

Chunnan, L., Shaomei, S., &Wannian, L. (2022). The association between sleep
and depressive symptoms in US adults: Data from the NHANES (2007–2014).
Epidemiology and Psychiatric Sciences, 31, e63. https://doi.org/10.1017/
S2045796022000452.

COVID-19 Mental Disorders Collaborators. (2021). Global prevalence and
burden of depressive and anxiety disorders in 204 countries and territories
in 2020due to theCOVID-19 pandemic.Lancet (London, England), 398(10312),
1700–1712. https://doi.org/10.1016/s0140-6736(21)02143-7

Cribb, L., Sha, R., Yiallourou, S., Grima, N. A., Cavuoto, M., Baril, A.-A., & Pase,
M. P. (2023). Sleep regularity andmortality: A prospective analysis in the UK
Biobank. eLife, 12. https://doi.org/10.7554/eLife.88359.

Doherty, A., Jackson, D., Hammerla, N., Plötz, T., Olivier, P., Granat, M. H., &
Wareham, N. J. (2017). Large scale population assessment of physical activity
using wrist worn accelerometers: The UK Biobank study. PLoS One, 12(2),
e0169649. https://doi.org/10.1371/journal.pone.0169649.

Etindele, S., Faustin, A., Holmes, S. D., & Weinstein, A. A. (2021). Influence of
socioeconomic status on objective sleep measurement: A systematic review
and meta-analysis of actigraphy studies. Sleep Health, 7(4), 417–428. https://
doi.org/10.1016/j.sleh.2021.05.005.

Fan, J., Zhang, X., Jia, X., Fan, Z., Yang, C., Wang, Y., & Yang, Y. (2025).
Association of active commuting with incidence of depression and anxiety:
Prospective cohort study. Translational Psychiatry, 15(1), 39. https://doi.org/
10.1038/s41398-024-03219-w.

GBD. (2019). Mental disorders collaborators. (2022). Global, regional, and
national burden of 12 mental disorders in 204 countries and territories,
1990–2019: A systematic analysis for the global burden of disease study
2019. The Lancet. Psychiatry, 9(2), 137–150. https://doi.org/10.1016/s2215-
0366(21)00395-3.

Gilbert, K., Mineka, S., Zinbarg, R. E., Craske, M. G., & Adam, E. K. (2017).
Emotion regulation regulates more than emotion: Associations of moment-
ary emotion regulation with diurnal cortisol in current and past depression
and anxiety. Clinical Psychological Science: A Journal of the Association for
Psychological Science, 5(1), 37–51. https://doi.org/10.1177/21677026166
54437.

Goldstein, A. N., & Walker, M. P. (2014). The role of sleep in emotional brain
function. Annual Review of Clinical Psychology, 10, 679–708. https://doi.
org/10.1146/annurev-clinpsy-032813-153716.

Hirshkowitz, M., Whiton, K., Albert, S. M., Alessi, C., Bruni, O., DonCarlos, L.,
& Ware, J. C. (2015). National Sleep Foundation’s updated sleep duration
recommendations: Final report. Sleep Health, 1(4), 233–243. https://doi.org/
10.1016/j.sleh.2015.10.004.

Kandola, A. A., Del Pozo Cruz, B., Osborn, D. P. J., Stubbs, B., Choi, K. W., &
Hayes, J. F. (2021). Impact of replacing sedentary behaviour with other
movement behaviours on depression and anxiety symptoms: A prospective

Psychological Medicine 9

https://doi.org/10.1017/S0033291725101281 Published online by Cambridge University Press

http://doi.org/10.1017/S0033291725101281
http://www.ukbiobank.ac.uk
https://doi.org/10.1126/scitranslmed.adf4428
https://doi.org/10.1126/scitranslmed.adf4428
https://doi.org/10.1016/S2213-2600(19)30057-8
https://doi.org/10.1093/aje/kwv251
https://doi.org/10.1093/aje/kwv251
https://doi.org/10.2337/dc24-1208
https://doi.org/10.3390/ijms18050938
https://doi.org/10.3390/ijms18050938
https://doi.org/10.1017/S2045796022000452
https://doi.org/10.1017/S2045796022000452
https://doi.org/10.1016/s0140-6736(21)02143-7
https://doi.org/10.7554/eLife.88359
https://doi.org/10.1371/journal.pone.0169649
https://doi.org/10.1016/j.sleh.2021.05.005
https://doi.org/10.1016/j.sleh.2021.05.005
https://doi.org/10.1038/s41398-024-03219-w
https://doi.org/10.1038/s41398-024-03219-w
https://doi.org/10.1016/s2215-0366(21)00395-3
https://doi.org/10.1016/s2215-0366(21)00395-3
https://doi.org/10.1177/2167702616654437
https://doi.org/10.1177/2167702616654437
https://doi.org/10.1146/annurev-clinpsy-032813-153716
https://doi.org/10.1146/annurev-clinpsy-032813-153716
https://doi.org/10.1016/j.sleh.2015.10.004
https://doi.org/10.1016/j.sleh.2015.10.004
https://doi.org/10.1017/S0033291725101281


cohort study in the UK Biobank. BMC Medicine, 19(1), 133. https://doi.org/
10.1186/s12916-021-02007-3.

