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Abstract

Study Objectives: Shift sleep onset earlier and extend school-night sleep duration of adolescents.

Methods: Forty-six adolescents (14.5-17.9 years; 24 females) with habitual short sleep (<7 h) and late bedtimes (>23:00) on school nights slept as usual for 2 weeks
(baseline). Then, there were three weekends and two sets of five weekdays in between. Circadian phase (Dim Light Melatonin Onset, DLMO) was measured in the
laboratory on the first and third weekend. On weekdays, the “Intervention” group gradually advanced school-night bedtime (1 h earlier than baseline during week
1; 2 h earlier than baseline during week 2). Individualized evening time management plans (“Sleep RouTeen”) were developed to facilitate earlier bedtimes. On the
second weekend, Intervention participants received bright light (~6000 lux; 2.5 h) on both mornings. A control group completed the first and third weekend but not
the second. They slept as usual and had no evening time management plan. Weekday sleep onset time and duration were derived from actigraphy.

Results: Dim light melatonin onset (DLMO) advanced more in the Intervention (0.6 + 0.8 h) compared to the Control (-0.1 + 0.8 h) group. By week 2, the Intervention
group fell asleep 1.5 + 0.7 h earlier and sleep duration increased by 1.2 + 0.7 h; sleep did not systematically change in the Control group.

Conclusions: This multi-pronged circadian-based intervention effectively increased school-night sleep duration for adolescents reporting chronic sleep restriction.
Adolescents with early circadian phases may only need a time management plan, whereas those with later phases probably need both time management and
morning bright light.

Clinical Trials: Teen School-Night Sleep Extension: An Intervention Targeting the Circadian System (#NCT04087603): https://clinicaltrials.gov/ct2/show/NCT04087603

Statement of Significance

This is the first test of an intervention that used a combination of short-term (2 days) morning bright light exposure, a gradual shift of bed-
time to an earlier clock time, and a simple evening time-management strategy to increase sleep duration in adolescents who are chronic-
ally sleep deprived, getting less than 7 h of sleep on school nights. This combination of strategies appears effective and could be expanded
and adapted to increase sleep duration in circadian-based sleep disorders, such as Delayed Sleep-Wake Phase Disorder which typically
emerges during adolescence.
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Introduction

The majority of adolescents obtain less than the current recom-
mendation [1] of 8-10 h of sleep on school nights [2, 3]. In a com-
prehensive meta-analysis, Galland et al. [4] reported the pooled
mean of nocturnal weekday total sleep time measured from
actigraphy was 6.66 h in adolescents aged 15-18 years studied
in the United States, Netherlands, and Australia. Despite getting
insufficient sleep, and presumably carrying an increased pres-
sure for sleep across the waking day, many adolescents do not
fall asleep early. Bedtimes on school nights range from 10:30 to
11:30 pm [2, 4-11], and some report average bedtimes as late as
midnight to 1:00 am [12-15].

Insufficient sleep during adolescence is the result of a com-
bination of biological, psychosocial, and societal pressures that
come together like a “Perfect Storm” as they compete with one
another and impinge on sleep opportunity [16, 17]. Sleep regu-
latory mechanisms extend alertness late into the evening and
night in adolescents. Laboratory studies show that adolescents
of a more mature puberty stage have later onset and offset of
melatonin secretion—markers of the central circadian clock—
compared to less mature adolescents [18, 19] and similar find-
ings of a circadian phase delay are reported in other pubertal
animals [20-26]. Homeostatic sleep pressure also accumulates
more slowly across a waking period in post-pubertal adoles-
cents compared to their pre-pubertal peers [27], making it easier
for adolescents to stay awake late as they get older. Finally, ado-
lescents in their late teens stay awake later after the onset of
their biological night (marked by the dim light melatonin onset
[DLMO]) compared to younger adolescents [28]. Thus, not only
are their circadian systems later, but they fall asleep later into
their biological night.

In addition to biology favoring evening alertness, parental in-
fluence over bedtimes lessen [7, 9, 29, 30], and adolescents are
able to and often choose to stay awake to engage in other ac-
tivities besides sleep. After-school activities, including part-time
work, homework, sports, and socializing contribute to delayed

bedtimes on school nights [7, 31-34]. Spending time on screens,
such as cell phones or tablets, can displace sleep, as well as
stimulate alertness making sleep more difficult [35-37].

