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Abstract

Study Objectives: We examined growth trajectories of four actigraphy-derived sleep parameters (sleep minutes, sleep efficiency, and
variability in sleep minutes and efficiency across a week of assessments) across childhood and adolescence and examined individual
differences in trajectories according to participants’ race/ethnicity and sex. We also assessed the predictive effect of growth trajecto-
ries of sleep parameters on growth trajectories of mental health outcomes and moderation by race and sex.

Method: Youth (N =199, 49% female, 65% white, 32% black, 3% biracial) and their parents participated in five waves of data (M ages
were 9, 10, 11, 17, and 18 across waves). Participants were from a diverse range of socioeconomic backgrounds.

Results: Across participants, sleep minutes, sleep efficiency, and variability in sleep minutes and efficiency demonstrated signifi-
cant linear change across childhood and adolescence. Whereas sleep duration shortened over time, sleep efficiency improved. Youth
exhibited increases in night-to-night variability in sleep minutes and reductions in night-to-night variability in sleep efficiency.
Highlighting the importance of individual differences, some race- and sex-related effects emerged. Black youth and male youth
experienced steeper declines in their sleep duration across development relative to their respective counterparts. Black youth also
demonstrated smaller improvements in sleep efficiency and greater variability in sleep efficiency compared to white youth. Finally,
trajectories of sleep efficiency and variability in sleep minutes predicted trajectories of internalizing symptoms and externalizing
behaviors.

Conclusions: Findings showed significant changes in developmental trajectories of four sleep parameters across childhood and ado-
lescence. We discuss the empirical and translational implications of the findings.
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Statement of Significance

Youth sleep exhibited significant changes from childhood to adolescence that varied by race and sex. Findings support long-term
associations between sleep and mental health and indicate that black youth and female youth may be more vulnerable to sleep
health disparities relative to their counterparts. At a translational level, findings underscore the value of testing the long-term
efficacy of therapeutic treatment. Given developmental changes in sleep patterns during emerging adulthood, it will be necessary
to extend assessments of sleep trajectories beyond late adolescence.

Sleep exhibits considerable changes across childhood and ado-
lescence [1, 2], and sleep problems are related to internalizing
and externalizing symptoms in youth [3-7]. These findings are
well-established by cross-sectional and short-term longitudi-
nal studies. Longer-term studies may enhance our understand-
ing of developmental changes in sleep and the potential role of
childhood sleep as a predictor of mental health (used to refer to
overall internalizing and externalizing symptoms) in subsequent
developmental periods. A few such longitudinal investigations of
sleep and mental health over longer developmental periods have
been conducted [8, 9]. Building on this literature, the primary aim
of this study was to examine growth trajectories of four sleep
parameters across ages 9 to 18. Specifically, we assessed trajecto-
ries of actigraphically based sleep duration (minutes, total number
of minutes scored as sleep between sleep onset and wake time)
and quality (efficiency, percentage of time between sleep onset
and wake time scored as sleep) because they are well-established
sleep parameters [10]. Though not as commonly studied, emerg-
ing work underscores the value of examining variability in sleep
as an important aspect of sleep-wake patterns, highlighting that
night-to-night fluctuations in sleep regularity occur and may be
robustly associated with mental health [11, 12]. Thus, we addi-
tionally assessed trajectories of actigraphically based variability
in sleep duration and variability in sleep quality (intraindividual
variability in sleep minutes and efficiency, night-to-night fluctuations

in sleep over a 1-week period). Additionally, in follow-up analyses,
we assessed whether growth trajectories of sleep parameters var-
led by participants’ race/ethnicity and sex. As a secondary aim,
we tested growth trajectories of sleep parameters as predictors of
growth trajectories of internalizing (depression and anxiety) and
externalizing (aggression and delinquency) symptoms.

Developmental trajectories of sleep

During the transition from childhood to adolescence, significant
changes in the sleep-wake cycle occur because of psychosocial
(e.g. later bedtimes, increased homework, and extracurriculars)
and biological (e.g. slowing of homeostatic pressure and puber-
tal maturation) factors [13, 14]. Despite evidence for reductions
in sleep duration from childhood to adolescence [1, 15-18],
limited research examines developmental trajectories of sleep
duration. Even fewer studies have examined developmental
changes in sleep quality, and the existing results are inconsist-
ent. For instance, based on mean comparisons, objective indica-
tors of sleep quality (e.g. efficiency) improved from age 8 to 10,
but worsened from age 10 to 13 [19]. A similar pattern has been
observed for subjective assessments of sleep quality: sleep prob-
lems declined across ages 9, 10, and 11, but increased from age
11 to 18 [20]. However, others have found mean-level declines in
subjective sleep problems across ages 5 to 14 [21] or comparable
mean levels of objective sleep quality across late adolescence [3].



Research has yet to examine trajectories of objective assessments
of sleep quality from childhood to late adolescence.

Developmental trajectories of change in variability in sleep
are also under-studied. The only study, to the best of our knowl-
edge, to examine trajectories of variability in sleep, found that
night-to-night fluctuations in sleep schedule and sleep duration
increased from age 8 to 12 [1]. Another study measured variability
in sleep minutes and found a nonlinear pattern where night-to-
night fluctuations decreased from age 16 to 17 but increased from
17 to 18 [3]. Conversely, comparable rates of variability in sleep
across pre-adolescents and adolescents have also been found
[22]. Although developmental trajectories of variability in sleep
efficiency have not been examined, one study assessed mean
differences in night-to-night fluctuations in efficiency and found
declines from age 16 to ages 17 and 18 [3].

Numerous reports suggest racial disparities in sleep health [23],
suggesting possible variations in trajectories of sleep parameters
by race. Prior work has consistently found that black youth exhibit
shorter objectively measured and self-reported sleep duration rel-
ative to white youth [17, 18, 24]. Black youth also self-report lower
sleep quality in comparison to white youth [24]. Racial differences
in sleep are hypothesized to stem from several factors including
psychosocial stressors such as discrimination [25, 26], poor sleep
environment [27, 28], and bicultural stress (i.e. stress arising from
the navigation of multiple cultural contexts) [29].

Additionally, some research reveals sex differences in sleep.
Though prior work mostly suggests that male youth have shorter
sleep than females [1, 3], some studies find that female ado-
lescents have shorter sleep than their male counterparts [18].
Likewise, some studies have found better sleep efficiency among
female youth [30]. Sex differences across the transition from
childhood to adolescence may be attributed in part to differences
in pubertal timing and socialization practices [31, 32].

Although prior work provides an initial foundation for under-
standing developmental trajectories in sleep over time, there are
significant gaps in knowledge. First, most studies did not utilize
statistical approaches that isolate between- and within-person
variability in change in sleep over development, which may
result in either inaccurate or misleading estimates [33]. Second,
the few studies that distinguished between- and within-person
variance used subjective measures of sleep. To the best of our
knowledge, only one study assessed objective measures of sleep
and partitioned between- and within-person variance in growth
in sleep from age 8 to 12 [1]. This study revealed notable individ-
ual differences in sleep trajectories according to participants’ sex.
Extending this work, the first aim of our study was to utilize latent
growth modeling to assess trajectories of objective measures of
sleep duration, quality, and variability across five waves of data
spanning late childhood to late adolescence. Furthermore, we
examined variations in trajectories across participants’ race and
sex. By utilizing latent growth modeling, we were able to isolate
the between-person variability in trajectories of sleep parame-
ters and shed light on the rank-order stability in individual dif-
ferences over time. Examining between-person stability may be
particularly advantageous at a translational level by identifying
youth who most consistently experience less-optimal sleep and,
therefore, may be at increased risk for mental health difficulties.

Prospective associations between sleep and
mental health

Conceptual models hypothesize that sleep problems specifically
in late childhood may play a key role in amplifying the risk for
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mental health symptoms in adolescence [34]. Suggesting down-
stream effects of sleep-wake difficulties on mental health out-
comes, one study found that objectively measured short sleep
duration at age 10 predicted greater internalizing symptoms at
age 13 [19]. Other studies provide support for links between sleep
problems and mental health symptoms over longer periods of
time [20, 21, 35]. Most of these studies utilized subjective assess-
ments of sleep; still, their findings demonstrate long-term effects
of sleep-wake difficulties across multiple developmental periods
and reveal considerable between-person differences in growth in
sleep and mental health symptoms over development. Examining
between-person differences in developmental trajectories of
sleep and mental health may identify youth who are most vul-
nerable to future sleep problems and mental health symptoms.

