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Abstract

Purpose: Quantify changes in sleep during the middle-to-high school transition and determine if
changes in sleep differ by socio-demographic characteristics.

Methods: Adolescents were enrolled in 8 grade and followed into 9" grade (N=110; 2,470
nights observed). The outcomes were actigraphy-estimated sleep duration, sleep onset, sleep offset
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and sleep sufficiency (=8 hours of sleep). The exposures were school grade (8™ or 9t), school
night status (school or non-school), sex (female or male) and race (White, Black or Other).

Results: On school nights, sleep duration declined by 25.8 minutes per night (A<0.001) from 8t
to 9t grade. There was no change in sleep duration on non-school nights. Timing of sleep onset
was 22.2 minutes later on school nights (£<0.001) and 17.4 minutes later on non-school nights
(P<0.001) in 9" grade. Timing of sleep offset did not change on school mornings, but was 22.2
minutes later on non-school mornings (A<0.001) in 9t" grade. The proportion of school nights (and
non-school nights) with sleep duration =8 hours was 9.4% (38.3%) in 8" grade and 5.7% (35.9%)
in 9t grade. The odds of sleeping =8 hours per night was 42% lower in 9" grade, compared to 8t
grade (OR=0.58; 95% ClI: 0.37, 0.91). Males were 59% less likely to sleep =8 hours per night.
Black adolescents were 51% less likely to sleep =8 hours per night.

Conclusion: Insufficient sleep is highly prevalent, especially on school nights and among male

and Black adolescents, and this problem worsens with the transition to high school.
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Introduction

The American Academy of Sleep Medicine recommends that adolescents sleep for 8-10
hours per day (1). Obtaining sufficient sleep is associated with less risky behavior (2) and
with traits needed to achieve academic potential (e.g., memory) (3), develop pro-socially
(e.g., emotional regulation) (4) and achieve healthier growth (e.g., obesity prevention) (5).
Indeed, given the linkages between sleep and multiple aspects of adolescent development,
sleeping sufficiently is one of the single most important factors for positive adolescent
functioning. Ironically, as our knowledge of the benefits of sufficient sleep has accumulated,
the time youth spend sleeping has declined (6).

The middle-to-high school transition is a particularly vulnerable period for insufficient sleep
(7-11). The pubertal progression that typically occurs in this age range is associated with a
preference for later sleep onset and wake times (12). This conflicts with potentially earlier
high school start times, as well and increasing extracurricular activities and homework
demands in high school that could delay bedtimes. Indeed, in the U.S. 47% of middle school
students in 8! grade sleep =8 hours per night, but only 35% of 9t grade high school
students do so (13, 14). However, these estimates are based on adolescent self-report, which
overestimates sleep duration (15). Actigraphy has been used in cross-sectional studies to
objectively estimate sleep duration in adolescents (16-21), but there are no studies that have
objectively quantified changes in sleep during adolescence.

In addition, insufficient sleep is more problematic among certain socio-demographic groups.
Prior cross-sectional observations using actigraphy have observed that adolescent males
sleep night) and timing on school and non-school nights from 8t to 9t grade. We
hypothesized that sleep duration and sufficiency would decline from 8t to 9™ grade; timing
of sleep onset would occur later; and timing of sleep offset would occur earlier on school
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mornings and later on non-school mornings. We also aimed to determine if changes in sleep
patterns differed by sex, race, parent education and household income groups. We
hypothesized that the following socio-demographic groups would have greater decreases in
sleep duration from 8 to 9t grade: males (vs. females) (16, 17, 21); Black adolescents (vs.
White adolescents) (16); adolescents from households with lower incomes (vs. adolescents
from households with higher incomes); and adolescents whose parents have a lower
education level (vs. adolescents whose parents have a higher education level) (20).