Unfortunately, late school-night sleep onset times are juxta-
posed with early rise times on school-day mornings, making
it difficult for adolescents to obtain sufficient sleep [38, 39].
Chronic partial sleep deprivation is especially common for
adolescents who endorse late sleep timing, such as those who
endorse an evening chronotype [40]. The conflict between bio-
logically driven late sleep onset times and society-enforced
early wake times also results in circadian misalignment (mis-
timed sleep relative to the circadian system) on school nights
[41] and social jetlag [42, 43]. Insufficient and mis-timed sleep
in adolescents is associated with a number of poor outcomes,
including heightened anxiety [44], depressed mood [2, 9, 45, 46],
poor emotion regulation [47], daytime sleepiness [41, 48-52], and
poor academic performance [9, 53-55].

While efforts to delay school start times for middle and
high schools are slowly gaining traction [38, 56-58], additional
strategies are needed, particularly for adolescents who have
difficulty falling asleep early enough to get the recommended
amount of sleep on school nights. Shifting the circadian system
earlier should facilitate adolescents’ ability to fall asleep earlier.
The Phase Response Curve (PRC) to bright light for adolescents
(14-17 years) shows that the largest phase advance shifts (ad-
vances move events earlier in time) are produced when bright
light begins about 7-11 h after the DLMO (~1.5-3.5 h after ha-
bitual sleep midpoint) [59]. We found that appropriately timed
bright light (2.5 h; ~6000 lux) on both mornings of one weekend
can advance circadian phase of late and short-sleeping adoles-
cents by about 1 h [60].

Previous studies examined changes to sleep behavior in
response to morning bright light treatment over 4-6 weeks in
adolescents who had difficulty going to bed and waking up
early [61] or who were diagnosed with Delayed Sleep-Wake
Phase Disorder (DSWPD) [62]. Gradisar et al. showed shortened



self-reported sleep onset latency, earlier sleep onset, and in-
creased total sleep time in adolescent patients diagnosed with
DSWPD after Cognitive Behavioral Therapy (CBT) combined with
morning bright light (0.5-2.0 h; 1000 lux from a light box or nat-
ural sunlight) administered over 3-6 weeks [62]. Kaplan et al. also
reported shifting sleep onset about 50 min earlier and increasing
nocturnal sleep by about 43 min in response to a passive light
therapy (3-ms light flashes every 20 s in the final 2 h of habitual
sleep) combined with CBT [61]. This latter study also showed
that adolescents needed CBT to change their sleep behavior as
it did not change in response to passive light therapy alone [61].
Unfortunately, circadian phase was not measured in either of
these previous studies. Therefore, it remains unclear whether
the circadian system shifted and whether change in circadian
phase was the mechanism of action that changed sleep onset
and sleep duration in these cohorts of late-sleeping adolescents.
Moreover, morning bright light treatment occurred every day for
several weeks in these previous studies. This may not be neces-
sary as we reported circadian phase advances after 2 days of
morning bright light [60].

The overall aim of this study was to advance sleep onset and
therefore extend school-night sleep in adolescents who habit-
ually reported late bedtimes and short sleep on school nights.
A 2-week intervention targeted the circadian system two ways:
(1) by gradually advancing bedtime (the beginning of the dark
episode) over two school weeks; and (2) by using bright light
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exposure from light boxes on both mornings of the weekend
occurring in the middle of the two school weeks.The intervention
also included a behavioral component that targeted after-school
and evening time use to facilitate the gradual advance of bed-
time over 2 weeks. A “Sleep RouTeen” time-management plan
was individually tailored to the teen with motivational supports
during the 2 weeks. We hypothesized that the advance of the cir-
cadian clock, as measured by the DLMO, would be larger in the
group assigned to the intervention compared to a control group
that completed the exact same protocol, but was not given in-
struction about their sleep and time use, and was not exposed to
bright light boxes. We also hypothesized that participants who
were randomized to the Intervention group would be able to fall
asleep earlier and therefore obtain more sleep on school nights
by the end of the intervention compared to the control group.
Daily subjective ratings of mood and alertness were also exam-
ined and predicted to improve in response to the intervention.

