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ARTICLE INFO ABSTRACT

Keywords: Background: Sleep deprivation in adolescence is increasing in prevalence and may be linked to subsequent
Adolescence depression. Findings regarding associations between sleep duration, sleep onset time, and the development of
Sleep ) depressive symptoms over time in adolescents are mixed, and rely on subjective measures of sleep.

E:Erg‘zsgﬁ; Methods: Sleep onset and duration were assessed using a combined heart rate monitor and accelerometer and self-
Longitudinal report in 688 participants from the ROOTS study at age 15. Participants reported depressive symptoms at ages

14.5, 16, and 17.5, using the Mood and Feelings Questionnaire. Latent growth curve modelling was used to
model development of depressive symptoms and test associations with baseline sleep onset and duration.
Results: Cross-sectionally, falling asleep later and shorter sleep duration were both associated with higher
depressive symptoms in males and females, using both device-measured and self-reported sleep. There were no
longitudinal associations between baseline sleep duration and change in depressive symptoms. A later sleep
onset-time was associated with a decrease in depressive symptoms over time, in females only, using device-
measured sleep only.

Limitations: The current sample was more economically advantaged and ethnically white than the UK average,
and with lower MFQ symptoms than the original cohort, which may reduce generalisability.

Conclusions: Adolescents who fall asleep later or sleep less have higher levels of depressive symptoms cross-
sectionally, but do not show increases in depressive symptoms over time. Interventions targeting sleep onset
and duration in adolescence may improve mental health in the short-term but the possibility of reverse causality
should be explored further.

1. Introduction result of cognitive changes related to the development of brain circuitry,

hormones, and accompanying social changes (Thapar et al., 2012).

Depression is a serious public health concern, both socially and
economically, and is increasing in prevalence (World Health Organiza-
tion, 2017). In 2017, more than 322 million people suffered from
depression globally, and depression is predicted to be the leading cause
of total disease burden by 2030 (GBD 2017 Disease and Injury Incidence
and Prevalence Collaborators, 2018; Mathers et al., 2008). In order to
address this growing problem, there is a need to better understand the
features of our modern lifestyles which may be contributing to this
disease. The incidence of depressive episodes rises sharply during
adolescence (Malhi and Mann, 2018). This increase is thought to be the
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Defined as a cluster of specific symptoms and associated impairment,
depression in adolescents may exhibit as irritability and mood reactivity,
as well as anhedonia and low mood (Thapar et al., 2012). One factor
which may contribute to risk for development of depression is sleep
duration. Although the association between sleep duration and depres-
sion is well supported in adults, with those sleeping too little and too
much at risk for subsequent depression (Zhai et al., 2015), much less is
known about this association in adolescence. As sleep duration in
childhood and adolescence appears to be decreasing in the population
by an average of 0.75 min per year (Matricciani et al., 2012), advancing
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knowledge on the causal relationship between sleep and subsequent
depression is of urgent concern.

Previous studies in adolescents have examined cross-sectional asso-
ciations between sleep duration and depressive symptoms (Berger et al.,
2019; Dickinson et al., 2018; Wahlstrom et al., 2017) as well as longi-
tudinal associations of sleep duration (Conklin et al., 2018; Fredriksen
et al., 2004; Orchard et al., 2020; Roberts and Duong, 2014) and sleep
timing (Orchard et al., 2020; Tochigi et al., 2016) with subsequent
depressive symptoms. In a UK adolescent population, a longer sleep
duration on school days at age 15 was found to be associated with
reduced odds of depression diagnosis at age 17y or 24y and fewer
depressive symptoms at age 21y (Orchard et al., 2020). Similarly, in a
sample from Texas, US, short sleep duration (<6 h) (across all nights or
on week nights alone) in adolescence was found to be associated with
increased depressive symptoms and increased odds of major depression
12 months later (Roberts and Duong, 2014). There is less evidence
available for sleep timing. A longitudinal study of Japanese adolescents
reported that later bedtime was associated with an increased depres-
sion/anxiety score the following year (Tochigi et al., 2016). However, a
UK study reported that sleep onset time was not a predictor of subse-
quent depression diagnosis or depressive symptoms (Orchard et al.,
2020). Several studies have found the longitudinal association of sleep
duration or sleep timing with depressive symptoms to be stronger in girls
than in boys (Conklin et al., 2018; Goldstone et al., 2020; Tochigi et al.,
2016). For example, Conklin et al. (2018) found that cumulative sleep
deprivation (defined as <8 h of sleep across 2 out of 3 waves of data
collection) was associated with increased levels of depressive symptoms
at the third wave, among female, but not male adolescents. To improve
evidence for healthy sleep habits in adolescents, these disparate findings
need clarifying. We note that while research findings for depressive
symptoms and depressive disorder are generally comparable (Thapar
et al., 2012), depressive symptoms may be subthreshold to clinical
depression. Therefore our precise terminology aligns with what was
reported in the literature.