We analyzed data from the Sleep and Growth Study (S-Grow), a 1-year prospective
observational study. We enrolled 118 adolescents in 8t grade of middle school (2016-2018)
and completed follow-up assessments one year later in 9™ grade of high school (2017-
2019). All follow-up visits occurred at 12 months (£1 month). Participants were recruited in
collaboration with the Children’s Hospital of Philadelphia’s (CHOP) Recruitment
Enhancement Core. This core sent email and letter invitations to families who had received
care within the CHOP network that covers the southeastern Pennsylvania and southern New
Jersey regions. Our study was also advertised on the CHOP campus. Interested families
completed a screening questionnaire by phone. Adolescents diagnosed with a medical or
behavioral health condition that could have affected their physical growth or sleep (e.g.,
cancers; clinical sleep disorders; anxiety; depression) were excluded. Study visits took place
in the Nutrition Core Lab at CHOP’s Center for Human Phenomic Science where
participants were provided with an actigraphy device to allow for the estimation of sleep
patterns in the home setting. Parents/guardians provided written informed consent and all
adolescents provided their assent. All measurements were obtained during the fall or spring
school terms. The study protocol was approved by the CHOP Institutional Review Board
(IRB number: 15-011988).

Participants wore an Actiwatch-2 (Philips Respironics) on their non-dominant wrist for 14
days in 8t grade and for 14 days in 9t grade. The Actiwatch-2 has been validated for sleep
estimation in adolescents (26). Devices were initialized to start collecting data in 1-minute
epochs at 08:00 on the day of the study visits. All devices were returned by mail. Rest
periods were automatically detected using Actiware (v.6.0.8) with the medium wake
threshold (27). We excluded actigraphy data collected before the device was given to
participants and data collected after the study period ended (e.g., while in transit). We also
removed overnight sleep periods with zero night awakenings and 100% sleep efficiency,
which indicates the device was not worn. Participants kept a sleep diary to report bed and
wake times, consistent with guidelines for actigraphy scoring (26, 28, 29). We followed an a
prioriscoring rule to review the data and consider making manual adjustments to the start
and/or end times of the rest period when automatically generated rest periods were +15
minutes different from the self-reported sleep diary (29). To ensure consistency in scoring,
all manual adjustments were checked by a second reviewer and any disagreements were
resolved by a third reviewer. Sunday through Thursday nights were considered school
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nights, and Friday and Saturday nights were considered non-school nights. School night
sleep periods that ended on the morning of a Federal holiday were recoded as non-school
nights. We corrected sleep periods impacted by daylight saving time in the spring and fall.

Sleep Duration, Timing and Quality Outcomes

We operationalized nighttime sleep duration as hours per night and we generated a sleep
sufficiency variable to register if nights of sleep were <8 hours or =8 hours (1). The sleep
timing variables (onset and offset) were operationalized as hours from midnight (e.g., —0.5 =
23:30; and 6.5 = 06:30). We included sleep quality metrics for sensitivity analyses: night
awakenings (number of awakenings during the sleep period); sleep efficiency (percentage of
time asleep during the sleep period); wake after sleep onset (time spent awake after the onset
of sleep during the sleep period); and sleep onset latency (time taken to fall asleep in a sleep
period). The following sleep quality metrics were not normally distributed and were
categorized: sleep efficiency (<85% and >85%) (21) and tertiles for wake after sleep onset
and sleep onset latency.

Socio-Demographic Predictors

Participants self-reported their sex (male or female) and their race and ethnicity using
standard NIH categories. From the available race and ethnicity data collected, we
categorized participants as White, Black and Other. The vast majority of participants
reported being non-Hispanic (93%); due to the limited numbers we were not able to
investigate Hispanic and non-Hispanic ethnicity. Household income data were collected with
participants asked to report on of the following income brackets: <$10,000, $10,000-to-
$19,999, ..., $90,000-t0-$99,999, or =$100,000. From the available parental household
income data, we categorized participants as: <$40K, $40-69K, $70-99K and >$99K. The
education level attained by the parent/guardian who accompanied the adolescent to the study
visit was captured using the following categories: Did not complete high school; completed
high school; technical school certificate; associate degree; some college, but no degree;
bachelor degree or GED; or graduate degree. Based on available education data, we
categorized as: some college or less, college degree and graduate degree.