Methods
Participants

Figure 1 is a CONSORT diagram illustrating participant flow
through the study. The intervention was designed to increase
school-night sleep duration in adolescents who are chronically
sleep restricted on school nights due to late bedtimes; therefore,
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Figure 1. CONSORT diagram illustrating participant flow of the study.
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we targeted healthy adolescents (14.0-17.9 years) who reported
this behavioral sleep pattern and were enrolled in high school.
Sleep behavior inclusion criteria were the following: average
sleep duration < 7 h on school nights, average school-night bed-
time > 23:00, average non-school night bedtime > midnight, and
average sleep duration > 1 h longer on non-school nights than
school days. The last criterion indicated that some recovery
was needed from insufficient sleep on school nights [63]. Sleep
behavior criteria were assessed from pre-study sleep logs col-
lected before randomization (15 + 3 nights), and then confirmed
with wrist actigraphy during a 2-week baseline. Exclusion cri-
teria, assessed by self- and parent/guardian-report were a his-
tory of a developmental disorder, psychotic disorder, bipolar
disorder, neurological disorder, psychopathology, metabolic
disorder, chronic medical condition, infectious illness, or sleep
disorder (restless legs syndrome, periodic limb movement dis-
order, obstructive sleep apnea, or narcolepsy). Depressive symp-
toms can co-occur with late and short sleep [64-67]; therefore,
elevated depressive symptoms (scores > 16 on the Center for
Epidemiological Studies-Depression (CES-D) scale) [68] were
not exclusionary. Participants were excluded, however, if they
indicated a history of suicidal ideation. Participants were
medication-free, except for two females who were taking an
oral contraceptive. Participants did not work night shifts or
travel beyond three time zones in the month before starting the
study, and were not color blind or deficient as measured by the
Ishihara Color Blindness test.

Participants were randomized to the Intervention group or
the Control group using block randomization. Blocks of up to
three participants completed the study at the same time. Blocks
of participants were randomly assigned to the Intervention or
Control group using a computer-generated random number
list. We chose to run participants assigned to the same group
together in the laboratory to avoid participants discussing the
study protocol and differences in study instructions, which
could identify group assignment. The words “control” and
“intervention” were not used in any documents that partici-
pants read, and research staff did not use these words when
speaking with participants or their families. Instead, one group
was called “Team Mario” and the other group was called “Team
Luigi.” Participants were paid the same dollar amount regardless
of group assignment.

Table 1 shows participant demographics by group assign-
ment. Circadian phase preference was measured with the
Morningness Questionnaire of Smith et al. [69], which ranges
in score from 13 (eveningness) to 55 (morningness). Mid-sleep
on free days (corrected for weekend oversleep) and social jetlag
(difference between midpoint of sleep on free days and non-free
days) was assessed using the Munich Chronotype Questionnaire
[70]. Participants self-reported their race/ancestry by choosing
one of the following: White/Caucasian, Asian/Asian-American,
Native American/Alaskan Native, Native Hawaiian/Pacific
Islander, Black/African-American, multiracial, or specified an-
other race/ancestry. They also self-reported their ethnicity
by choosing either Not Hispanic/Latino or Hispanic/Latino.
Adolescent reports of race and ethnicity were confirmed by a
parent using the same response categories.

The study was approved by the Rush University Medical
Center’s Institutional Review Board, in compliance with the
Declaration of Helsinki. A parent of the participant provided
written consent for the child to participate in the study, and the

adolescent cosigned the consent form to acknowledge assent.
The study was registered on clinicaltrials.gov (NCT#04087603).

Study protocol

Adolescents completed the 1-month protocol illustrated in
Figure 2 during the U.S. school year between January 2017
and May 2019. All participants slept at home on their usual
sleep schedule for the first 2 weeks of the study (baseline) and
then lived in the lab for a weekend (days 15-17; Baseline Lab
Weekend). On Friday night (day 15), participants were given a
9-h sleep opportunity timed to end at their habitual school-day
wake-up time. The 9-h duration was designed to provide an op-
portunity for sufficient sleep, and the fixed school-day wake
time was designed to maintain a similar wake time to the pre-
vious week before assessing circadian phase in the laboratory.
On Saturday (day 16), participants completed a circadian phase
assessment (see below) to determine their Baseline DLMO, the
most reliable marker of the central circadian clock [71, 72].
Participants ended their baseline phase assessment at their
average baseline non-school night bedtime (to the nearest hour
or half-hour clock time) and were put to bed within 15 min of

Table 1. Participant demographics for analytic sample

Control Intervention
N 23 23
Age (years) 16.5+0.8 16.0+0.8
(14.5-17.9) (15.2-17.9)

Sex (N)

Females 13 11

Males 10 12
Ancestry (N)