To our knowledge, all studies to date which have investigated the
longitudinal associations between sleep duration or timing and subse-
quent depressive symptoms in adolescence have used self-reported
measures of sleep timings. Self-reported sleep is prone to recall and
reporting bias as it is difficult for adolescents to accurately recall time
spent sleeping. Together with the necessarily subjective nature of the
outcome measure this may bias previously reported findings. In this
study we used data from a cohort of adolescents in which both device-
measured and self-reported data on sleep timings was collected at
baseline to investigate the associations between sleep duration and
timing and subsequent development of depressive symptoms. We
address the following research questions:

1) What is the cross-sectional association between sleep duration, sleep
onset time and depressive symptoms in UK adolescents?

2) What is the association between sleep duration, sleep onset time and
development of depressive symptoms over time, controlling for
baseline symptoms?

3) Are these associations different in girls and boys?

2. Methods
2.1. Participants

The ROOTS study recruited 1283 adolescents from secondary
schools in Cambridgeshire, United Kingdom, from 2005 to 2007
(Goodyer et al., 2010; Lewis et al., 2016). This longitudinal study aimed
to characterise risk factors for psychopathology in adolescence, a
particularly vulnerable time. Baseline data collection at mean age 14.5
years (SD = 0.3; T1) included a participant-completed questionnaire
covering demographic and psychosocial measures and a semi-structured
interview which included assessment of psychiatric diagnoses. Six
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months after baseline, all participants were invited to take part in a sub-
study focusing on diet, physical activity, sleep and body composition,
and 909 (73.4%) participated. All participants were followed up and the
questionnaire administered at 16.0 years (SD = 0.3; T2) and 17.5 years
(SD = 0.3; T3). All students aged between 14 and 14 years 11 months
during the 2 week interview period in participating schools were eligible
to take part.

Ethical approval was provided by the Cambridgeshire 2 Research
Ethics Committee. Written informed consent from participants and their
parents/legal guardians was obtained prior to the start of the study.

2.2. Measures

2.2.1. Sleep onset time and sleep duration

Device-measured sleep was assessed using a combined heart rate and
movement sensor (Actiheart©, CamNtech Ltd., Cambridge, UK). Actig-
raphy shows good validity and reliability in assessing sleep, both in
healthy populations and populations with abnormal sleep patterns, and
has been validated in adolescents (Sadeh, 2011). Measuring heart rate
and uniaxial acceleration, the monitor was set to record data every 30 s.
The full calibration and monitoring protocol for the combined sensor is
reported elsewhere (Brage et al., 2005). Two ECG electrodes joined by a
single wire are attached to the participant's chest, one medially at the
base of the sternum and one laterally on the left. For each individual, the
Actiheart accelerometer was calibrated using an 8 min sub-maximal step
test (150 mm step) based on estimated exercise intensity. Participants
were requested to wear the small waterproof monitor continuously for 4
days and nights without interruption, which included both weekend and
weekdays, as all devices were fitted on a Thursday or Friday and
retrieved the following week.

A single researcher, blind to all other data, reviewed plots of the
sensor time-series data and marked sleep onset and termination times by
the following criteria. Sleep onset was defined as the beginning of sus-
tained absence of movement accompanied by a steady decline in heart
rate; sleep termination was defined as re-initiation of movement after a
long period of little-to-no movement, together with an abrupt rise in
heart rate (Fig. 1). This method has been published previously (Collings
et al., 2015). Cases were excluded where sleep onset and termination
were unclear. For those whose sleep onset started the following day (e.g.
at 1 am), 24 h were added to account for this. Sleep duration was
calculated as the time from sleep onset to termination. In order to obtain
an overall picture of adolescents' sleep patterns, average duration and
timing across measured days were obtained by weighting the average
weekday values (5/7) and weekend values (2/7), which were used in all
further analyses. To examine weekday night and weekend night sleep
separately, we also created sleep measures averaged across only week-
day nights or weekend nights. All included participants had data on both
weekend and weekday nights.

Participants also reported the time that they usually got up and went
to bed on school nights and weekend nights separately, as defined in the
Sleep Habits Survey for Adolescents, which has been validated against
sleep diaries and actigraphy (Wolfson et al., 2003). Subjective sleep
duration and onset time were obtained from these questions; weekly
averages were then calculated in the same manner as for device-
measured sleep to facilitate comparison with previous studies.