Statistical Analyses

We analyzed our data at the daily level using mixed effect models to account for the multiple
observations per individual, with maximum likelihood estimation, random intercepts, robust
standard errors and an unstructured correlation matrix (linear mixed models for continuous
outcomes and logistic mixed models for categorical outcomes). We described changes in
each sleep outcome (duration, sufficiency, onset and offset) from 8t to 9t grade on school
and non-school nights by including grade (coded 0 for 8 and 1 for 9t), school status (0 for
school night and 1 for non-school night) and grade x school night interaction terms. We then
tested whether individual demographic factors were associated with each sleep outcome, and
further tested if any demographic factor association differed by grade or weekday status
through interaction terms (demographic factor x grade and demographic factor x school
night status). We used an alpha level of 0.05 to determine main associations and for the
interactions we used a Bonferroni corrected alpha threshold to account for the number of
interactions performed (0.05/16=0.0031). We performed sensitivity analyses to determine if
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the demographic factors associated with sleep quality traits (awakenings, efficiency, wake
after sleep onset and sleep onset latency). All analyses were completed using Stata 14.2
(StataCorp, College Station, TX).

We enrolled 118 adolescents in 8t grade. One participant dropped-out before completing
their 8t grade lab visit and so we provided an Actiwatch-2 to 117 (Figure 1). After
removing siblings to avoid correlation within families (N=3), we captured 1,398 nights of
data from 107 participants in 8™ grade [90% wear compliance; average number of wear
days: 13.5 (SD=2.1)] (Figure 1). In 9t grade, 90 participants returned for their follow-up lab
visit and all were provided with an Actiwatch-2 (Figure 1). We captured 1,072 nights of data
from 84 participants in 9t grade [82% wear compliance; average number of wear days 13.1
(SD=2.3)]. Three participants did not provide actigraphy data in 8t grade, but were retained
and provided actigraphy data in 9t grade (Figure 1). Therefore, our sample includes 110
participants (i.e., 107 participants with at least 81" grade Actiwatch-2 data plus 3 participants
with only 9" grade Actiwatch-2 data). Household income data were not available for two
participants, so the analytical sample is N=108 when household income is included in the
model.

In 8t grade, approximately half the adolescents were female (53%), most were White (69%)
and most lived in a household with an income =2$99K per year (65%) (Table 1). The parents/
guardians accompanying their adolescent had educational attainment that was approximately
evenly distributed across the categories (Table 1). Black adolescents and adolescents from
lower income households were more likely to have missing data (Supplementary Table 1)
and be less compliant with the Actiwatch-2 protocol (Supplementary Table 2), so we
adjusted for race and household income in all models. Descriptive statistics for sleep
duration are provided by socio-demographic groups (Supplementary Table 3).

In 8t grade, sleep duration averaged 6.72 hours on school nights and 7.50 hours on non-
school nights (Figure 2). On school nights, sleep duration declined to 6.29 hours per night in
ot grade (25.8 minute decline; 95% Cl: 17.4,34.2); on non-school nights there was no
change in sleep duration (Figure 2). The percentage of school nights (and non-school nights)
with sleep duration =8 hours was 9.4% (38.3%) in 8™ grade and 5.7% (35.9%) in 9t grade.
The odds of sleeping =8 hours per night was 7-fold higher on non-school nights compared to
school nights (OR=7.68; 95% Cl: 5.17,11.42), and was 42% lower in 9t grade, compared to
8th grade (OR=0.59; 95% Cl: 0.37,0.93).

In 8" grade, timing of sleep onset averaged 23:01 on school nights and 23:58 on non-school
nights (Figure 2). Timing of sleep onset changed on school and non-school nights to be 22.2
minutes (95% CI: 12.6,31.8) and 17.4 minutes (95% CI: 4.8,30.0) later in 9" grade,
respectively (Figure 2). In 8! grade, sleep offset averaged 6:34 on school mornings and 8:25
on non-school mornings (Figure 2). Change in sleep offset on school mornings was not
statistically significant from 8 to 9t grade, but on non-school mornings sleep offset
changed to occur 22.2 minutes later in 9™ grade (95% ClI: 9.6, 34.8; Figure 2).
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Compared to females, males had shorter sleep duration [beta=—0.21(12 mins); 95% CI:
-0.41,-0.02;] and were 59% less likely to sleep =8 hours per night (OR=0.41; 95% ClI:
0.28,0.62) (Figure 3, panels A and B). We observed a sex by school night status interaction
for sleep duration (Supplementary Figure 1); specifically, males slept for 0.69 fewer hours
on non-school nights (41 mins; 95% CI: —1.00,-0.39) than females (Figure 3, panel E).
There were no major sleep timing differences observed between males and females (Figure
3, panels C and D). Furthermore, the sex differences we observed were consistent in 8t and
9th grade (i.e., we did not detect sex by visit interactions, Supplementary Figure 1).