Youth exhibiting increases in sleep problems over time (across
ages 1.5 to 7) displayed higher initial levels of internalizing and
externalizing symptoms at age 11 [35]. Likewise, youth reporting
higher initial levels of sleep problems and higher levels of sleep
problems over time had greater internalizing and externalizing
symptoms in late adolescence (20, 21]. Collectively, these findings
underscore the importance of examining between-person differ-
ences in growth trajectories of sleep across childhood and ado-
lescence as a risk factor for poor mental health in adolescence.
However, the aforementioned studies did not assess trajectories
of sleep regularity, nor did they simultaneously measure sleep
and mental health trajectories. Building on this literature, the
second goal of our study was to examine the predictive effect of
sleep trajectories on the trajectories of two indicators of mental
health (internalizing and externalizing symptoms).

Questions also remain regarding the moderating role of race
and sex in associations between sleep and mental health, as few
studies have addressed these issues. Better quality sleep may
operate as a protective factor and offset mental health disparities
among minority youth [23]. Specifically, black youth with better
actigraphy-derived sleep quality (more efficient, fewer sleep-
wake problems) reported fewer internalizing and externalizing
symptoms [36]. Regarding the moderating role of sex, some stud-
ies suggest that female youth are more vulnerable to the negative
effects of poor sleep (9, 37-41]. However, other research indicates
that male youth experiencing poor sleep are more affected [9, 42].
Although these studies provide some evidence for moderating
effects of race and sex, prior work has yet to test these individual
difference variables in associations between trajectories of sleep
and mental health across childhood and adolescence.

Current study

Regarding the first study aim, previous literature guided our
hypothesis that, in models examining trajectories of sleep, sleep
duration would decrease over time and variability in sleep min-
utes would increase over time. We also expected that internal-
izing symptoms and externalizing behaviors would increase
over development. There is not sufficient literature to formu-
late a directional hypothesis regarding trajectories of sleep effi-
ciency and variability in sleep efficiency. Although we expected
worse sleep overall among black youth, our assessment of race-
and sex-related effects in trajectories of sleep were considered
exploratory. Regarding the second study aim, we expected that
less-optimal sleep (fewer sleep minutes, lower sleep efficiency,
greater variability in sleep minutes and efficiency) at age 9 (inter-
cepts) and worsening of sleep over time (slopes) would predict
higher levels of mental health problems at age 18 (intercepts)
and increases in mental health problems across childhood and
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adolescence (slopes). Moreover, regarding moderation effects
(aim 2), we hypothesized that links between sleep and mental
health outcomes would be stronger among black youth, and
that black youth obtaining longer and more efficient sleep would
report fewer symptoms. Due to the inconclusive nature of the
moderating role of sex in the pertinent literature, we do not pro-
vide a formal hypothesis about sex differences and analyses are
exploratory.

Materials and Methods
Participants

The current study is part of an ongoing longitudinal study
focused on sleep and health disparities among youth living in
small towns and semirural communities in the southeastern
United States (Auburn University Sleep Study). The current study
utilizes five waves of data that span 9 years of development.
Approximately 1 year (M =1.07 years, SD=0.26 years) lapsed
between each time point, except between time 3 (T3) and time 4
(T4) where a 6-year gap in data collection took place. An advan-
tage of using latent growth modeling in the current study is the
ability to incorporate unequal time lags between measurement
occasions [43].

Families were recruited at time 1 (T1) via letters distrib-
uted and sent home with children attending public elementary
schools. Exclusion criteria at the time of recruitment included
parental report of children’s diagnosis with a sleep disorder (e.g.
sleep apnea) or an intellectual disability. T1 data collection took
place between 2009 and 2010. Participants included 282 families,
and the youth were 9.44 years old (SD =0.71), 48% female (sex
assigned at birth) 52% male, 65% white, and 35% black. Time 2
(T2) data collection occurred in 2010 and 2011. In total, 281 fami-
lies participated including 227 (81%) families who participated at
T1 and an additional 54 families who were recruited to enhance
power associated with attrition!. Youth were 10.41 years old
(SD =0.67), 45% female and 55% male, and 63% white and 37%
black. The majority of families participating at T2 returned for
T3 (N =275, 98%). T3 data were collected from 2011 to 2012, and
youth were 11.35 years old (SD = 0.68), 46% female and 54% male,
and 62% white and 38% black. T4 included 199 (59%) families
who participated at least once at T1, T2, or T3. Data collection
occurred between 2017 and 2018, and youth were 17.65 years old
(SD =0.78), 48% female and 52% male, and 66% white and 34%
black. Finally, Time 5 (T5) consisted of 179 (90%) families who par-
ticipated atleast once at T1, T2, or T3 and participated at T4. Data
collection took place between 2018 and 2019. Youth were 18.36
years old (SD =0.96), 49% female and 51% male, and 65% white
and 35% black. For clarity, we refer to mean participant ages (9,
10, 11, 17, and 18 years old, respectively) rather than study time
points.

The final analytic sample consisted of 199 youth who partici-
pated at least once at ages 9, 10, or 11, and at age 17. The analytic
sample primarily included families who had participated since
the beginning of the study at age 9 (n=170; 85%), and addition-
ally included 29 families who began the study at age 10. Youth
were 49% female and 51% male. The sample was representa-
tive of the broader community with 65% of youth identifying as
white, followed by about a third who identified as black (32%),
and 3% who identified as biracial (coded as black in analyses). The

1Follow-up independent samples t-Test revealed that the additional
families recruited at T2 did not significantly differ from families recruited
at T1 on demographic or primary study variables.

sample included families from a diverse range of socioeconomic
backgrounds. Across the first three years of the study (ages 9-11),
26%-32% of families lived in poverty (income-to-needs ratio < 1),
31%-37% lived near the poverty line (ratio > 1 and < 2), 24%-31%
were considered lower middle-class (ratio > 2 and < 3), and 11%-—
13% were middle-class status or higher (ratio > 3). During the last
2 years of the study (ages 17 and 18), 14%-19% of families lived
below the poverty line, 21%-26% lived near the poverty line, 17%—
20% were lower middle-class, and 40%-43% were middle-class or
higher.

Procedures and measures

Research procedures were approved by the Institutional Review
Board at Auburn University prior to conducting the study. At each
wave, parents consented and youth assented (if younger than 18)
and consented (if 18 or older) to participation. Across time points,
sleep data collection took place during the regular school year,
excluding holidays. The study team delivered actigraphs to the
families’ homes, and the youth were instructed to wear the acti-
graph on their nondominant wrist for seven consecutive nights.
Participants also completed a nightly sleep diary that was used to
corroborate actigraphy data [44]. Nights during which medication
for acute illnesses was used were excluded from analyses. Shortly
after the actigraph assessments, parents and youth visited the
research laboratory. To compute youths’ body mass index (BMI),
their height and weight were measured using a Tanita digital
weight scale and wall-mounted stadiometer (Arlington Heights,
IL, USA). At T1 and T2, parents completed questionnaires at our
research laboratory. At T3, T4, and T5, parents had the option to
complete questionnaires remotely.

Sleep.

Objective assessments of youth sleep were obtained via actigra-
phy recordings. Participants wore Octagonal Basic Motionloggers
(Ambulatory Monitoring, Ardsley, NY, USA), which measured
motion in 1-minute epochs using the zero-crossing mode.
Analyses utilized the Octagonal Motionlogger Interface with
Actme software and the analysis software package (Action
W2, 2000 Ambulatory Monitoring). To derive youth sleep varia-
bles, the analysis package utilized the Sadeh scoring algorithm
[45, 46]. Sleep duration was indexed by sleep minutes, the total
number of minutes scored as sleep during the sleep period
(i.e. actigraphy-based sleep onset time to wake time). To assess
sleep quality, we measured sleep efficiency, the percentage of time
between sleep onset and wake time scored as sleep (note that
this sometimes is referred to as sleep percent in the literature) [47].
Finally, to capture variability in sleep duration and sleep qual-
ity over the week of actigraphic assessment, we calculated the
variance of sleep minutes and variance of sleep efficiency using
the coefficient of variance, which represents intraindividual SD
across nights of assessment divided by intraindividual M [48].
Sleep definitions are consistent with the manual that accompa-
nied the actigraphs and software (Ambulatory Monitoring Inc.,
Ardsley, NY, USA).

At age 9, youth had on average 5.89 (SD = 1.95) nights of actig-
raphy data. Fifty-nine percent of youth had the mode of seven
nights of data, and sleep data were treated as missing for 8% of
youth (i.e. had fewer than three nights of data). Missing data were
due to forgetting to wear the device or actigraph malfunctions
(the latter was rare). At age 10, the average number of nights
of actigraphy data for youth was 5.90 (SD = 1.37). The mode of
seven nights of data was observed in 42% of youth, and sleep
data were considered missing for 3% of youth. At age 11, youth



had an average of 5.46 (SD = 1.89) nights of actigraphy data. The
mode of seven nights of data was observed in 40% of youth, and
sleep data were treated as missing for 8% of youth. At age 17,
the average number of nights of actigraphy data for youth was
5.72 (SD = 1.58). Forty-one percent of youth had the mode of seven
nights of data, and sleep data were considered missing for 4% of
youth. At age 18, the average number of nights of actigraphy data
for youth was 4.96 (SD = 2.24). The mode of seven nights of data
was observed in 30% of youth, and sleep data were treated as
missing for 17% of youth. Actigraphy variables used in analyses
were based on youth who had at least three nights of data, in line
with recommendations [49].