2.2.2. Depressive symptoms

The Mood and Feelings Questionnaire (MFQ) is a 33-item self-report
questionnaire assessing depressive symptoms over the previous two
weeks in children and adolescents (Costello and Angold, 1988). The
MFQ has shown moderate to high criterion validity as a screen for ad-
olescents with unipolar depression (Burleson Daviss, 2006). For each
item, participants reported their mood over the previous two weeks on a
four-point scale (never/sometimes/mostly/always). The categories
‘mostly’ and ‘always’ were collapsed to give a 3-point scale, aligning
with previous literature (Costello and Angold, 1988). For the present
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Fig. 1. An example participant's heart rate and accelerometry traces from Actiheart data during waking and sleeping hours. Red indicates heart rate, black indicates
acceleration. The darker shaded area indicates sleep time. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

study, two items assessing sleep quality were excluded to avoid artificial
correlation with the exposure variable. A sensitivity analysis which
included these items found no difference in the results. Each MFQ item
ranged from a score of 0-2, and for this analysis, rather than summing
MFQ scores, we averaged across item scores to obtain a final score
ranging from O to 2, with a higher MFQ score indicating more depressive
symptoms, as this improved model fit. MFQ was obtained at T1-T3. For
inclusion at each time point, we required MFQ responses to be >85%
complete.

2.2.3. Covariates and inclusion criteria

Models were grouped by gender, and the sample were of a very
similar age at each time point (SD = 0.3y), so age was not found to be a
significant confounder. We tested a wide range of further covariates for
inclusion in this study (e.g. socioeconomic status, stressful life events,
adversity, friendships, see Supplementary Table A1), however we found
no covariates which showed associations with both exposure (sleep
duration or sleep onset) and outcome (intercept or slope of the MFQ
growth model), and thus would meet the definition of being a
confounder. The Kiddie Schedule for Affective Disorders and Schizo-
phrenia (K-SADS-PL) was used to establish DSM-IV axis 1 diagnoses at
baseline, allowing us to exclude those with current mental disorders at
baseline and focus on an initially healthy population. The K-SADS-PL is a
semi-structured interview, and was conducted by fully trained re-
searchers (Kaufman et al., 2016). In addition to the requirement of no
current mental health disorder at baseline, participants were required to
have sleep data for at least one weekday and one weekend night, and at
least one measure of MFQ across the 3 time points.

2.3. Statistical analyses

The analysis sample constituted all participants with data available
on the exposure (device-measured and self-reported sleep) at baseline,
the outcome (MFQ score) at at least one time-point, and reporting no
mental disorder at baseline.

Descriptive analyses were performed in Stata version 16, with latent
growth modelling performed in R version 4.0.2 (R Core Team, 2019),
using the lavaan package for latent variable modelling (Rosseel, 2012).
Student's t-tests and ° tests were used to assess differences in socio-
demographic and anthropometric variables between those included and
excluded from the current analysis.

We used latent growth curve modelling (Fig. 2) to model change in
depressive symptoms from ages 14.5 to 17.5 and investigated associa-
tions with baseline sleep duration and sleep onset time. Sleep duration
and sleep onset time were first analysed as exposures in separate models,
and also combined in a model which included both exposures. Sleep
duration and onset time were moderately correlated using either device-
measured or self-reported sleep measures, r = —0.623, r = —0.672
respectively. Full information maximum likelihood (FIML) (Ferro, 2014)
was used to account for missing outcome data, and a maximum likeli-
hood estimator with robust standard errors (MLR) was used to account
for the skew in MFQ data. Models were also grouped by gender, given
previously reported gender differences in sleep duration and depression
by gender (Conklin et al., 2018; Goldstone et al., 2020; Matamura et al.,
2014; Tochigi et al., 2016). The time scores for MFQ were set relative to

398

Sleep Sleep
duration, onset time,
15y 15y
Linear
Intercept
slope
1.0 -0.5
1.0 1.0 1.0 2.5
MFQ, MFQ, MFQ,
14.5y (T1) 16.0y (T2) 17.5y (T3)

Fig. 2. Growth model showing parameterisation of MFQ latent growth factors
(intercept and linear slope as function of age), with explanatory variables (sleep
duration and sleep onset time). Numbers by arrows (factor loadings) for linear
slope indicate elapsed time in years from sleep exposure assessment.

the time at which sleep was measured, at —0.5 years, 1 year, and 2.5
years. Both device-measured and self-reported sleep measures were used
as exposures, to examine whether differences in association were seen
according to the method of sleep assessment. We further examined the
association of device-measured sleep with change in depressive symp-
toms, split by week night and weekend night.

The Akaike Information Criteria (AIC), Bayesian Information Criteria
(BIC), Comparative Fit Index (CFI), Tucker-Lewis Index (TLI) and Root
Mean Square Error of Approximation (RMSEA) were used to assess
model fit. Acceptable fit was determined to be the model with the lowest
AIC and BIC values, a CFI and TLI greater than 0.95 and an RMSEA of
less than 0.05 (Xia and Yang, 2019).

3. Results

Of 1283 recruited participants, 688 were included in the present
analysis (n = 388 girls). Those with missing data on all three MFQ scores
(n =93), missing sleep measures (n = 429), or prevalent mental disorder
at baseline (n = 73) were excluded. Excluded participants reported
higher MFQ at all waves, poorer perceived family functioning and
friendship support, and greater adversity and stressful events. Moreover,
there was greater representation from minority ethnicities (Table 1). Of
the 688 participants with sleep data, 98.5% (n = 678) had MFQ data at
baseline, 84. 9% (n = 584) at T2, and 89.2% (n = 614) at T3.
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Table 1

Descriptive characteristics” and exposure and outcome data on excluded and
included participants.