African-American 6 12

White 14 6

Multiple 3 2

Other 0 3
Ethnicity (N)

Non-Hispanic 12 17

Hispanic 11 6
High school grade (N)

9th 3 1

10th 9 9

11th 8 10

12th 3 3
Leave home for school (clock time)

Mean + SD 07:10 + 00:40 07:03 + 00:23

(earliest-latest)
School start (clock time)

(05:50-07:50)  (06:30-07:45)

Mean + SD 07:47 + 00:39 07:52 + 00:20

(earliest-latest) (06:30-09:30) (07:00-08:25)
Morningness score? 30.9+4.6 324+6.3
Mid-sleep on free days (MSFsc)®¢ 05:08 + 01:14 04:48 + 01:37
Mid-sleep on school days® 03:12 + 00:26 03:06 + 00:30
Social jetlag (h)><d 3.1+09 29+1.2
Depressive symptoms® 85+54 11.3+5.9

2Smith Morningness Questionnaire.

®Munich ChronoType Questionnaire (MCTQ).

<Only those without alarm use on free days were included (N = 18 in Control
group; N = 21 in Intervention group).

dSocial jet lag = the difference between mid-sleep on free days and mid-sleep
on school days.

¢Center for Epidemiologic Studies Depression (CES-D) Scale.
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the last saliva sample. On Sunday morning (day 17), participants set to the participant’s average school-day wake-up time (to the
were awakened 9 h later. nearest :00, :15, or :30).

Participants in the Intervention group completed a brief After Experimental Week 1, intervention participants com-
(~20-min) meeting with a clinical psychologist (JAC) or study pleted the Bright Light Lab Weekend (Days 22-24 in Figure 2),
coordinator (SLV) to discuss and set their “Sleep RouTeen” time where morning bright light and a gradual shift of sleep/dark
management goals (see below) before leaving the laboratory on was timed to phase advance rhythms over a weekend based on
Sunday (day 17). These time management goals were designed our previous work [60]. The weekend phase advancing protocol
to facilitate earlier sleep onset times as the Intervention group was timed for each individual using their average sleep times

was asked to gradually advance the time that they got into bed derived from wrist actigraphy for the first 11 baseline nights
to try to fall asleep (assigned bedtime) over Experimental Week (actigraphy is described below). On Saturday morning (day 23),
1 (days 17-21) and Experimental Week 2 (days 24-28). During participants were awakened 2 h (+ 30 min) after their average

Experimental Week 1, intervention participants were instructed baseline mid-sleep time, which corresponds to the phase
to go to bed and try to fall asleep 1 h before their average base- advancing portion of the adolescent PRC to bright light [59]. Two
line school-night sleep onset time. During Experimental Week 2, light boxes (EnergyLight, Philips Consumer Lifestyle, Drachten,
they were instructed to go to bed and try to fall asleep 2 h before The Netherlands; 5000 K; screen size of 33 x 47 cm) were turned
their average baseline school-night sleep onset time. Assigned on within 5 min of waking. The spectral power distribution of
bedtimes for both weeks were set to the nearest hour or half the EnergyLights is shown in Figure 2 of our previous report
hour clock time. In the example shown in Figure 2, assigned [60]. The two light boxes were positioned on both sides of the
bedtime is at 22:00 during Experimental Week 2, but assigned computer monitor, facing in toward the participant. The center
bedtimes varied between participants. Scheduled wake-up was of the light box screens was 37 + 3 cm from participants’ eyes.
pm Clock Time am
N 2 4 6 8 N
Study Day 10 M 10 Study Day
, WEELGEVE
Baseline 1-14 2-15
I weekends
Baseline Lab |F 15 BEN Sa 16
Weekend |sa 16 Baseline Su__ 17
Su 17 M 18
£ ) ial 18 Tu 19
xperimenta
Week1 |4 19 W 20
w 20 Th 21
Th 21 F 22
Bright Light |F 22 Sa 23
Lab Weekend |sg 23 Su 24
Su 24 M 25
e ) tal M 25 Tu 26
xperimenta
Week 2 Tu 26 W 27
w 27 Th 28
Th 28 F 29
FinalLab [F 29 Sa 30
Weekend [sa 30 Final DLMO Su_ 31
1 1 1 1 1 1 1