Externalizing behaviors.

At each time point, mothers and fathers completed the 280-item
Personality Inventory for Children-2 (PIC-2) [50] to assess youth
externalizing behaviors. The PIC-2 is a well-established meas-
ure that has demonstrated good psychometric properties [50,
51]. The externalizing composite assessed symptoms of impul-
sivity, noncompliance, disruptive behavior, delinquent behavior,
and aggression. Parents rated each item as true or false. Missing
data rates varied across assessment time points and inform-
ants. For the mother report, missing data rates were 22%, 15%,
12%, 8%, and 30% across T1 to T5, respectively. For the father
report, missing data rates were much higher with 54%, 43%,
42%, 32%, and 47% of data missing across T1 to T5, respectively.
Importantly, some households only had data available from one
parent, typically the mother, (e.g. in the case of single-parent
households); in these instances, only data from the available
parent were used and, accordingly, data were treated as missing
only for 18%, 12%, 11%, 5%, and 26% of youth across T1 to TS,
respectively. Rates of missing data are within the acceptable
range for the use of full information maximum likelihood (FIML)
estimation [52]. Because mothers’ and fathers’ reports of youth
externalizing behaviors were highly correlated (rs ranged from
.65 to .81, ps all <.001, across all waves of data), these were aver-
aged at each time point. Internal consistency for the externaliz-
ing scale was good across the five time points (as ranged from
0.78 to 0.87). Across each time point, 5.2% to 13.0% of children
met the criteria for borderline or clinical levels of externalizing
behaviors (T = 60) [53]. Because the PIC-2 T scores were age and
gender corrected, we utilized the raw PIC-2 externalizing scores
to assess growth [54].

Internalizing symptoms.

At each wave, mothers and fathers also reported on youth inter-
nalizing symptoms using the PIC-2, which has well-established
psychometric properties [50, 51]. The internalizing composite
assessed symptoms of depression, anxiety, worry, fear, and psy-
chosomatic problems. Rates of missing data were the same as
rates for externalizing symptoms. In the instance of single-parent
status, only data from the available parent were used. Mothers’
and fathers’ reports of youth internalizing symptoms were cor-
related (rs ranged from .44 to .80, ps all <.001, across all waves
of data) and, consequently, averaged at each time point. Parents
rated each item as true or false. Internal consistency for the
Internalizing scale was good across the five time points (as ranged
from .79 to .87). Across the five waves, T scores indicated that 6.0%
to 20.9% of children met criteria for borderline or clinical levels
of internalizing symptoms (T > 60) [53]. To assess growth, we used
raw PIC-2 internalizing scores because PIC-2 T scores were age
and gender corrected [54].
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Covariates.

In conditional growth models, analyses included four covariates:
(1) parent report of youth race (0 = white, 1 = back), (2) parent report
of youth sex assigned at birth (0 = female, 1 = male), (3) parent report
of family income, indexed by the family’s income-to-needs ratio
(family income divided by the federal poverty threshold for house-
hold size; US Department of Commerce, 2009-2019), and (4) youth’s
standardized BMI computed from height and weight. Measures of
each family income (rs ranged from .59 to .85, ps < .001) and youth
BMI (rs ranged from .63 to .97, ps <.001) were highly correlated
across the five time points. Due to limited within-person variabil-
ity and to improve model fit, we focused on between-person differ-
ences in family income scores and BMI scores by averaging across
the five waves and used the variables as time-invariant controls.

Statistical analysis

Latent growth modeling analyses were utilized to assess: (1)
developmental trajectories of sleep parameters across ages 9 to
18 and variations in trajectories by participants’ race and sex,
and (2) prospective associations between trajectories of youth
sleep and trajectories of youth mental health across ages 9 to 18
and the moderating role of participants’ race and sex. Following
established procedures, growth models were fit in a step-by-step
fashion [54]. First, unconditional univariate growth models were
used to determine the trajectory of change and whether there
was significant between-person variance in the latent growth
parameters. As illustrated in the conceptual analytic model pre-
sented in Supplementary Figure S1, factor loadings for sleep and
mental health variables were fixed at 0, 0.1, 0.2, 0.8, 0.9 and -0.9,
-0.8,-0.7,-0.1, and 0, respectively. Thus, sleep intercepts were set
to age 9 and mental health intercepts to age 18 [55]. Chi-square
difference tests were utilized to determine the best-fitting growth
trajectory [56, 57]. Between-person differences in growth trajec-
tories were assessed by evaluating variances of latent growth
parameters. Significant variance in the intercept and linear slope
indicates between-person variability at a specific time point and
between-person variability in the rate of linear change from ages
9 to 18, respectively. In contrast, nonsignificant variance in the
intercept and linear slope indicates youth exhibit similar starting
values or similar rates of linear change over time, respectively.

Second, best-fitting unconditional univariate growth models
were used in subsequent analyses for aims 1 and 2. For aim 1,
we examined whether unconditional growth trajectories of sleep
varied by race (black vs. white) and sex (male vs. female). We esti-
mated one sleep parameter and one moderator at a time for a
total of eight consecutive models (4 sleep parameters X 2 moder-
ators). We applied the multi-group function in Mplus to constrain
each sleep trajectory to be equal across groups and compared the
model fit to a model that allowed each sleep trajectory to vary
freely across groups [58]. In the result of a significant chi-square
difference test, the free-to-vary model is better fitting indicating
that growth trajectories vary across groups [59].

For aim 2, the best fitting unconditional univariate growth
models of sleep and both externalizing and internalizing prob-
lems were used to estimate unconditional parallel growth mod-
els. Specifically, we simultaneously entered one sleep parameter
and one mental health variable into the model for a total of eight
consecutive models (4 sleep X 2 mental health variables). Per
established guidelines [54], the best-fitting unconditional parallel
growth models were selected for conditional growth model anal-
yses examining moderation by race and sex. To increase meth-
odological rigor, we included the effects of several covariates
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Table 1. Correlations Among Study Variables