Excluded (n =
595 (46.38%))

Included (n = 688 (53.62%))

Overall Male Female

Baseline age 14.49 (0.286) 14.48 14.47 14.47
Mean (SD) (0.275) (0.29) (0.27)
(n=1147
(89.4%))

Gender (n = 1283 Male: 264
(100%)), N (%) (46.8%)

Female: 286 n/a 300 388
(42.43%) (43.60%) (56.40%)
Ethnicity (n = 1283,
(100%)), N (%)
Minority 144 (24.20%) 52 17(5.67%) 35
(7.56%) (9.02%)
Not minority 451 (75.80%)* 636 283 353
(92.44%) (94.33%) (90.98%)

Acorn SES, n = 1207

(94.1%), N (%)
Wealthy achievers 274 (52.79%) 388 163 225
(56.40%) (54.33%) (57.99%)
Urban prosperity 36 (6.94%) 44 25(8.33%) 19
(6.40%) (4.90%)
Comfortably off 129 (24.86%) 162 68 94
(23.55%) (22.67%) (24.23%)
Moderate means 27 (5.20%) 28 11 (3.67%) 17
(4.07%) (4.38%)
Hard pressed 53 (10.21%) 66 33 33
(9.59%) (11.00%) (8.51%)

Device-measured 7:44 (0:50) 7:45 7:35 7:53
sleep duration (0:48) (0:49)*** (0:46)
(n =786
(61.3%)), Mean
(SD)

(hours:mins)

Device-measured 23:44 (1:10) 23:38 23:40 23:37
sleep onset time (0:49) (0:47) (0:51)
(n =786 (61.3%))

Mean (SD)
(hours:mins)

Self-reported sleep 9:58 (0:57) 9:09 9:09 (0:48)  9:07
duration (0:50) (0:44)
n =931 (72.6%)

Mean (SD)
(hours:mins)

Self-reported sleep 22:41 (0:48)* 22:34 22:32 22:35
onset time (0:47) (0:41) (0:42)
n = 931 (72.6%)

Mean (SD)
(hours:mins)

MFQ Score (t1) 0.531 0.403 0.342 0.451
n = 1160 (90.4%) (0.339)*** (0.276) (0.23)*** (0.30)
Mean (SD)

MFQ Score (t2) 0.504 0.377 0.280 0.455
n = 888 (69.29%) (0.376)*** (0.305) (0.23)*** (0.33)
Mean (SD)

MFQ Score (t3) 0.461 0.383 0.311 0.437
n = 1009 (78.6%) (0.351)*** (0.290) (0.25)*** (0.31)
Mean (SD)

Stressful life events 0.663 (1.01)* 0.521 0.286 0.700
n = 1156 (90.1%) (0.895) (0.57) (1.04)
Mean (SD)

Adversity
n = 1140 (88.8%)

N (%)

None or mild 282 (60.91%)** 477 212 265
(70.46%) (71.14%) (69.92%)

Moderate/severe 181 (39.09%)** 200 86 114
(29.54%) (28.86%) (30.08%)

Poor perceived 21.47 (4.76)"* 20.62 20.62 20.62
family functioning (4.71) (4.56) (4.83)

n = 1034 (80.6%)
Mean (SD)

Perceived friendship 23.31 (4.27)** 23.70 23.77 23.64

support (4.15) (4.22) (4.11)
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Table 1 (continued)

Excluded (n =
595 (46.38%))

Included (n = 688 (53.62%))

Overall Male Female

n = 1133 (88.3%)
Mean (SD)

Differences between included and excluded participants are shown in the
excluded column, between males and females are shown in the male column.
MFQ scores presented are averaged item scores, ranging from O to 2.

# Measure details (beyond exposures and outcome) are found in Supplemen-
tary Table Al.

" p < 0.05.

" p <0.01.

"™ p < 0.001.

3.1. Descriptive characteristics of the sample

Sample characteristics along with means and standard deviations of
sleep measures and MFQ are listed in Table 1. Based on device data,
average sleep duration was 7 h and 44 min, and average sleep onset time
was 23:44. Device-measured sleep duration was longer among girls than
boys by an average of 18 min (p < 0.001). No difference was found in
self-reported sleep (p = 0.668). On MFQ, females scored significantly
higher than males at all waves (t-test, T1: mean difference = 3.49, p <
0.001; T2: mean difference = 5.36, p < 0.001; T3: mean difference =
3.82, p < 0.001).