N 2 4 6 8 10 M 2 4 6 8 10 N

Figure 2. Example protocol for intervention participants. M, midnight; N, noon. Black rectangles illustrate dark/sleep. Participants had two baseline weeks of usual
sleep at home (days 1-14). Average baseline sleep onset and wake-up times on weekday and weekend nights are shown. Then, participants lived in the laboratory for
a weekend (Baseline Lab Weekend). On Friday-Saturday (study days 15-16), a 9-h sleep opportunity was timed to end at the individual’s average school-day wake-up
time. Dim light melatonin onset (DLMO) was measured on Saturday (day 16) via serial saliva sampling every 30 min starting at 1600 and ending at the individual’s
average weekend bedtime (+ 30 min). Participants were given a 9-h sleep opportunity in the laboratory after the DLMO phase assessment. During Experimental Week
1 (days 17-21), participants in the intervention group were instructed to go to bed and try to fall asleep 1 h earlier than their average baseline school-night sleep onset.
Individualized behavioral goals (“Sleep RouTeen”) were identified for each participant to help them manage their time in the evening and facilitate earlier bedtimes
during this week. Then, intervention participants lived in the laboratory for another weekend (Bright Light Lab Weekend, days 22-24) to receive 2.5 h intermittent bright
light (three 50-min exposures with 10-min breaks between) from light boxes (~6000 lux) on both mornings to advance circadian rhythms. During Experimental Week
2 (days 24-28), assigned bedtime was shifted an additional 1 h earlier than Experimental Week 1 and the “Sleep RouTeen” behavioral goals continued to be reinforced.
A Final Lab Weekend occurred on days 29-31 and was the same as the Baseline Lab Weekend. Control participants completed the same protocol as the intervention
participants, except they continued to sleep as usual at home for both Experimental Weeks, did not receive the “Sleep RouTeen” behavioral goals, and did not partici-
pate in the Bright Light Lab Weekend.
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Study staff measured illuminance at the level of both eyes with
an illuminance meter (ExTech EasyView 33, Extech Instruments,
Waltham MA) every 15-20 min during morning bright light.
[luminance measured in the angle of gaze was 5949 + 157 lux.
On Sunday morning (day 24), participants were awakened 1 h
earlier than on Saturday morning (day 23). Figure 2 shows an ex-
ample of an adolescent with a mid-sleep time of 04:00; therefore,
Saturday morning wake-up time was 06:00 and Sunday morning
wake-up time was 05:00 in this example. Scheduled times varied
among participants; Saturday morning wake-up times ranged
from 04:30 to 09:00. Participants did not have access to their cell
phones during the morning light sessions; however, they were
allowed to watch movies or TV shows, access social media, or
complete homework on our desktop computers set up between
the light boxes.

Participants in both groups (Intervention and Control) com-
pleted a Final Lab Weekend (days 29-31), which was identical to
the Baseline Lab Weekend described above. During weekends in
the laboratory, participants lived in private bedrooms. Overhead
bedroom lights were controlled by study staff from a control
room. Illuminance averaged 29.4 + 9.5 lux at the angle of gaze
when participants were awake and bright light boxes were off.
Bedrooms were dark (0 lux) during scheduled sleep times.

DLMO circadian phase assessments

During the circadian phase assessments, salivary melatonin
concentration was measured from approximately 2 mL of saliva
collected every 30 min using Salivettes (Sarstedt, Nimbrecht,
Germany). Participants remained awake in dim light (<5 lux) sit-
ting in recliners, except when they needed to use the attached
washroom (also <5 lux). They were not allowed to eat or drink
in the 10 min before each sample and washroom trips were
not allowed during this time. Saliva samples were centrifuged
immediately after collection and frozen. These samples were
later radioimmunoassayed (RIA) for melatonin concentration
using commercially available kits (Bithlmann Laboratories AG,
Schonenbuch, Switzerland) by SolidPhase, Inc (Portland, ME).
Each individual’s samples were analyzed in the same batch. The
manufacturer reports that the analytic sensitivity (limit of de-
tection) of the assay is 0.9 pg/mL. Intra-assay coefficients of vari-
ation for low (daytime), medium (evening), and high (nighttime)
levels of salivary melatonin are 20.1%, 4.1%, and 4.8%, respect-
ively. The inter-assay coefficients of variation for low, medium,
and high levels of salivary melatonin are 16.7%, 6.6%, and 8.4%,
respectively. DLMO phase, expressed in 24-h clock time, was de-
termined by linear interpolation across the time points before
and after the melatonin concentration increased to and stayed
above 4 pg/mL [18, 73]. DLMO phase shift was computed as the
difference between Baseline and Final DLMO, with positive
numbers indicating a phase advance.