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
1. Race —
2.Sex 0.05 —
3. Income -0.37" 0177 —
4. Body mass 0.12 -0.07 -0.13 —
index
5.Sleep minutes -0.13 -0.13 0.22° -0.13  —
9
6. Sleep minutes -0.05 -0.07 0.13 -0.14 035 —
10
7.Sleep minutes -0.26' -0.11 0.22° -0.22° 047 035 —
11
8. Sleep minutes -0.26" -0.20° 0.14 -0.00 0.24° 0.23° 0.31 —
17
9. Sleep minutes -0.21" -0.21° 0.02 -0.01 0.12 0.15 0.17 038 —
18
10. Sleep -002 -0.13 019 000 079 030 036 011 -011 —
efficiency 9
11. Sleep 0.11 -0.09 0.02 -0.10 026" 0.73 026" 009 0.10 042 —
efficiency 10
12. Sleep -0.13 -0.16" 0.15 -0.15" 0.37° 0.25 0.83° 0.22° 0.06 040 0.34 —
efficiency 11
13. Sleep -0.22" -0.10 0.23° -0.12 0.32 0.17° 041 053 021 027 017 043 —
efficiency 17
14. Sleep -0.17° -0.05 0.13 -0.05 0.10 0.09 0.08 0.200 051" 015 0.05 011 0.32 —
efficiency 18
15.V sleep 0.11 0.03 -0.22° -0.01 -0.60" -0.19° -0.27° -0.10 -0.12 -0.56" -0.14 -0.23" -0.20° -0.18 —
minutes 9
16.V sleep 0.04 -0.05 -0.12 0.05 -0.24" -047" -0.17° -0.11 -0.10 -0.21" -0.38 -0.11 -0.16" -0.09 0.27° —
minutes 10
17.V sleep 0.17° 0.05 -0.13 0.03 -0.29° -0.12 -0.61" -0.17° -0.12 -0.21" -0.10 -0.58" -0.24" 0.00 0.28 030 —
minutes 11
18.V sleep -0.01 -0.11 -0.07 -0.08 0.01 0.03 -0.09 -0.22° -0.15 0.01 0.05 -0.03 -0.28 -0.09 -0.01 0.10 0.13
minutes 17
19.V sleep -0.03 -0.23" -0.07 -0.03 -0.04 0.02 0.09 0.07 -0.19° 0.03 0.06 005 0.12 -0.19° 0.12 0.04 0.08
minutes 18
20.V sleep 0.09 0.04 -0.20° -0.01 -0.68 -0.24" -0.31" -0.10 0.01 -0.80" -0.34" -0.32" -0.30° -0.21" 0.74 0.18 0.22°
efficiency 9
21.V sleep -0.07 0.00 -0.07 0.15 -0.14 -0.59" -0.16" -0.02 -0.14 -0.23° -0.80° -0.19° -0.09 -0.05 0.14 048 0.15
efficiency 10
22.V sleep 0.16° 0.08 -0.15 0.05 -0.28 -0.17" -0.75" -0.19° -0.09 -0.25" -0.16" -0.83° -0.31" 0.00 0.18 0.15 0.71
efficiency 11
23.V sleep 0.13 0.04 -0.16° 0.09 -0.25 -0.16" -0.29° -0.41" -0.24° 0.20° -0.19° -0.30" -0.81" -0.35" 0.15 0.22° 0.11
efficiency 17
24.V sleep 0.03 -0.04 -0.04 006 0.01 -0.01 0.00 -0.04 -042" -0.01 -0.03 -0.04 -0.20° -0.78 0.14 0.03 0.04
efficiency 18
25. Externalizing 0.13 0.08 -0.26" 0.08 -0.14 -0.04 -0.03 -0.06 -0.17 -0.16 0.02 -0.06 -0.31" -0.21" 0.14 0.12 -0.02
9
26. Externalizing 0.10 0.07 -0.26° 0.15 -0.09 -0.04 -0.01 -0.09 -0.16 -0.11 0.04 -0.06 -0.28" -0.12 0.13 0.11 0.02
10
27.Externalizing 0.01 0.11 -0.26° 0.06 -0.06 -0.02 -0.03 -0.04 -0.10 -0.14 -0.02 -0.07 -0.26" -0.13 0.14 0.07 -0.00
11
28. Externalizing -0.04 -0.04 -0.17° 0.09 -0.07 -0.11 -0.04 -0.06 0.02 -0.13 -0.07 -0.09 -0.25 -0.10 0.13 0.23° 0.03
17
29. Externalizing -0.03 0.04 -0.06 0.11 -0.07 -0.11 -0.09 -0.10 -0.07 -0.08 -0.03 -0.08 -0.32" -0.16 0.07 028 0.12
18
30. Internalizing  0.09 0.02 -0.26° 0.03 -0.21" -0.15 -0.10 -0.01 -0.10 -0.13 -0.09 -0.11 -0.27° -0.20" 0.28° 0.31" 0.06

9
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
31. Internalizing  0.03 -0.01 -0.24° 0.12 -0.18 -0.11 -0.03 -0.03 -0.13 -0.12 -0.04 -0.07 -0.17° -0.16 028 024 0.02
10
32.Internalizing -0.06 0.08 -0.23° 0.02 -0.19° -0.09 -0.02 0.01 -0.01 -0.22° -0.11 -0.07 -0.26" -0.09 0.26° 0.20° 0.06
11
33, Internalizing -0.11 -0.17° -0.10 -0.04 0.10 -0.05 0.03 0.06 0.12 -0.09 0.02 0.02 -0.13 -0.07 0.17° 0.22° 0.02
17
34, Internalizing -0.17° -0.11 0.01 0.03 -0.17 -0.13 0.04 0.03 -0.05 -0.11 -0.05 0.07 -0.19° -0.20° 0.18 0.33° 0.00
18
18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
18.V sleep —
minutes 17
19.V sleep 017" —
minutes 18
20.V sleep 0.05 0.08 —
efficiency 9
21.V sleep 0.00 0.01 0.20 —
efficiency 10
22.V sleep 0.10 0.03 0.21° 0.13 —
efficiency 11
23.V sleep 0.47° -0.09 030 0.14 020 —
efficiency 17
24.V sleep 0.16 031 0.10 0.08 006 029 —
efficiency 18
25.Externalizing 0.14 0.04 0.177 0.11 -0.02 0.33" 0.08
9
26. Externalizing 0.07 0.08 0.09 0.05 -0.02 0.200 0.04 0.73 —
10
27.Externalizing 0.09 0.04 0.16 0.03 0.00 021" 0.02 066 079 —
11
28. Externalizing 0.17° 0.01 0.15 0.09 003 0.26 0.05 0.55 057 0.56 —
17
29. Externalizing 0.25° 0.05 0.12 0.16° 0.05 033" 0.06 059 059 055 0.80 —
18
30. Internalizing  0.08 -0.09 0.21° 0.23° 0.03 026 0.14 056 034 030 0.34 025 —
9
31.Internalizing 0.02 0.11 0.12 0.11 -0.03 0.08 0.12 036 057 044 033 036 061 —
10
32.Internalizing 0.06 0.05 0.177 0.14 0.03 020 0.08 046 053 063 044 036 063 074 —
11
33.Internalizing 0.11 -0.01 0.07 0.07 -0.04 0.11 0.06 038 0.38 036 060 044 056 045 054 —
17
34, Internalizing 0.15 0.05 0.15 0.19° -0.05 0.20° 0.12 043 036 032" 056 065 054 0520 055 079 —
18

Race was coded as 0 = white, 1 = black; sex was coded as 0 = female, 1 = male. V = variability in sleep. *p < .05.

(i.e. family income, youth race, youth sex, and BMI) as predictors
of the latent growth factors of youth sleep and mental health.
Covariates were allowed to covary.

Analyses were conducted in Mplus Version 8.4 [60]. We used
FIML estimation to handle missing data and retain the full sam-
ple for analyses. Data in our sample were missing 13% of values,
which is within the acceptable range for use of FIML [52]. A higher
rate of missingness was associated with lower family income (r =
-.25,p < .001), greater variability in sleep minutes at age 10 (r = .16,
p=.03), greater variability in sleep efficiency at age 18 (r=.16,
p=.05), shorter sleep at age 18 (r = -.16, p=.05), and greater
externalizing symptoms at ages 9 (r=.17, p=.03) and 11 (r=.23,

p =.003). Study variables were assessed for normality. Skewed var-
iables (i.e. skewness value >2.0) were winsorized and data that
exceeded three SD were recoded as the score corresponding to
three SD. Acceptable model fit included meeting at least two of
the following three criteria: x?/df < 3, comparative fit index > 0.90,
and root mean square error of approximation < 0.08 [61].

Results

Preliminary analyses

Descriptive statistics and correlations among study varia-
bles are provided in Tables 1 and 2. Whereas moderate to large
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Table 2. Means and Standard Deviations for Study Variables

M SD
Income -0.02 0.87
Body mass index 0.69 1.14
Sleep minutes age 9 460.12 56.14
Sleep minutes age 10 445.65 52.72
Sleep minutes age 11 435.73 62.65
Sleep minutes age 17 408.80 63.59
Sleep minutes age 18 392.68 63.31
Sleep efficiency age 9 88.67 7.20
Sleep efficiency age 10 88.77 7.06
Sleep efficiency age 11 88.39 8.61
Sleep efficiency age 17 93.72 6.68
Sleep efficiency age 18 92.46 7.03
Variability sleep minutes age 9 10.93 5.58
Variability sleep minutes age 10 11.60 5.97
Variability sleep minutes age 11 11.91 7.57
Variability sleep minutes age 17 16.82 8.33
Variability sleep minutes age 18 17.89 8.61
Variability sleep efficiency age 9 5.79 4.56
Variability sleep efficiency age 10 5.89 4.26
Variability sleep efficiency age 11 6.05 5.45
Variability sleep efficiency age 17 4.83 4.47
Variability sleep efficiency age 18 5.22 4.54
Externalizing age 9 5.47 4.43
Externalizing age 10 4.98 4.19
Externalizing age 11 4.50 411
Externalizing age 17 4.00 4.28
Externalizing age 18 3.78 4.28
Internalizing age 9 4.76 3.95
Internalizing age 10 4.37 3.87
Internalizing age 11 3.96 3.81
Internalizing age 17 5.12 4.84
Internalizing age 18 5.17 5.30

correlations emerged for externalizing behaviors and internaliz-
ing symptoms consistently across ages 9 to 18, correlations across
time for sleep parameters were more inconsistent. Sleep minutes
and sleep efficiency each exhibited modest to moderate correla-
tions across ages 9 to 17 and 17 to 18. Variability in sleep minutes
demonstrated moderate correlations across ages 9 to 11 and 17
to 18. Finally, correlations for variability in sleep efficiency across
ages 9 to 17 and 17 to 18 were largely modest, but significant
with the exception of age 10. Age 9 sleep minutes was negatively
associated with internalizing symptoms at ages 9, 10, and 11.
Lower sleep efficiency at age 10 was associated with externalizing
behaviors across ages 9 to 18. Prospective correlations between
sleep efficiency and internalizing symptoms emerged between
ages 9 and 11 and 17 and 18, and a significant concurrent correla-
tion emerged at age 18. Variability in sleep minutes at ages 10 and
17 was also positively associated with externalizing behaviors at
ages 17 and 18. Variability in sleep minutes at ages 9 and 10 were
positively associated with internalizing symptoms across ages 9

to 18, except between ages 9 and 18. Greater variability in sleep
efficiency at age 10 was associated with externalizing behaviors
across ages 9 to 18. Concurrent correlations between variability
in sleep efficiency and internalizing symptoms emerged at age 9
and prospective correlations emerged between ages 9 and 11, 10
and 18, and 17 and 18.