3.2. Growth models of change in depressive symptoms with age

Our growth models revealed a linear growth model of acceptable fit
(Supplementary Tables B1-B3). Due to a non-significant quadratic term
(p = 0.814) we did not pursue the quadratic model. Model fit improved
when models were grouped by sex, allowing a different intercept and
slope for males and females.

In the full sample and in males when separated by gender, slope and
intercept were negatively associated (full sample: 0.973 decrease in
slope per unit increase in intercept, p = 0.004; males: 1.360 decrease in
slope per unit increase in intercept, p = 0.016), indicating that those
with higher depressive symptoms at age 14.5 were more likely to have
these symptoms decline with time and vice versa (regression to the
mean). Thus, in order to control for this phenomenon in models
including sleep variables, slope was allowed to regress on the intercept
as well as the explanatory variables. The inclusion of this control
improved model fit so that all adjusted models in Table 2 had acceptable
fit (Supplementary Tables B1-B3). Models where the effect of the
intercept was not controlled for are presented in Supplementary
Table C1. Without this control, females who slept longer had a signifi-
cantly greater increase in MFQ, otherwise findings are comparable to
those reported in Table 3. Models with sleep predictors used mean
centred MFQ scores as this improved model fit.

Based on previous research showing a differential association of
depressive symptoms and sleep by gender (Calhoun et al., 2019; Orchard
etal., 2020; Tochigi et al., 2016), we tested models grouped by gender. A
gender-grouped model revealed no significant decline in MFQ sepa-
rately in males or females from ages 14.5-17, once MFQ slope was
regressed on the intercept (Table 2).

3.3. Associations with sleep onset time and duration

In both males and females, shorter sleep duration and later sleep
onset time were associated with more depressive symptoms cross-
sectionally (a higher MFQ intercept, Table 3). No longitudinal associa-
tions were seen between sleep duration and change in depressive
symptoms over time. In females but not males, later sleep onset was
associated with a decrease in depressive symptoms over time (a decrease
in MFQ slope). Very similar coefficients were seen for device-measured
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Table 2
Average MFQ score at sleep assessment (intercept) and change per year of age
(slope) in males and females with and without adjusting for intercept.

Estimate (95% P value

CI)
MFQ score without Males Intercept 0.328 (0.302, <0.001
adjusting for 0.353)
intercept Slope —0.013 0.010
(-0.023,
—0.003)
Intercept-slope —0.004 0.109
covariance (—0.008,
—0.000)
Females Intercept 0.451 (0.424, <0.001
0.478)
Slope —0.005 0.372
(—0.017,
0.007)
Intercept-slope —0.004 0.234
covariance (-0.012,
0.004)
Full Intercept 0.398 (0.020, <0.001
sample 0.059)
Slope —0.008 0.049
(—0.016,
—0.000)
Intercept-slope —0.005 0.044
covariance (-0.010,
—0.001)
MFQ score after Males Intercept 0.328 (0.302, <0.001
adjusting for 0.353)
intercept Slope 0.027 (—0.010, 0.155
0.064)
Females Intercept 0.451 (0.424, <0.001
0.478)
Slope 0.030 (—0.017, 0.222
0.077)
Full Intercept 0.398 (0.020, <0.001
sample 0.059)
Slope 0.029 (0.000, 0.048

0.058)

MFQ scores presented are averaged item scores, ranging from O to 2.

and self-reported sleep measures across all the associations tested, with
overlapping confidence intervals observed between estimates. However,
there was no association between later sleep onset and change in
depressive symptoms over time seen using the self-reported sleep

Table 3

Journal of Affective Disorders 310 (2022) 396-403

measure in either gender.

In order to ascertain the independent association of the two sleep
exposures, we also specified models with sleep duration and onset time
as simultaneous predictors of MFQ growth models. There was no effect
of sleep duration in any of these models (Table 3). A later sleep onset
time was associated with a higher MFQ intercept in males for device-
measured sleep onset and in all participants using self-reported sleep
onset. For device-measured sleep in females, a later sleep onset time was
associated with a reduced MFQ slope.

Investigation of the separate associations between weekday sleep
and weekend device-measured sleep with depressive symptoms, showed
similar associations for weekday sleep as for weekday and weekend
sleep combined (Table 4). There was little association of weekend sleep
duration with depressive symptoms. The cross-sectional association of
weekend sleep onset time with depressive symptoms appeared smaller
than for weekday sleep, and remained significant only in males.

3.4. Device-measured and self-reported sleep

Device-based and self-reported sleep duration and onset time were
correlated (respectively, r = 0.248, r = 0.466), with significant differ-
ences between the two types of measurement (t-test, respectively, p <
0.001, p < 0.001). Compared with self-reported measures, device-based
measures revealed a shorter mean sleep duration by 1:24 (hours:mins),
and onset time was 1:04 (hours:mins) later. By gender, significant dif-
ferences between the types of measurement persisted in both sleep
duration and onset time (male: t-test, respectively, mean difference =
4:46, 13:98, p < 0.001, p < 0.001; Female: respectively, mean differ-
ence = 4:64, 13:94, p < 0.001, p < 0.001).