Koch, C. E., Leinweber, B., Drengberg, B. C., Blaum, C., & Oster, H. (2017).
Interaction between circadian rhythms and stress. Neurobiology of Stress, 6,
57–67. https://doi.org/10.1016/j.ynstr.2016.09.001.

Krause, A. J., Simon, E. B., Mander, B. A., Greer, S. M., Saletin, J. M., Goldstein-
Piekarski, A. N., & Walker, M. P. (2017). The sleep-deprived human brain.
Nature Reviews. Neuroscience, 18(7), 404–418. https://doi.org/10.1038/nrn.
2017.55.

Lauderdale, D. S., Knutson, K. L., Yan, L. L., Liu, K., & Rathouz, P. J. (2008). Self-
reported and measured sleep duration: How similar are they? Epidemiology
(Cambridge MA), 19(6), 838–845. https://doi.org/10.1097/EDE.0b013e3
18187a7b0.

Dankang, L., Junqing, X., Lulin, W., Yu, S., Yonghua, H., & Yaohua, T. (2023).
Genetic susceptibility and lifestyle modify the association of long-term air
pollution exposure on major depressive disorder: A prospective study in UK
Biobank. BMCMedicine, 21(1), 67. https://doi.org/10.1186/s12916-023-02783-0.

Liao, J., Shi, Y., Li, Y., & Han, D. (2025). Impact of age on sleep duration and
health outcomes: Evidence from four large cohort studies. Sleep Medicine,
129, 140–147. https://doi.org/10.1016/j.sleep.2025.02.024.

Logan, R. W., & McClung, C. A. (2019). Rhythms of life: Circadian disruption
and brain disorders across the lifespan. Nature Reviews. Neuroscience, 20(1),
49–65. https://doi.org/10.1038/s41583-018-0088-y.

Lu, X., Wu, L., Shao, L., Fan, Y., Pei, Y., Lu, X., & Ke, C. (2024). Adherence to the
EAT-lancet diet and incident depression and anxiety. Nature Communica-
tions, 15(1), 5599. https://doi.org/10.1038/s41467-024-49653-8.

Lv, X., Cai, J., Li, X., Wang, X., Ma, H., Heianza, Y., & Zhou, T. (2024). Body
composition, lifestyle, and depression: A prospective study in the UK Bio-
bank. BMC Public Health, 24(1), 393. https://doi.org/10.1186/s12889-024-
17891-6.

Lyall, L. M., Wyse, C. A., Graham, N., Ferguson, A., Lyall, D. M., Cullen, B., &
Smith, D. J. (2018). Association of disrupted circadian rhythmicity with
mood disorders, subjective wellbeing, and cognitive function: A cross-
sectional study of 91 105 participants from the UK Biobank. The Lancet.
Psychiatry, 5(6), 507–514. https://doi.org/10.1016/S2215-0366(18)30139-1.

Matricciani, L., Bin, Y. S., Lallukka, T., Kronholm, E., Wake, M., Paquet, C., &
Olds, T. (2018). Rethinking the sleep-health link. Sleep Health, 4(4), 339–348.
https://doi.org/10.1016/j.sleh.2018.05.004.

Miller, A. H., & Raison, C. L. (2016). The role of inflammation in depression:
From evolutionary imperative to modern treatment target. Nature Reviews.
Immunology, 16(1), 22–34. https://doi.org/10.1038/nri.2015.5.

Phillips, A., Clerx, J. K., William, M., O’Brien, C. S., Sano, A., Barger, L. K.,
Picard, R. W., & Czeisler, C. A. (2017). Irregular sleep/wake patterns are
associated with poorer academic performance and delayed circadian and
sleep/wake timing. Scientific Reports, 7(1), 3216. https://doi.org/10.1038/
s41598-017-03171-4.