Aim 1: developmental trajectories of sleep
parameters

To determine the trajectory of growth for each sleep parameter,
we fit a series of unconditional univariate growth models for each
of the four sleep variables. Details regarding model building are
provided in Appendix A. We accepted a linear growth model for
variability in sleep minutes and variability in sleep efficiency
that allowed observed residual variances to freely vary over time
(Models 3d and 4d in Table A1), a linear growth model for sleep
minutes that constrained observed residual variances to be equal
over time (Model 1c in Table Al), and a linear growth model for
sleep efficiency that (a) allowed observed residuals to vary freely
and (b) specified a covariance between age 11 and age 17 resid-
ual variances (Model 2e in Table Al). Table 3 provides model fit
statistics. Given limited research on trajectories of sleep quality,
we also considered growth trajectories of wake after sleep onset
(WASO) and number of long-wake episodes (LWE). Given high cor-
relations with sleep efficiency and generally consistent growth
trajectories to sleep efficiency, we present these trajectories in
Appendix A for interested readers.

We examined whether the intercepts and linear slopes of each
variable exhibited significant between-person variability (Table 3).
Across unconditional univariate growth models, the intercept of
sleep minutes, sleep efficiency, variability in sleep minutes, and
variability in sleep efficiency were each significantly different
from zero and evidenced significant between-person variability.
Likewise, the linear slope of each variable was significantly differ-
ent from zero and, also, exhibited significant between-person var-
iability, except for variability in sleep efficiency. On average, sleep
minutes decreased, sleep efficiency increased, variability in sleep
minutes increased, and variability in sleep efficiency decreased
across ages 9 to 18 (Supplementary Figures S2-S5).

Variations in trajectories by race.

Building on the univariate models described above, we examined
whether trajectories of sleep parameters differed for black youth
and white youth. Details about model building and testing are
provided in Appendix B. We accepted (1) the constrained model for
variability in sleep minutes (Model 7a in Supplementary Table B1)
and (2) the free-to-vary model with constrained observed residu-
als for white youth for sleep minutes, sleep efficiency, and varia-
bility in sleep efficiency (Models 5c, 6¢, and 8c in Supplementary
Table B1). A significantly better fit for the free-to-vary model for
sleep minutes, sleep efficiency, and variability in sleep efficiency
indicated that trajectories for these sleep variables significantly
varied by race (Table 4).

We conducted two follow-up tests. First, utilizing a series of
chi-square difference tests we consecutively constrained the
intercept mean, slope mean, intercept variance, and slope var-
lance to be equal across groups for each sleep variable. If the
constrained-to-equality model is worse fitting, this would indi-
cate that the parameter in question significantly varies across
groups (i.e. the model where the parameter is allowed to vary
freely across groups is better fitting). Chi-square difference tests
revealed that (1) the slope mean for sleep minutes significantly


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae112#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae112#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae112#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae112#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae112#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae112#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae112#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae112#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae112#supplementary-data
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Table 3. Model Fit and Unstandardized Parameter Estimates for Final Unconditional Univariate Growth Models of Sleep Parameters

and Mental Health

Model Fit Unstandardized Parameter Estimated
Va df y?/df RMSEA CFI Intercept mean (u) Intercept variance (0’ Slope mean (1) Slope variance (0?)
Sleep minutes 1751 14 125 0.04 0.95 453.72" 1272.05™ -64.15" 2278.33"
Sleep efficiency 2253 9 250 0.09 0.82 88.17" 24.68" 5.99™ 35.34"
Variability in sleep minutes 6.65 10 0.67 0.00 1.00 10.75" 12.13" 7.76" 29.50°
Variability in sleep efficiency 9.56 10 1.15 0.00 1.00 5.98" 4.34" -1.06' 7.10
Internalizing symptoms 31.29" 14 2.24 0.08 0.94 5.13" 19.75™ .83 14.89™
Externalizing symptoms 2552 14 1.82 0.06 0.96 3.84" 14.90™ -1.58" 12.10™
Intercepts centered atage 9. '=p<.05."=p<.01. " =p<.001.
Table 4. Unconditional Univariate Growth Models of Sleep Parameters Moderated by Race
Black White
Intercept  Intercept Slope Slope Intercept  Intercept Slope Slope
Mean (u)  Variance (0 Mean () Variance (02 Mean (u)  Variance (0 Mean (u) Variance (0?)
Sleep Minutes®® 447.14™ 1133.54™ -81.40™ 2024.94' 459.44™ 1293.11" -56.98" 2412.14"
Sleep efficiency® 88.71" 23.63" 3.28" 26.88 87.99" 25.92" 7.18" 27.23
Variability in sleep minutes 10.75™ 12.13" 7.76" 29.50° 10.75™ 12.13" 7.76" 29.50°
Variability in sleep efficiency® 6.21" 6.12" -75 13.38 5.78" 3.91 -1.20" .99

Intercepts centered atage 9. '=p<.05."=p<.01. " =p<.001.
aIntercepts significantly vary by race.
bSlopes significantly vary by race.

differed for black youth (slope p = -81.40) and white youth (slope
U =-56.98), Ay?(1) =4.81, p =.03; and (2) the slope mean for sleep
efficiency significantly differed for black youth (slope p=3.28)
and white youth (slope p=7.18), Ax*(1) = 7.72, p = .01. Chi-square
difference tests results indicated that black youth exhibited
steeper declines in sleep minutes and less steep increases in sleep
efficiency.

Second, we utilized a series of t-tests to determine whether
there were significant absolute differences in intercept and slope
means across groups for each sleep variable. Regarding sleep
minutes, follow-up t-tests revealed that the intercepts (t (197) =
-2.36, p=.02) and slopes (t (197) = -3.45, p=.001) for black and
white youth significantly differed. Black youth had shorter sleep
than their white counterparts by approximately 12 minutes at
age 9 (Figure 1). Moreover, black youth exhibited a steeper decline
in sleep minutes losing about 81 minutes of sleep across ages 9
to 18 relative to white youth losing roughly 57 minutes of sleep,
thus resulting in a 32-minute discrepancy across groups by age
18. Turning to sleep efficiency, a follow-up t-test revealed that
black youth and white youth exhibited generally comparable
sleep quality at age 9 (approximately within 1% of each other;
t (197) =0.97, p = .33; Figure 2). Although black and white youth
experienced an improvement in sleep efficiency over time, white
youth experienced a significantly steeper improvement result-
ing in approximately a 3% discrepancy at age 18 (t (197) = -5.04,
p <.001). Finally, follow-up t-tests did not reveal significant dif-
ferences in either the intercept (t (197) =1.35, p=.18) or slope
(t (197) =-1.30, p = .19) of variability in sleep efficiency based on
race (Figure 3).

Variations in trajectories by sex.

Building on the univariate models described above, we examined
whether trajectories of sleep parameters differed for female and

male youth. Details about model building and testing are pro-
vided in Appendix C. We accepted the constrained model for sleep
efficiency, variability in sleep minutes, and variability in sleep effi-
ciency (Models 10a, 11a, and 12a in Supplementary Table C1), and
the free-to-vary model with constrained observed residuals for
female youth for sleep minutes (Model 9c in Supplementary Table
C1), indicating that the trajectory for sleep minutes significantly
differed across female and male youth (Table 5). Subsequently,
we conducted two follow-up tests. First, we conducted a series of
chi-square difference tests where we consecutively constrained
the intercept mean, slope mean, intercept variance, and slope
variance to be equal across groups for each sleep variable. No
significant differences emerged.