4. Discussion
4.1. Summary of main findings

In this study of associations between sleep duration and sleep onset
time in mid-adolescence and development of depressive symptoms from
mid to late adolescence, we found cross-sectional associations suggest-
ing that shorter sleep duration and later sleep onset time were associated
with a higher level of depressive symptoms. Although these differences
appear small, they are large enough that they may be relevant for public
health. For example, in females, a difference of —0.053 points in MFQ

Growth models of sleep duration and onset time (age 15) predicting MFQ ages 14.5-17.

Univariate sleep variable predictor models’

Both sleep variables as predictors in model”

Estimate (95% CI) P value Estimate (95% CI) P value
Device-measured sleep
Sleep Duration (hours) Males Intercept —0.032 (-0.061, —0.003) 0.035 —0.009 (—0.046, 0.028) 0.614
Slope” —0.009 (—0.023, 0.005) 0.242 —0.005 (—0.021, 0.011) 0.500
Females Intercept —0.053 (—0.090, —0.016) 0.005 —0.042 (-0.101, 0.017) 0.154
Slope” 0.017 (—0.001, 0.035) 0.054 0.003 (—0.019, 0.025) 0.767
Sleep Onset Time (hours) Males Intercept 0.044 (0.015, 0.073) 0.004 0.038 (0.001, 0.075) 0.046
Slope™ 0.008 (—0.006, 0.022) 0.226 0.005 (—0.012, 0.021) 0.500
Females Intercept 0.041 (0.012, 0.070) 0.008 0.016 (—0.031, 0.063) 0.511
Slope —0.021 (—0.035, —0.007) 0.002 —0.019 (-0.037, —0.001) 0.044
Self-reported sleep
Sleep Duration (hours) Males Intercept —0.040 (—0.067, —0.013) 0.005 —0.005 (—0.040, 0.030) 0.766
Slope® 0.001 (-0.012, 0.013) 0.811 0.010 (—0.006, 0.026) 0.231
Females Intercept —0.051 (—0.090, —0.012) 0.010 —0.014 (—0.069, 0.041) 0.608
Slope™ —0.003 (—0.019, 0.013) 0.731 —0.010 (—0.032, 0.012) 0.352
Sleep Onset Time (hours) Males Intercept 0.067 (0.032, 0.102) <0.001 0.064 (0.019, 0.109) 0.006
Slope” 0.007 (—0.009, 0.023) 0.349 0.015 (—0.007, 0.037) 0.170
Females Intercept 0.067 (0.028, 0.106) 0.001 0.057 (0.002, 0.112) 0.044
Slope™ —0.004 (—0.022, 0.014) 0.667 —0.012 (—0.038, 0.013) 0.355

MFQ scores presented are averaged item scores, ranging from O to 2.
2 In order to control for regression to the mean in MFQ, intercept was included as a covariate when modelling slope.
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Table 4
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Growth models of sleep duration and onset time (device-measured at age 15) predicting MFQ ages 14.5-17. Sleep duration and onset time are examined by weekday
sleep and weekend sleep, and compared to weekday and weekend sleep combined.

Weekday and weekend sleep” Weekday sleep Weekend sleep
Estimate (95% CI) P value Estimate (95% CI) P value Estimate (95% CI) P value
Sleep duration (hours) Males Intercept —0.032 (-0.061, —0.003) 0.035 —0.028 (-0.055, —0.001) 0.046 —0.008 (-0.027, 0.012) 0.399
Slope —0.009 (—0.023, 0.005) 0.242 —0.005 (—0.016, 0.007) 0.412 —0.002 (—0.010, 0.006) 0.572
Females Intercept —0.053 (—0.090, —0.016) 0.005 —0.048 (-0.079, —0.017) 0.003 —0.007 (-0.027, 0.013) 0.513
Slope™ 0.017 (-0.001, 0.035) 0.054 0.012 (—0.002. 0.026) 0.106 0.006 (—0.002, 0.014) 0.112
Sleep onset time (hours) Males Intercept 0.044 (0.015, 0.073) 0.004 0.033 (0.006, 0.060) 0.022 0.027 (0.007, 0.047) 0.008
Slope® 0.008 (—0.006, 0.022) 0.226 0.008 (—0.004, 0.020) 0.205 0.001 (—0.009, 0.011) 0.789
Females Intercept 0.041 (0.012, 0.070) 0.008 0.034 (0.007, 0.061) 0.016 0.019 (—0.004, 0.042) 0.113
Slope” —0.021 (-0.035, —0.007) 0.002 —0.018 (—0.030, —0.006) 0.002 —0.007 (-0.017, 0.003) 0.163

MFQ scores presented are averaged item scores, ranging from 0 to 2.