Compared to White adolescents, Black adolescents had shorter sleep duration [beta=—0.56
(33.6 mins); 95% CI: -0.84,-0.29] and were 51% less likely to sleep =8 hours per night
(OR=0.49, 95% ClI: 0.26,0.94) (Figure 3, panels A and B). There were no major sleep timing
differences observed between White and Black adolescents, but the Black adolescents
showed (non-significant) later timing of sleep onset and earlier timing of sleep offset (Figure
3, panels C and D). We did not observe sleep duration or timing differences between White
adolescents and adolescents in the “Other” race group (Figure 3, panels A-D). We also did
not observe any race interactions with grade or school night status (Supplementary Figure
1).

Adolescents living in households with <$40K annual income had later timing of both sleep
onset [beta=0.88 (52.8 min); 95% CI: 0.17,1.59] and sleep offset [beta=0.64 (38.4 min);
95% Cl: 0.16,1.12], compared to households with annual incomes >$99K (Figure 3, panel C
and D). Compared to adolescents whose accompanying parent had a graduate degree, those
accompanied by a parent with a college degree had shorter sleep duration [beta=—0.44 (26.4
mins); 95% CI: -0.68,—0.20] and were 46% less likely to sleep =8 hours per night
(OR=0.54; 95% CI: 0.32,0.90) (Figure 3, panels A and B). There were no visit or school
night interactions involving household income and parent education with respect to sleep
duration or timing outcomes (Supplementary Figure 1).

In sensitivity analyses, males had more night awakenings (beta=2.66; 95% CI: 0.58,4.74),
were less likely to have =85% sleep efficiency (OR=0.33; 95% CI: 0.21,0.54) and were more
likely to have be higher wake after sleep onset (OR=2.66, 95% CI: 1.50,4.69), compared to
females (Figure 4, panels A-C). We observed a sex x school night status interaction for night
awakenings (Supplementary Figure 1); the awakenings sex difference was stronger on
school nights (Figure 4, panel E). Adolescents from households with an income between
$70-99K, compared to those from >$99K income households, were less likely to have
>85% sleep efficiency (OR=0.29; 95% CI: 0.14,0.60) (Figure 4, panel B). We observed no
differences in the sleep quality metrics across race and parental education groups (Figure 4).

Discussion

Actigraphy estimated sleep duration and timing changed significantly during a key
adolescent period: the middle-to-high school transition. In this one-year period, we observed
a 25.8 minute per night reduction in average sleep duration on school nights (6.72 to 6.29
hours per night), largely due to a 22.2 minute later timing of sleep onset (23:01 to 23:24).
We did not observe a reduction in average sleep duration on non-school nights because later
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timing of onset was compensated by later timing of sleep offset. The percentage of school
nights (and non-school nights) with sleep duration =8 hours was 9.4% (and 38.3%) in 8t
grade and 5.7% (and 35.9%) in 9t grade. Overall, the odds of sleeping =8 hours per night
was reduced by 42% after transitioning to high school. In summary, our longitudinal study
revealed that actigraphy-estimated insufficient sleep is highly prevalent in adolescence,
especially on school nights, and this problem worsens as adolescents transition from middle-
to-high school.

The Youth Risk Behavior Surveillance System (YRBSS) reported that 47% of 8t grade and
35% of 9™ grade adolescents in the U.S. obtain sufficient sleep on school nights (13, 14).
Our sample was recruited from the greater Philadelphia region and the YRBSS reported that
the prevalence of sufficient sleep on school nights in Pennsylvania was 21.3% across all high
school grades (and 16.6% within Philadelphia) (13). It is known that self-reported sleep
duration estimates tend to be higher than actigraphy estimates (15), and this likely explains
why we observed a lower percentage of sufficient sleep nights. Our estimated average sleep
durations are similar to adolescent actigraphy data reported in other studies (16-21), but
these studies did not report actigraphy-estimated sleep sufficiency for direct comparison.
However, a study of younger children (10-11y) found that actigraphy estimates of sleep
sufficiency were substantially lower than self-report estimates (2.5% vs. 51.3%) (30). Future
surveillance studies using actigraphy will provide more accurate estimates of sleep duration.
Current prevalence estimates are concerning, but the extent of insufficient sleep is likely
more severe. Effective sleep extension strategies are urgently needed.