Second, we conducted a series of t-tests to determine whether
there were significant absolute differences in intercept and slope
means across groups for each sleep variable. Follow-up t-tests
revealed that intercepts (t (197) = —2.06, p = .04) and slopes (t (197)
= -2.46, p = .02) significantly differed for male youth and female
youth. Specifically, male youth had significantly less sleep than
female youth by approximately 11 minutes at age 9 (Figure 4).
Male youth also exhibited a steeper decline in sleep minutes los-
ing about 72 minutes of sleep across ages 9 to 18 relative to female
youth losing roughly 56 minutes, thus resulting in a 26-minute
discrepancy across groups by age 18.

Aim 2: prospective associations between sleep
trajectories and mental health trajectories

Prior to fitting unconditional parallel growth models, we fit
unconditional univariate growth models for externalizing and
internalizing symptoms. Details regarding model building are
provided in Appendix D. We accepted linear growth models
that constrained observed residual variances to be equal over
time for internalizing and externalizing symptoms (Models 13c


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae112#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae112#supplementary-data
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Figure 1. Estimated sample mean and individual growth in sleep minutes for black and white youth. Dotted lines represent the sample mean
(bolded) and individual participants’ growth for white youth; solid lines represent the sample mean (bolded) and individual participants’ growth for

black youth.
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Figure 2. Estimated sample mean and individual growth in sleep efficiency for black and white youth. Dotted lines represent the sample mean
(bolded) and individual participants’ growth for white youth; solid lines represent the sample mean (bolded) and individual participants’ growth for

black youth.

and 14c in Supplementary Table D1). We examined whether the
intercepts and linear slopes of each variable exhibited signifi-
cant between-person variability (Table 3). Across internalizing
and externalizing models, the intercepts of internalizing and
externalizing were each significantly different from zero and
evidenced significant between-person variability at each meas-
urement occasion. Likewise, the linear slope of each variable
was significantly different from zero and exhibited significant
between-person variability. Whereas externalizing symptoms
decreased over time (Supplementary Figure S6), internalizing
symptoms increased from age 9 to 18 (Supplementary Figure S7).

Building on final unconditional univariate models of sleep and
mental health (Models 1c, 2e, 3d, 4d, 13c, and 14c described in

Appendix A and D), we examined unconditional parallel growth
models that simultaneously estimated one sleep parameter and
one mental health outcome at a time (Supplementary Table S1).
Model fit across the eight unconditional growth models (i.e. mod-
els 15-22), was good. Consequently, we accepted these models to
use in conditional main effects growth models. To examine pro-
spective associations between trajectories of sleep and trajectories
of mental health, we modeled a series of conditional main effect
growth models. Building on models 15-22, we: (1) respecified covar-
iances between the intercept and slope of sleep and the intercept
and slope of mental health to be a direct effect, and (2) controlled
for age, sex, BMI, and family income. Accordingly, in eight consec-
utive models, we examined the intercept and slope of each sleep


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae112#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae112#supplementary-data
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http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae112#supplementary-data

parameter as predictors of the intercept and slope of both exter-
nalizing and internalizing symptoms (Supplementary Figure S1).

As shown in Table 6, a significant association emerged between
the intercept of sleep efficiency and the intercept of externalizing
behaviors (Supplementary Figure S8). Better sleep at age 9 was
associated with lower levels of externalizing symptoms at age 18.
Additionally, the slope of sleep efficiency predicted the intercept
of both externalizing (Supplementary Figure S8) and internaliz-
ing symptoms (Supplementary Figure S9). Improvements in sleep
efficiency over time were associated with lower levels of external-
izing and internalizing symptoms at age 18.

Significant associations also emerged between latent growth
parameters of variability in sleep minutes and latent growth
parameters of internalizing and externalizing symptoms.
Specifically, the intercept of variability in sleep minutes predicted
the intercept of externalizing (Supplementary Figure S10) and
internalizing symptoms (Supplementary Figure S11). Greater
variability in sleep minutes at age 9 was associated with higher
levels of externalizing and internalizing symptoms at age 18.
Additionally, the intercept of variability in sleep minutes predicted
the slope of externalizing symptoms (Supplementary Figure S10).
Greater variability in sleep minutes at age 9 was associated with
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increases in externalizing symptoms across ages 9 to 18. Finally,
the slope of variability in sleep minutes predicted the intercept of
externalizing symptoms (Supplementary Figure S10). Increases in
variability in sleep minutes over time were associated with higher
levels of externalizing symptoms at age 18.

Variations in trajectories by race.

We conducted follow-up analyses to determine whether links
between the intercept and slope of each sleep parameter and
the intercept and slope of externalizing and internalizing symp-
toms varied by youth race. Across eight consecutive models, we
mean-centered youth race and computed interaction terms by
multiplying youth race with the intercept and slope of each sleep
parameter. We subsequently regressed the intercept and slope
of mental health on the intercept and slope of sleep, youth race,
youth race X intercept, youth race X slope, and covariates. Youth
race moderated the association between the slope of variability in
sleep efficiency and the intercept of internalizing symptoms (B =
-0.37, p = .04; Supplementary Table S2). Although neither simple
slope was significantly different from zero (black youth: b =2.60,
p = .40; white youth: b = -1.40, p = .68), black youth experiencing
increases in variability in sleep efficiency over time had more

W
1
1

Variability in Sleep Efficiency

Age

Figure 3. Estimated sample mean and individual growth in variability in sleep efficiency for black and white youth. Dotted lines represent the sample
mean (bolded) and individual participants’ growth for white youth; solid lines represent the sample mean (bolded) and individual participants’

growth for black youth.

Table 5. Unconditional Univariate Growth Models of Sleep Parameters Moderated by Sex

Male Female

Intercept  Intercept Slope Slope Intercept  Intercept Slope Slope

mean () variance (02 mean (u) variance (¢ mean (u) variance (62 mean () variance (¢?)
Sleep minutes2® 448.97™ 1419.02™ -72.30" 2142.59° 459.56™ 1194.38™ -55.94™ 2269.68"
Sleep efficiency 88.16™ 24.68" 5.99" 35.35" 88.16" 24.68" 5.99" 35.35"
Variability in sleep minutes 10.75™ 12.13" 7.76" 29.50° 10.75™ 12.13™ 7.76" 29.50°
Variability in sleep efficiency 5.98™ 4.34" -1.06' 7.10 5.98" 4.34" -1.06" 7.10
Intercepts centered atage 9. =p<.05."=p<.01. " =p<.001.

aIntercepts significantly vary by race.
bSlopes significantly vary by race.
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Figure 4. Estimated sample mean and individual growth in sleep minutes for female and male youth. Dotted lines represent the sample mean (bolded)
and individual participants’ growth for male youth; solid lines represent the sample mean (bolded) and individual participants’ growth for female youth.

Table 6. Standardized Parameter Estimates for Associations Between Sleep Parameters and Mental Health

Externalizing Internalizing

Sleep Sleep Variability in Variability in Sleep Sleep Variability in Variability in

minutes efficiency sleep minutes sleep efficiency minutes efficiency sleep minutes sleep efficiency
L, ON
ig, -0.19 -0.57 0.51" 0.317 -0.16 -0.497 0.40° 0.22
Seip -0.12 -0.67 0.37° 0.28 0.04 -0.64" 0.10 0.23
Race -0.18" -0.26" -0.13 -0.15% —-0.191 -0.31" -0.20° -0.21
Sex -0.03 -0.05 0.09 0.01 -0.17 -0.21" -0.15 -0.15
Income -0.13t -0.05 -0.07 -0.10 -0.05 -0.01 0.00 -0.06
BMI 0.05 0.02 0.11 0.03 -0.08 -0.07 -0.03 -0.06
Sy 0N
i, -0.271 -0.19 0.47" 0.28 -0.10 -0.23 0.22 0.04
Sqip 0.05 0.05 0.31 0.01 0.02 -0.35 0.30 0.19
Race -0.10 -0.08 -0.09 -0.08 -0.14 -0.211 -0.12 -0.16
Sex -0.18 -0.17 -0.08 -0.18 -0.28" -0.29" -0.18 -0.25
Income 0.31 0.27" 0.33" 0.32' 0.26' 0.27° 0.26' 0.221
BMI -0.14 -0.08 -0.03 -0.10 -0.15 -0.141 -0.09 -0.12
Fit indices
¥’ 89.361 94.77 83.32 91.09' 103.05 112.79™ 92.33 97.59'
df 73 68 69 69 73 68 69 69
¥2/df 1.22 1.39 1.21 1.32 1.41 1.66 1.34 141
RMSEA 0.03 0.04 0.03 0.04 0.05 0.06 0.04 0.05
CFI 0.97 0.95 0.98 0.96 0.94 0.92 0.95 0.94

Sleep parameters were centered at age 9. Adjustment outcomes were centered at age 18. 1, intercept; s, linear slope; SLP, sleep predictor; MH, mental health
outcome; RMSEA, root mean square error of approximation; CFI, comparative fit index. T =p <.10. p<.05. " p<.01. " p < .001.

internalizing symptoms at age 18 (M =8.26) than white youth Variations in trajectories by sex.
with similar increases in the same sleep parameter M = -0.19), a
difference of 2.43 SD (Figure 5). No other significant interactions
emerged, and caution should be exercised in interpreting this
effect given the possibility that it is a chance finding.