Ross, R., Chaput, J.-P., Giangregorio, L. M., Janssen, I., Saunders, T. J., Kho,
M. E.,…Tremblay,M. S. (2020). Canadian 24-hourmovement guidelines for
adults aged 18–64 years and adults aged 65 years or older: An integration of
physical activity, sedentary behaviour, and sleep. Applied Physiology, Nutri-
tion, and Metabolism = Physiologie Appliquee, Nutrition Et Metabolisme,
45(10 (Suppl. 2)). https://doi.org/10.1139/apnm-2020-0467

Scott, A. J.,Webb, T. L., James,M.-S., Marrissa, R., Georgina, & Scott,W. (2021).
Improving sleep quality leads to better mental health: A meta-analysis of
randomised controlled trials. Sleep Medicine Reviews, 60, 101556. https://doi.
org/10.1016/j.smrv.2021.101556.

Sletten, T. L.,Weaver,M.D., Foster, R. G., Gozal, D., Klerman, E. B., Rajaratnam,
S., Czeisler, M. W., & Charles, A. (2023). The importance of sleep regularity:

A consensus statement of the National Sleep Foundation sleep timing and
variability panel. Sleep Health, 9(6), 801–820. https://doi.org/10.1016/j.sleh.
2023.07.016.

Sudlow, C., Gallacher, J., Allen, N., Beral, V., Burton, P., Danesh, J., & Collins, R.
(2015). UK Biobank: An open access resource for identifying the causes of a
wide range of complex diseases of middle and old age. PLoS Medicine, 12(3),
e1001779. https://doi.org/10.1371/journal.pmed.1001779.

Sun, J. N., Li, Y. Z.,Wang, L., Song, X. J., Liu, J. X., Liu, J. C., &Gong, T. T. (2025).
Individual and joint associations of depression-related symptoms and sleep
quality with overall survival among patients with ovarian cancer: Evidence
from a prospective cohort study. Depression and Anxiety, 2025(1). https://
doi.org/10.1155/da/4907389.

Sun, X., Liu, B., Liu, S., Wu David, J. H., Wang, J., Yi, Q., & Yingying, M. (2022).
Sleep disturbance and psychiatric disorders: A bidirectional Mendelian ran-
domisation study. Epidemiology and Psychiatric Sciences, 31, e26. https://doi.
org/10.1017/S2045796021000810.

Vadnie, C. A., & McClung, C. A. (2017). Circadian rhythm disturbances in
mood disorders: Insights into the role of the Suprachiasmatic nucleus.Neural
Plasticity, 2017, 1504507. https://doi.org/10.1155/2017/1504507.

van Hees, V. T., Sabia, S., Anderson, K. N., Denton, S. J., Oliver, J., Catt, M., &
Singh-Manoux, A. (2015). A novel, open access method to assess sleep
duration using a wrist-worn accelerometer. PLoS One, 10(11), e0142533.
https://doi.org/10.1371/journal.pone.0142533.

van Hees, V. T., Sabia, S., Jones, S. E., Wood, A. R., Anderson, K. N., Kivimäki,
M., & Weedon, M. N. (2018). Estimating sleep parameters using an acceler-
ometer without sleep diary. Scientific Reports, 8(1), 12975. https://doi.org/
10.1038/s41598-018-31266-z.

Walker, W. H., Walton, J. C., DeVries, A. C., & Nelson, R. J. (2020). Circadian
rhythm disruption and mental health. Translational Psychiatry, 10(1), 28.
https://doi.org/10.1038/s41398-020-0694-0.

Windred, D. P., Burns, A. C., Lane, J.M., Saxena, R., Rutter, M. K., Cain, S.W., &
Phillips, A. J. K. (2024). Sleep regularity is a stronger predictor of mortality
risk than sleep duration: A prospective cohort study. Sleep, 47(1). https://doi.
org/10.1093/sleep/zsad253

Windred, D. P., Jones, S. E., Russell, A., Burns, A. C., Chan, P.,Weedon,M. N., &
Phillips, A. J. K. (2021). Objective assessment of sleep regularity in 60 000 UK
Biobank participants using an open-source package. Sleep, 44(12). https://
doi.org/10.1093/sleep/zsab254.

Wright, K. P., Drake, A. L., Frey, D. J., Fleshner, M., Desouza, C. A., Gronfier, C.,
& Czeisler, C. A. (2015). Influence of sleep deprivation and circadian mis-
alignment on cortisol, inflammatory markers, and cytokine balance. Brain,
Behavior, and Immunity, 47, 24–34. https://doi.org/10.1016/j.bbi.2015.01.004.