Delaying school start times to 08:30 can help address insufficient sleep among adolescents
(31). Adolescents attending high schools with later start times sleep longer and have later
timing of sleep offset (17). A delayed high school start time policy in Seattle, WA, from
07:50 to 08:45, increased actigraphy-estimated median sleep duration by 34 minutes per
night (6.8—7.4 hours) as a consequence of a 44 minute later median timing of sleep offset
(32). Delaying school start times is highly advantageous because it can reach almost all
adolescents in a school district and the logistical changes are surmountable. However,
delaying start times does not resolve insufficient sleep, nor does it result in earlier timing of
sleep onset or target sleep duration on non-school nights. School education programs could
additionally help, but sleep focused education programs show limited effectiveness and may
be a necessary, but insufficient, component of a broader strategy (33-35). For example,
school-based education programs for adolescent sleep promotion could be paired with both a
delay in school start times and more intensive health behavior change efforts. This could
include establishing family-school partnerships with pediatric healthcare providers to
support bedtime routine regularity, reduction of bedroom electronics, and limiting caffeine
intake.

The pediatric healthcare setting has a key role in helping to resolve insufficient sleep during
adolescence. Pediatric sleep specialists already manage clinical and behavioral sleep
disorders, including insufficient sleep, and increasing the number of providers and the
quality of their training to promote sleep should be a priority (36, 37). A feasibility study
found that families with an insufficient sleeping adolescent were open to meeting with a
research team to set goals, problem solve, develop routines, learn about sleep hygiene best
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practices and receive positive feedback geared towards sleep promotion (38, 39). After two
weeks, this approach increased actigraphy-estimated sleep duration by approximately 1 hour
as a consequence of an approximate 1 hour earlier timing of sleep onset (39). The challenge
is to translate this strategy into an intervention that remains effective, but is also scalable.

We observed seX, race and household income differences that suggest a need for tailored
sleep promotion intervention approaches. Males slept less than females and had lower sleep
quality, specifically on non-school nights. Whereas Black adolescents slept less that White
adolescents, but sleep quality was similar across race groups. Additionally, adolescents from
<$40K income households had later timing of sleep onset and offset compared to those from
>$99K income households. These observations align with findings from prior studies that
used actigraphy to estimate sleep in adolescents (16, 17, 21). Accordingly, it will be
important to test if intervention strategies are equally effective for different sex, race and
income groups. Indeed, delaying school start times, which provides longer opportunities for
sleep on school nights, may have little impact on resolving the sex difference in sleep
sufficiency, based on our observation that the sex differences were driven by non-school
night sleep. In contrast, school start time delays could be effective for addressing the race
difference in sleep sufficiency, if this school policy is adopted equally across all school
districts. We also need to determine why these differences exist to help identify key targets
for intervention (40). For example, lines of inquiry could investigate if social factors (e.g.
parenting structure and family chaos) (22, 23), the bedroom environment (e.g., screen time
in bed) (24, 25) or school level factors (e.g. homework) differ by sex, race and income
groups to impact sleep patterns. We did not observe extensive differences in sleep patterns
by parental education groups, but we only captured the education level of the parent
accompanying their adolescent to their study visit.

Our study has strengths and limitations. We collected actigraphy data over 14 days in 8" and
9oth grades and analyzed our data at the daily level. Comparable studies used cross-sectional
designs, collected data over 7 days, and analyzed aggregated data (16). Our sample was
predominantly White, non-Hispanic and most adolescents lived in higher-income
households; we had limited ability to fully investigate race/ethnicity differences and
differences across household incomes. We captured data in the final year of middle school
and the first year of high school; we did not describe changes in sleep patterns throughout
middle and high school. We also conducted our study at a single site in the U.S., in a region
with a higher than average prevalence of insufficient sleep. Replication of our findings in
other regions is needed. We excluded adolescents with clinical diagnoses that may impact
sleep and/or growth, but it is possible that adolescents with undiagnosed disorders or
subclinical symptoms were enrolled.