We also conducted follow-up analyses to determine whether
youth sex moderated the pathway between the intercept
and slope of each sleep parameter and the intercept and



slope of externalizing and internalizing symptoms. Following
steps to examine the moderating effects of youth race, we
mean-centered youth sex and computed interaction terms by
multiplying youth sex with the intercept and slope of each
sleep parameter. Across eight consecutive models, we regressed
the intercept and slope of mental health on the intercept
and slope of sleep, youth sex, youth sex X intercept, youth
sex X slope, and the covariates. Three significant interactions
emerged (Supplementary Table S3). Youth sex moderated links
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Figure 5. Moderating effect of youth race in the pathway between the
linear slope of variability in sleep efficiency across ages 9 to 18 and the
intercept of internalizing symptoms at age 18.
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Figure 6. Moderating effect of youth sex in the pathway between the
linear slope of sleep minutes across ages 9 to 18 and the intercept of
internalizing symptoms at age 18.
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between the slope of sleep minutes and: (1) the intercept
of internalizing symptoms and (2) the slope of internalizing
symptoms. Follow-up simple slope analyses revealed that sim-
ple slopes were not significant in the link between the slope
of sleep minutes and the intercept of internalizing symp-
toms (male youth: b=0.09, p=.15; female youth: b = -0.08,
p =.16). However, female youth experiencing declines or less
steep increases in sleep minutes over time had higher levels
of internalizing symptoms at age 18 (M =25.29) compared to
male youth experiencing comparable changes in sleep duration
(M =11.35), a difference of 4.58 SD (Figure 6). Likewise, neither
simple slope was significant in the link between the slope of
sleep minutes and the slope of internalizing symptoms (male
youth: b =0.10, p = .21; female youth: b = -0.06, p = .28). Among
youth experiencing declines or less steep increases in sleep
duration over time, degree of change in internalizing symp-
toms differed by 14.70 SD with male youth exhibiting smaller
increases in internalizing symptoms (M =2.80) than female
youth (M = 24.81; Figure 7).

Youth sex also moderated the pathway between the slope of
sleep efficiency and the intercept of internalizing symptoms.
Simple slope analyses revealed that the slope of sleep efficiency
predicted the intercept of internalizing symptoms for male youth
(b = -0.71, p=.02) but not female youth (b=0.14, p =.74). More
specifically, among male youth, increases in sleep efficiency
across ages 9 to 18 were associated with lower levels of internal-
izing symptoms at age 18 (Figure 8). When examining the moder-
ating effect of youth sex on the intercepts and slopes of variability
in sleep minutes and variability in sleep efficiency, we received
inadmissible solutions and thus did not further pursue modera-
tion analyses.

Alternate direction of effects.

While several studies found that sleep is a stronger predictor of
mental health than vice versa [3], the other direction of effects
has also been reported [62]. Thus, in addition to testing the pre-
dictive effect of trajectories of sleep on trajectories of mental
health, we evaluated the alternate direction of effects. In doing
so, we examined the intercepts and linear slopes of externalizing
and internalizing symptoms as predictors of the intercepts and
linear slopes of sleep parameters. These findings are presented
in Appendix E.
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Figure 7. Moderating effect of youth sex in the pathway between the linear slope of sleep minutes across ages 9 to 18 and the linear slope of

internalizing symptoms across ages 9 to 18.
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Figure 8. Moderating effect of youth sex in the pathway between the linear slope of sleep efficiency across ages 9 to 18 and the intercept of

internalizing symptoms at age 18.

Discussion

Along with many biological, psychological, and social develop-
mental processes, sleep changes from childhood to adolescence.
While some changes are well-documented, such as decreasing
sleep minutes, changes in other sleep parameters have been less
clear or received less consideration in longitudinal investigations.
This study sought to fill a gap in the literature by examining tra-
jectories of four sleep parameters from childhood to adolescence
(sleep minutes, sleep efficiency, and regularity in sleep minutes
and efficiency). Importantly, sleep occurs in the context of other
developmental processes; therefore, the present study modeled
sleep trajectories as related to mental health trajectories from
childhood to adolescence. Analysis of developmental trajecto-
ries revealed a significant linear change in trajectories of sleep
duration, quality, and variability in duration and efficiency, as
well as considerable variation in trajectories by youths’ race and
sex. Conditional effects models revealed significant associations
among the latent growth parameters of sleep and mental health.
Moreover, these links were qualified by three significant interac-
tions with youth sex assigned at birth and one interaction with
race.

Sleep minutes

Consistent with prior investigations [1, 15], and our hypotheses,
we observed decreases in sleep minutes at a rate of approximately
6 minutes per year from ages 9 to 18. By age 18, this amounted to
a decrease of almost one full hour of sleep relative to when ado-
lescents were children at age 9. While such changes are consist-
ent with the existing literature [1, 15-18] and often interpreted as
a decreasing sleep need across development, the decline in sleep
duration from childhood to adolescence takes place within the
context of organic changes and social-environmental demands.
As youth mature, they experience a shift in circadian timing
toward a later sleep phase and a slower building of homeostatic
pressure that can result in evening wakefulness [14, 63], both
contributing to later bedtimes. Furthermore, youth typically gain
increasing autonomy around sleep schedules as they advance
into adolescence [64, 65]. Moreover, afterschool/evening activi-
ties (e.g. school responsibilities, extracurriculars, and socializing

with friends) and morning demands (e.g. school start times) fur-
ther compress the time window available for sleep as children
transition to adolescence.

Sleep efficiency

Sleep efficiency improved from late childhood to adolescence,
resulting in an average 5% improvement by age 18 compared to
age 9. There are plausible explanations for this improvement.
First, conditions that may contribute to sleep fragmentation in
childhood (e.g. nightmares) tend to decrease from childhood to
adolescence [66]. Second, adolescents may gain increasing con-
trol over their sleep environment and engage in behaviors that
facilitate sleep [67, 68]. Third, as sleep duration decreases from
childhood to adolescence, sleep quality may increase as a com-
pensatory mechanism [16, 69, 70]. However, our findings contra-
dict previous work that has demonstrated declines in sleep quality
over time [19, 20]. Differences in findings may be explained at an
analytic level. Similar to the current study, investigations that
have found improvements in sleep quality over time have utilized
latent growth modeling to isolate the between-person variance
in sleep quality growth parameters [20, 21]. In contrast, evidence
for declines in sleep quality over time has been based on mean
values [19, 20], which do not account for how repeated measures
may be influenced by differences in inter- and intra-individual
variance.

Supporting our hypotheses, we found several effects of the
intercept and slope of sleep efficiency on the intercepts of youth
externalizing and internalizing symptoms. First, higher levels of
sleep efficiency at age 9 (intercept) were associated with lower
levels of externalizing symptoms at age 18 (intercept). Second,
improvements in sleep efficiency from age 9 to 18 (slope) were
associated with lower levels of externalizing and internaliz-
ing symptoms at age 18. Findings are consistent with previous
research examining between-person variability in subjective
sleep quality growth parameters as predictors of subsequent
internalizing and externalizing symptoms in late childhood (age
11) [35] and late adolescence (ages 17 and 18) [20, 21]. Our find-
ings have important empirical and translational implications. At
an empirical level, extending previous research, we provided the
first assessment of the developmental trajectory of an objective



assessment of sleep quality across late childhood and adoles-
cence that links between-person variability in both initial levels
of sleep quality and change in sleep quality over time with youth
mental health outcomes. Although we found a developmen-
tal trend for improvements in sleep efficiency in unconditional
growth modeling (Table 3, Supplementary Figure S3), conditional
growth modeling revealed that youth who consistently experi-
enced low sleep efficiency or declines in efficiency over time were
most at risk for mental health symptoms nine years later (Table 6,
Supplementary Figures S8 and S9). Thus, at a translational level,
these findings underscore the value of developing interventions
that target sleep problems not only with the goal of influencing
current well-being, but also determining influences over a long
period of time.