Xu, M., Yin, X., & Gong, Y. (2023). Lifestyle factors in the association of shift
work and depression and anxiety. JAMA Network Open, 6(8), e2328798.
https://doi.org/10.1001/jamanetworkopen.2023.28798.

Yang, L., Feng, H., Ai, S., Liu, Y., Lei, B., Chen, J., & Zhang, J. (2023). Association
of accelerometer-derived circadian abnormalities and genetic risk with inci-
dence of atrial fibrillation. npj Digital Medicine, 6(1), 31. https://doi.org/
10.1038/s41746-023-00781-3.

Yiallourou, S. R., Cribb, L., Cavuoto,M. G., Rowsthorn, E., Nicolazzo, J., Gibson,
M., & Pase, M. P. (2024). Association of the Sleep Regularity Index with
incident dementia and brain volume.Neurology, 102(2), e208029. https://doi.
org/10.1212/WNL.0000000000208029.

Zheng, N. S., Annis, J., Master, H., Han, L., Gleichauf, K., Ching, J. H., & Brittain,
E. L. (2024). Sleep patterns and risk of chronic disease as measured by long-
term monitoring with commercial wearable devices in the all of us research
program. Nature Medicine, 30(9), 2648–2656. https://doi.org/10.1038/s41591-
024-03155-8.

10 Dong-Run Li et al.

https://doi.org/10.1017/S0033291725101281 Published online by Cambridge University Press

https://doi.org/10.1186/s12916-021-02007-3
https://doi.org/10.1186/s12916-021-02007-3
https://doi.org/10.1016/j.ynstr.2016.09.001
https://doi.org/10.1038/nrn.2017.55
https://doi.org/10.1038/nrn.2017.55
https://doi.org/10.1097/EDE.0b013e318187a7b0
https://doi.org/10.1097/EDE.0b013e318187a7b0
https://doi.org/10.1186/s12916-023-02783-0
https://doi.org/10.1016/j.sleep.2025.02.024
https://doi.org/10.1038/s41583-018-0088-y
https://doi.org/10.1038/s41467-024-49653-8
https://doi.org/10.1186/s12889-024-17891-6
https://doi.org/10.1186/s12889-024-17891-6
https://doi.org/10.1016/S2215-0366(18)30139-1
https://doi.org/10.1016/j.sleh.2018.05.004
https://doi.org/10.1038/nri.2015.5
https://doi.org/10.1038/s41598-017-03171-4
https://doi.org/10.1038/s41598-017-03171-4
https://doi.org/10.1139/apnm-2020-0467
https://doi.org/10.1016/j.smrv.2021.101556
https://doi.org/10.1016/j.smrv.2021.101556
https://doi.org/10.1016/j.sleh.2023.07.016
https://doi.org/10.1016/j.sleh.2023.07.016
https://doi.org/10.1371/journal.pmed.1001779
https://doi.org/10.1155/da/4907389
https://doi.org/10.1155/da/4907389
https://doi.org/10.1017/S2045796021000810
https://doi.org/10.1017/S2045796021000810
https://doi.org/10.1155/2017/1504507
https://doi.org/10.1371/journal.pone.0142533
https://doi.org/10.1038/s41598-018-31266-z
https://doi.org/10.1038/s41598-018-31266-z
https://doi.org/10.1038/s41398-020-0694-0
https://doi.org/10.1093/sleep/zsad253
https://doi.org/10.1093/sleep/zsad253
https://doi.org/10.1093/sleep/zsab254
https://doi.org/10.1093/sleep/zsab254
https://doi.org/10.1016/j.bbi.2015.01.004
https://doi.org/10.1001/jamanetworkopen.2023.28798
https://doi.org/10.1038/s41746-023-00781-3
https://doi.org/10.1038/s41746-023-00781-3
https://doi.org/10.1212/WNL.0000000000208029
https://doi.org/10.1212/WNL.0000000000208029
https://doi.org/10.1038/s41591-024-03155-8
https://doi.org/10.1038/s41591-024-03155-8
https://doi.org/10.1017/S0033291725101281

	Regular sleep patterns, not just duration, critical for mental health: association of accelerometer-derived sleep regularity with incident depression and anxiety
	Introduction
	Methods
	Study design
	Sleep regularity and sleep duration
	Outcomes
	Assessment of covariates
	Statistical analysis

	Results
	Participant characteristics
	SRI with anxiety and depression risk
	Stratified analysis of SRI with depression and anxiety risks by sleep duration

	Discussion
	Conclusion
	Abbreviations
	Supplementary material
	Data availability statement
	Acknowledgments
	Author contribution
	Funding statement
	Competing interests
	Ethical standard
	References