Conclusion

In conclusion, insufficient sleep is highly prevalent in adolescence, especially on school
nights, and this problem worsens as adolescents transition from middle-to-high school. Male
and Black adolescents are particularly susceptible to insufficient sleep. There is an urgent
need for effective sleep health promotion interventions in addition to delaying school start
times.
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Implications and Contribution

Sleep is essential for adolescent development. This study used objective tracking of sleep
to reveal that the extent of insufficient sleep in adolescence is more severe than
previously indicated via self-report, especially among males and among Black
adolescents. Interventions to promote sleep during the middle-to-high school transition
are urgently needed.
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Figure 1.

Enrollment, retention and actigraphy sleep data. Abbreviations: AW2, Actiwatch-2 (the
actigraphy device used to objectively measure sleep patterns). *Three participants did not
provide actigraphy data in 8t grade, but were retained and provided actigraphy data in 9t
grade; therefore, the analytical sample includes 110 participants (i.e., 107 participants with
at least 8t grade AW?2 data plus 3 participants with only 9t grade AW?2 data).

J Adolesc Health. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mitchell et al. Page 14

Sleep Duration (h/night)

8.0 —~ 00:30 —~ 09:00 -
£ £
7.5 5 5
SE—2 £ oo £ oa00-
7.0- ’g, B
e 5 23:30 - > § |
' 3 Fof %
&% 23:00 &
6.0 - 06:00 -
| I T | | |
8th 9th 8th 9th 8th 9th
Grade Grade Grade Grade Grade Grade

Figure 2.
Sleep duration, onset and offset changes during the middle-to-high school transition (8™ to

oth grade). The light shading represents non-school nights and the dark shading represents
school nights.
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Demographic factor associations with the sleep outcomes. Main associations are presented

in panels A (sleep duration), B (sleep sufficiency), C (sleep onset) and D (sleep offset). Delta
(A): difference from the referent group for each demographic factor. Sex specific sleep
duration associations on school and non-school nights are in panel E (based on significant
sex x school night status interaction). The log-scale is used to present the odds ratios in

panel B.
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SOL Tertile (Odds Ratio)

Demographic factor associations with the sleep quality outcomes. Main associations are
presented in panels A (awakenings), B (efficiency), C (wake after sleep onset) and D (sleep
onset latency). Delta (A): difference from the referent group for each demographic factor.
Sex specific night awakenings associations on school and non-school nights are in panel E
(based on significant sex x school night status interaction). The log-scale is used to present
the odds ratios in panel B, C and D.
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2013 Descriptive statistics for the analytical sample by study visit (81 and 9t grades)

Table 1

8th Grade (N=107)

9t Grade (N=84)

Age, mean (SD), years 13.9 (0.36) 14.9 (0.36)
Female, N (%) 57 (53.3) 42 (50.0)
Male, N (%) 50 (46.7) 42 (50.0)
White, N (%) 74 (69.2) 65 (77.4)
Black, N (%) 27 (25.2) 14 (16.7)
Other, N (%) 6 (5.6) 5(6.0)

Household Inc.: $<40,000, N (%) 10 (9.5) 5(6.0)

Household Inc.: $40,000-69,999, N (%) 16 (15.2) 10 (11.9)
Household Inc.: $70,000-99,999, N (%) 11 (10.5) 11 (13.1)
Household Inc.: $>99,999, N (%) 68 (64.8) 58 (69.1)
Parent Educ.: Some College or Less, N (%) 40 (37.4) 27 (32.1)
Parent Educ.: College Degree, N (%) 31 (29.0) 29 (34.5)
Parent Educ.: Graduate Degree, N (%) 36 (33.6) 28 (33.3)
Leave for School, mean (SD), hours from 00:00 7.36 (0.41) 7.01(0.42)
Commute Time, mean (SD), minutes 17.9 (18.0) 21.3(18.3)

Abbreviations: Educ., education; Inc, income. Missing household income data in gth grade (N=2).
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