Actigraphic sleep

Participants in both groups wore an actigraph (Actiwatch
Spectrum, Philips Respironics, Inc., Bend Oregon, United States)
on their non-dominant wrist and completed daily sleep logs
to record the time they got into bed, the time they tried to fall
asleep, wake time, and sleep disturbances. They also telephoned
daily to a time-stamped voicemail messaging system at bedtime
and wake time. Participants visited the lab every 2-3 days so that

we could download the actigraphy data and review sleep logs
with them; participants were questioned about any inconsist-
encies between the actogram and sleep logs.

Actigraphy data were collected in 1-min epochs. The low
wake threshold and the sleep epochs sleep interval detection
algorithm in Actiware 6 (version 6.0.9, Philips Respironics, Inc.,
Bend Oregon, United States) were used to determine sleep and
wake. In a comprehensive validation study against PSG, Meltzer
et al. [74] showed that the low sensitivity is the best threshold for
healthy adolescents aged 13-18 years. Each sleep episode was
manually inspected within a rest interval beginning 15 min be-
fore the participants’ reported try to fall asleep time and ending
15 min after their reported wake up time on their daily sleep
log. The first of three consecutive 1-min epochs of sleep defined
sleep onset and the first epoch after the last five consecutive
1-min epochs of sleep defined wake-up time [75]. The following
variables were derived separately for weekdays and weekends:
sleep onset time, wake-up time, total sleep time (total hours of
sleep scored by the program between sleep onset and wake-up
time), duration (total hours between sleep onset and wake-up
time), and sleep efficiency (total sleep time divided by duration
x 100). Sleep onset latency (minutes between self-reported try to
fall asleep time from daily sleep logs and actigraphic sleep onset
time) was also computed for weekdays and weekends.

Sleep RouTeen and motivational supports

For the Intervention group, research staff met one-on-one with
participants to collaboratively develop an afternoon/evening
time management plan we named “Sleep RouTeen” on Sunday,
day 17 (Figure 2). The goal of the Sleep RouTeen was to help each
teen organize their afternoon/evening schedule so that they
could go tobed at the prescribed earlier time during Experimental
Week 1 (1 h earlier than baseline) and Experimental Week 2 (2 h
earlier than baseline). After reviewing their assigned bedtime,
participants were asked about perceived barriers to going to bed
by this time. Then, participants described their typical afternoon
and evening with approximate time durations for each activity,
and were asked what they could change to get to bed on time.
Two specific goals were developed together with the teen and
recorded on a personalized Sleep RouTeen score card that was
reviewed with participants at follow-up visits (days 20 and 27
when actigraphy data were downloaded; see Figure 2). Examples
of personal goals were: “set alarm on phone to stop socializing
at 9:30 pm” and “use study hall time during school to work on
homework.” This initial goal-setting meeting was about 20 min.
Scripted motivational interviewing techniques to reinforce goals
during follow-up visits on days 20 and 27 were implemented as
necessary. The Sleep RouTeen goals were reviewed and adjusted
as needed after Experimental Week 1 to accommodate the add-
itional 1-h shift in assigned bedtime during Experimental Week
2. The Control group was not given a time management plan or
any behavioral goals, but completed the same follow-up visits
at the lab to download their actigaphy data on days 20 and 27.
Staff gave Control participants study reminders, feedback, and
encouragement on completing study procedures at home.

Daily sleepiness and mood

Throughout the study, participants in both groups rated their
overall sleepiness and mood during the day before going to



bed. Nine word pairs were anchored on a 1-10 point scale,
and included the following: happy-sad, tense-relaxed, sleepy-
alert, even tempered-mood swings, irritable-easy going, poor
concentration-good concentration, tired-energetic, worried-
care free, and calm-jittery. Each morning, participants were also
asked to rate how difficult it was to wake up (very easy=1 to
very hard = 10) and how alert they felt (wide awake =1 to very
sleepy = 10). Participants were instructed to complete the bed-
time scales within 10 min before going to bed and the morning
scales within 10 min after waking each day.

Statistical analyses

Distributions of the main outcomes were first inspected to verify
assumptions of normality and heterogeneity of variance be-
tween groups; these assumptions were met.