@ In order to control for regression to the mean in MFQ, intercept was included as a covariate when modelling slope.

score associated with a one hour longer sleep duration, is more than 10%
of the mean baseline MFQ score reported in this group (0.451 points).
Cross-sectionally, we found that associations between sleep onset time
and depressive symptoms persisted after adjustment for sleep duration,
suggesting an independent association.

We did not find longitudinal associations between baseline sleep
duration and the development of depressive symptoms over time. The
only significant longitudinal association observed showed that later
device-based sleep onset time in females was associated with a decrease
in depressive symptoms over time but coming down from a higher
baseline level of depressive symptoms.

In general, findings were fairly consistent between device-measured
and self-reported sleep, despite device-measured sleep being on average
shorter than self-reported sleep. Associations with MFQ based on device-
based measures were stronger for sleep duration but weaker for sleep
onset time. This may highlight either a misreporting issue or alterna-
tively the greater difficulty in discerning the difference between the time
of lying still trying to fall asleep and actually falling asleep. Examination
of sleep data from week nights and weekend night separately revealed
that the associations seen were primarily driven by weekday rather than
weekend sleep duration and onset time.

4.2. Comparison with previous research

Previous studies have found associations between self-reported sleep
and depressive symptoms, reporting that sleeping longer (Conklin et al.,
2018; Fredriksen et al., 2004; Goldstone et al., 2020; Raudsepp, 2019)
and going to bed earlier (Tochigi et al., 2016) were associated with
lower level of depressive symptoms both cross-sectionally and longitu-
dinally. In this study, we found that cross-sectionally, our findings
agreed with previous research. However, unlike many previous studies
we did not find a longitudinal association of sleep duration with
depressive symptoms using either device-based or self-report measures
of sleep duration. Our findings therefore disagree with those of previous
studies, but not due to differences in sleep data collection methods.
Similar to a previous UK-based study (Orchard et al., 2020), we also did
not find that earlier sleep onset time was associated with lower
depressive symptoms longitudinally, again using either device-based or
self-report measures of sleep duration.

We found that MFQ slope unadjusted for intercept declined signifi-
cantly overall and in males but not in females. This is consistent with
some previously studied cohorts, which also saw a decrease in depres-
sive symptoms over time as adolescents aged (Calhoun et al., 2019; Fan
et al., 2017; Tochigi et al., 2016), although other studies have found an
increase in depressive symptoms through adolescence (Matamura et al.,
2014; Raudsepp, 2019). Most studies did not investigate sex differences.
Following accounting for regression to the mean by adjusting MFQ slope
by the intercept, average MFQ scores increased significantly over time
overall, although no significant trend was found by gender.

In device-measured sleep duration models, without adjusting for
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baseline level of depressive symptoms, females who slept longer had a
significantly greater increase in MFQ (Supplementary Table C1). How-
ever, when the intercept was controlled for, this effect disappeared,
indicating potential regression to the mean. Even when adjusting for
MFQ intercept, females who went to sleep earlier experienced a greater
increase in depressive symptoms over time as compared to those who
went to sleep later, contrary to previous research (Calhoun et al., 2019;
Conklin et al., 2018; Fredriksen et al., 2004; Goldstone et al., 2020;
Matamura et al., 2014; Orchard et al., 2020; Roberts and Duong, 2014;
Tochigi et al., 2016). This effect was not observed when self-reported
sleep variables were used. Although sleep onset time did not differ by
gender, it is possible that 15-year-old females who went to bed earlier
felt increasingly excluded from social activities over time, which had a
negative influence on their mood. This is congruent with the association
of peer rejection and the development of depressive symptoms (Platt
etal., 2013). While we did not find an association of sleep onset time and
supportive friendships at age 14.5, more detailed data could help reveal
whether sleep patterns predict differential peer socialization, perceived
friendship support, and subsequent depressive symptoms.

In models which included both sleep predictors, sleep onset time
generally remained a significant predictor of MFQ intercept cross-
sectionally while associations with sleep duration became non-
significant. A later sleep onset time, therefore, appeared a more
important correlate of contemporaneous depressive symptoms. Power
may be of concern in the stratified model, as the estimates are similar in
both sets of analyses, although the significance differs. One possible
reason for sleep onset time being a more robust correlate of depressive
symptoms than sleep duration may be that sleep onset time is a reflec-
tion of circadian rhythm (Dickinson et al., 2018) and so is a measure of
how far off the adolescent's natural rhythm is from the rhythm they are
forced to live. Later circadian rhythms in adolescents have been asso-
ciated with a reduction in sleep on weekdays, and a compensatory in-
crease in sleep on weekends, and have been associated with increased
depressive symptoms (Knapen et al., 2018; Wittmann et al., 2006).
Indeed, in this study, when we assessed the association of weekday and
weekend sleep separately, we found that our results were mostly driven
by weekday sleep, particularly when considering sleep duration. This
corresponds to findings in previous studies (Orchard et al., 2020; Rob-
erts and Duong, 2014).