Intraindividual variability in sleep minutes

Consistent with the only other study that we know of that
has examined trajectories of intraindividual variability in
sleep duration [1], we found that variability in sleep minutes
increased over development. Supporting our hypothesis, varia-
bility increased by about 1 minute per year, resulting in average
night-to-night fluctuations of approximately 18 minutes by age
18, compared to 10 minutes at age 9. Increases in variability
in sleep minutes are likely influenced by social jetlag, which
reflects the gap between socially determined sleep schedules
(e.g. school-work days) and free sleep schedules (e.g. weekend
sleep) [71, 72]. Randler and colleagues [73] found near-linear
increases in social jetlag across infancy and late adolescence,
paralleling the linear change in variability observed in our
study. Beginning as early as preschool, it is common for youth
to stay awake later on weekends than on school nights [71]. In
addition to the widening difference in weekend-weekday sleep
duration, Boatswain-Jacques and colleagues [1] further hypothe-
sized, that increasing variability in sleep duration over time may
alternatively be the result of overall day-to-day fluctuations. For
instance, factors such as academic and discretionary activities
may fluctuate on a daily basis, increasing variability in sleep
schedule and duration [71].

As we expected, findings revealed several associations among
growth parameters for variability in sleep minutes and youth
externalizing and internalizing symptoms. First, greater var-
iability in sleep duration at age 9 (intercept) was associated
with higher levels of internalizing and externalizing symptoms
at age 18 (intercept). Second, greater variability in sleep dura-
tion at age 9 was also associated with increases in externaliz-
ing symptoms from age 9 to 18. Our findings are consistent with
previous research which demonstrated that variability in sleep
duration predicted mental health symptoms up to two years
later [3]. Extending this work, we demonstrate that variability in
sleep minutes is a robust predictor of mental health nine years
later. These findings suggest that clinical interventions aimed
at increasing consistency in night-to-night sleep routines may
well prevent and improve problems both concurrently and over
development.

Intraindividual variability in sleep efficiency

Finally, while some prior studies have reported changes in sleep
efficiency over time, trajectories of variability in efficiency have
not been examined. Our findings show a pattern of decreasing
variability in sleep efficiency over time. Each year, youth on aver-
age experienced a slight (.11%) reduction in variability in effi-
ciency resulting in a very small (1%) reduction in variability in
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sleep efficiency at age 18 compared to age 9. Furthermore, vari-
ability in sleep efficiency did not exhibit significant interindivid-
ual differences in rates of change indicating that youth exhibited
comparable declines in variability in sleep efficiency over time.
In contrast to previous research with youth [3] and contrary to
expectations, we did not find links between variability in sleep
efficiency and mental health. Differences in analytic approaches
may explain the null effects. We utilized latent growth modeling,
which partitioned inter- and intra-individual variance. Studies
utilizing alternative approaches may conflate both sources of var-
iance, potentially leading to different results [33]. This is the first
study to test between-person differences in trajectories of varia-
bility in sleep efficiency and additional research on downstream
consequences is warranted.

Moderation by youth race

Addressing a significant gap in research, we examined how devel-
opmental trajectories of multiple sleep parameters vary by race.
Several significant differences emerged. First, black youth expe-
rienced shorter sleep at age 9, having approximately 12 minutes
less sleep than their counterparts. This gap almost tripled by age
18, with black youth experiencing significantly steeper declines in
sleep duration, resulting in approximately 34 minutes less sleep
than white youth. Second, both black youth and white youth had
similar levels of sleep efficiency at age 9 (89% and 88%, respec-
tively). However, by age 18, white youth exhibited improvements
in sleep efficiency, showing approximately 3% more efficient
sleep than black youth. The findings suggest that black youth
are at comparatively greater risk for sleep problems over time, as
defined by sleep duration and quality. Systemic problems includ-
ing discrimination and racism are known correlates and predic-
tors of poor sleep for African American children and adolescents
[17, 23, 74]. Racial/ethnic discrimination is associated with more
sleep disturbance, and—in analyses of daily associations—youth
report lower sleep quality at night immediately after experiences
of discrimination [25]. Discrimination-related sleep disparities
are one proposed mechanism associated with subsequent health
disparities [18, 23]. For instance, we found, in the current study,
that race moderated the link between changes in variability in
sleep efficiency and youth internalizing symptoms—specifically,
among youth experiencing increases in variability in sleep effi-
clency over time, black youth exhibited significantly more inter-
nalizing symptoms at age 18 than white youth. Researchers
should exercise caution in interpreting this one moderation effect
given the possibility that it is a chance finding.

Moderation by youth sex

We compared male and female youths’ sleep trajectories from
late childhood to late adolescence. Our analyses extend prior
work which demonstrated that stability in between-person dif-
ferences in sleep from late childhood to early adolescence varies
by sex [1]. In our study, multi-group moderation analyses revealed
that at age 9, males slept about 11 minutes less than females.
By age 18, this difference more than doubled, with males experi-
encing a significantly steeper decline in sleep duration, resulting
in approximately 26 minutes less sleep than females. Findings
corroborate prior work [1, 15] and demonstrate that sex differ-
ences in sleep minutes persist and grow into late adolescence. In
contrast, sex-related effects were not evident for changes in sleep
efficiency or variability. Sex differences in sleep minutes may be
the result of various biological and environmental factors. For
example, pubertal timing and hormonal shifts may predispose
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boys to stay up later at night despite having to wake up at similar
times [32, 75]. Further, environmental influences including social-
ization practices and higher screen time may explain sex differ-
ences [31, 75]. Some research suggests that girls require more
sleep than boys [75]. However, explanations for sex-related effects
are speculative and more research is needed to fully understand
the role of such individual differences.

Few studies have examined the moderating role of sex in longi-
tudinal associations between sleep and mental health. Consistent
with previous research that has found worse mental health
among female youth with shorter sleep [38, 41], we found that
the effects of sleep duration were more pronounced for female
youth. Among youth experiencing declines or less steep increases
in sleep duration over time, female youth reported higher lev-
els of internalizing symptoms at age 18 and greater increases in
internalizing symptoms over time relative to males. Conversely,
we found that the effect of sleep efficiency was greater among
male youth. Specifically, males who had improved sleep efficiency
across ages 9 to 18 had fewer internalizing symptoms at 18, com-
pared to males whose sleep efficiency declined over time. Our
findings mirror the mixed effects in the literature. Additionally,
they extend them by considering longer-term developmental tra-
jectories across late childhood and late adolescence, an issue that
requires more exploration in the field.

Limitations

It is important to interpret findings in the context of several
study limitations. First, although the current hypotheses were
tested in a sociodemographically and racially diverse sample, the
findings may not be generalizable to other samples (e.g. clini-
cal samples, urban samples, affluent families, and individuals of
other ethnicities). Second, a 6-year gap occurred in data collec-
tion between time 3 (i.e. age 11) and time 4 (i.e. age 17). Thus, we
cannot account for developmental trajectories during this time
period. Although linear growth models fit our data well, an alter-
native possibility is that growth may exhibit shifts, directional
changes, or even periods of stability during unmeasured devel-
opmental stages of early and mid-adolescence, followed by the
linear changes we observed in late adolescence. Relatedly, our
analyses were restricted to ages 9 and 18, and we cannot account
for changes in sleep prior to age 9 or after age 18. Third, we
assessed variability in sleep over a 1-week period and longer time
frames may further clarify the nature of associations with youth
mental health. Fourth, we utilized parent-report of youth mental
health. Finally, we examined trajectories of change in sleep and
mental health. These models were designed to examine asso-
ciations among rank order stability in individual differences in
sleep and externalizing and internalizing symptoms over devel-
opment. Although these models revealed important associations
(e.g. youth consistently experiencing inadequate sleep were most
at risk for subsequent mental health symptoms), an important
remaining question is how individuals’ sleep and mental health
change over time relative to their own averages or scores at a
previous time point [76]. For instance, some youth may exhibit
worse sleep efficiency in adolescence relative to their sleep effi-
ciency in childhood; however, despite exhibiting declines in their
sleep efficiency, they may still achieve better sleep efficiency
relative to the sample mean and, consequently, maintain their
rank ordering from childhood to adolescence. These youth would
exhibit higher levels of sleep efficiency relative to the sample
mean while displaying lower levels of sleep efficiency relative to
their own mean.

Conclusions

Findings contribute to an emerging literature documenting devel-
opmental trajectories of sleep across childhood and adolescence.
Expanding on previous studies examining trajectories of objective
assessments of sleep, we provide the first test of developmental
trajectories of objective measures of sleep efficiency and variabil-
ity in sleep efficiency. We found significant linear growth in four
sleep parameters (i.e. sleep minutes, sleep efficiency, and varia-
bility in sleep minutes and efficiency). Moreover, there was sig-
nificant between-person variability in growth for sleep minutes,
sleep efficiency, and variability in sleep minutes. There were nota-
ble variations in trajectories by race and sex, and significant asso-
ciations emerged among growth parameters for sleep and mental
health. Given the long-term effect of sleep on youth externalizing
and internalizing outcomes, researchers should test the long-
term effects of sleep interventions.
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