Among other studies who compared actigraphy with self-reported
measures of sleep, agreement in these measures was found in sleep ef-
ficiency among adolescents with and without chronic pain (r=0.37,p <
0.05) (Palermo et al., 2007). In the present cohort study, device-
measured sleep was obtained using a previously published protocol
(averaging sleep duration and onset time based on heart rate and
movement data continuously monitored over four days and four nights)
(Collings et al., 2015), which revealed that only 3.34% of participants
met the NHS recommendation of 9 h of sleep for those aged 14-16 (NHS,
2018), adding to prior findings of sleep deprivation in adolescents
(Matricciani et al., 2012).
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Our findings indicated significantly longer self-reported sleep
compared to device-measured sleep by a mean of 1:23 h. Our device-
measured sleep onset time was over an hour later than our self-
reported measurement, indicating that over-estimates of sleep dura-
tion may be due to participants going to bed but not commencing sleep
for some time. Compared to previous studies, our device measured sleep
duration of 7 h and 45 min was comparable to four studies (Fredriksen
et al., 2004; Matamura et al., 2014; Roberts and Duong, 2014; Tochigi
et al., 2016), but was much less than in other samples (Conklin et al.,
2018; Fan et al., 2017; Goldstone et al., 2020; Orchard et al., 2020), all
of which used self-reported sleep. Our self-reported sleep, however, was
comparable to those previous cohorts which found longer sleep duration
(Conklin et al., 2018; Fan et al., 2017; Goldstone et al., 2020; Orchard
et al., 2020). Our self-reported sleep onset time was about half an hour
earlier than previous studies (Matamura et al., 2014; Orchard et al.,
2020; Tochigi et al., 2016), while our device measured sleep onset time
was about half an hour later. It should be taken into consideration,
however, that our self-report measure of sleep was a measure of usual
sleep times, not sleep times on the specific recorded nights.

4.3. Strengths and limitations

The strengths of our study include comprehensive measures of
exposure and outcome, testing for a wide range of potential confounders
and the longitudinal study design, allowing examination of both cross-
sectional and prospective associations. Device-measured assessment of
sleep timings is more objective and likely to be more accurate than self-
reported timings which are subject to reporting biases. The MFQ score is
a well-established and validated method of assessing depressive symp-
toms in this age group (Burleson Daviss, 2006). Although as a self-report
measure the MFQ is subject to reporting biases, use of the same instru-
ment at baseline and follow-ups in the present study will ameliorate the
impact of any time-invariant biases on prospective associations.

The ROOTS cohort was more economically advantaged and ethni-
cally white than the rest of the UK (Goodyer et al., 2010). Additionally,
the subsample in the present analysis appears less impaired than the
original cohort (fewer depressive symptoms, stressful events, adver-
sities, more social support), which may reduce generalisability of the
findings. Participants were recruited into this study in 2005-7, and these
data may therefore not reflect the sleep habits of contemporary ado-
lescents. We excluded participants with mental health disorders at
baseline, but the presence of current sleep disorders was not assessed
and we were therefore unable to exclude participants with sleep
disorders.

In this study we calculated total sleep duration from initial sleep and
final wake times without taking into account wake after sleep onset. This
is a limitation as it means that participants may have slept for a shorter
time period than that was recorded by their total sleep duration, how-
ever it does make our device-measured and self-reported sleep measures
more comparable. In addition, device-measured sleep was only collected
for 4 days and nights (2 weekday and 2 weekend nights), which may
limit our ability to capture habitual sleeping patterns. Self-reported
sleep was reported in terms of sleep on a usual night, as opposed to
sleep on the specific nights actigraphy was measured, which may have
influenced the results if the nights measured differ from the participants'
usual pattern of sleep.

In the present study, sleep was only measured at baseline, whereas
other studies have measured it longitudinally (Conklin et al., 2018; Fan
etal., 2017; Matamura et al., 2014; Tochigi et al., 2016). Thus, we could
not test the association of changing sleep patterns with changing
depressive symptoms over time. Since this study is an observational
study and not a random controlled trial, causal inference is limited and
associations may still be subject to residual confounding.
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5. Conclusion and implications

Cross-sectional associations with both sleep duration and sleep onset
time were found, where sleeping less and later were associated with
more depressive symptoms. Sleep onset time was a more robust pre-
dictor of contemporaneous depressive symptoms than sleep duration,
accentuating the particular importance of adolescents going to sleep in a
timely manner. Our cross-sectional findings highlight the importance of
good sleep hygiene in adolescents, but also the need for a detailed
investigation into the possibility and implications of reverse causality
(whereby mental health predicts sleep). Longitudinally, our results
suggest that in early adolescence a shorter sleep and going to sleep later
does not have a detrimental effect on the development of depressive
symptoms through adolescence, although given the limitations of our
study further study of the association of device-measured sleep with
longitudinal depressive symptoms is recommended.
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