Hypothesis 1: The main outcomes to assess changes to cir-
cadian phase in the Intervention group compared to the Control
group were Baseline DLMO and Final DLMO. A repeated meas-
ures analysis of variance tested our hypothesis that DLMO
phase advances would be larger in the Intervention group com-
pared to the Control group. Time was the with-in subjects factor
(Baseline vs. Final DLMO) and group (Intervention vs. Control)
was the between subjects factor.

Hypothesis 2: The main outcomes to test whether adoles-
cents were able to fall asleep earlier and obtain more sleep
during a school week were sleep onset time, total sleep time,
and sleep duration (interval from sleep onset to final awakening)
derived from actigraphy. Weeknight sleep onset, total sleep time,
and sleep duration were averaged for each individual during
Baseline (Sunday-Thursday nights only), Experimental Week 1
(days 17-21), and Experimental Week 2 (days 24-28). A repeated
measures analysis of variance tested our hypothesis that sleep
onset would shift earlier, and sleep duration and total sleep
time would lengthen during the school week in the Intervention
group compared to the Control group. Time was the repeated
factor (baseline vs. Experimental Week 1 vs. Experimental Week
2) and Group was the between subjects factor (Intervention vs.
Control).

Hypothesis 3: The main outcomes to test whether adoles-
cents reported improvements in daily mood and alertness were
derived from scales completed in the evening each weekday
before going to bed (happy, tense, sleepy, even tempered, irrit-
able, concentration, tired, worried, and calm) and each morning
at waking (morning alertness, difficulty waking). Aggregated
means for each participant were derived from weekdays during
Baseline (Monday-Friday) and days 25-29 of Experimental Week
2. A repeated measures analysis of variance tested our hy-
pothesis that daily mood and alertness would improve in the
Intervention group compared to the Control group. Time was the
repeated factor (Baseline vs. Experimental Week 2) and Group
was the between subjects factor (Intervention vs. Control).

For all models, the interaction term was the critical stat-
istic to test our hypotheses. For any significant interaction term,
post hoc independent samples t-tests followed to determine
group differences. Statistical significance was defined as p < .05
(two-tailed). Change scores from baseline for all outcomes were
computed for ease of interpretation and graphing. Effect sizes
(Cohen’s d) were computed on change from baseline scores to
evaluate group differences; effects sizes were evaluated with the
standard descriptors (small = 0.2, medium = 0.5, and large = 0.8).
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Sex differences in main outcomes at baseline and changes from
baseline were tested, but not observed. All statistical analyses
were conducted using IBM SPSS Statistics for Windows, version
22 (IBM Corp., Armonk, N.Y,, United States).

Results
Participants

A total of 47 participants completed the study (see Figure 1).
One male participant in the Control group was excluded from
the analysis because there was no clear rise in his baseline
melatonin profile. He reported using substances (alcohol and
cannabidiol) during the study. He also did not attend school
during Experimental Weeks 1 and 2, making his sleep unrepre-
sentative of his usual school-week sleep for a valid comparison
to the Intervention group. Five participants discontinued the
study for various reasons noted in Figure 1. Therefore, a total
of 23 participants (13 females) were included in the Control
group and 23 participants (11 females) were included in the
Intervention group for analysis (Table 1). The analytic sample
(N =46) and the excluded sample (n=6) were similar with re-
spect to age (16.5 +0.8 vs. 16.7 + 1.5 years), morningness score
(31.6 £ 5.5 vs. 32.0 +4.9), MSFsc (04:57 +01:24 vs. 05:06 + 00:38),
social jetlag (3.0 + 1.1 vs. 2.3 £ 0.4 h), and depressive symptoms
on the CES-D scale (9.8 + 5.8 vs. 11.7 + 7.1).

Two participants in the Intervention group completed
the study during the transition from daylight savings time to
standard time (November 2017). The time change occurred on
Day 17 (Sunday morning of Baseline Lab Weekend). Baseline
DLMOs for these two participants were collected in DST and
were adjusted to standard time (CST) to compute phase shifts.
Baseline sleep was also adjusted to CST for analysis to match
the remainder of the days collected in CST.

Three participants in the Control group complete the study
during the change from standard time to daylight savings time
(March 2017). The transition from standard time to daylight sav-
ings time occurred on Day 10 of baseline (see Figure 2). We did
not have to adjust DLMO data as both DLMOs were computed
in daylight savings time and the baseline DLMO was computed
6 days after the change from standard time to daylight savings
time. This should be enough time for the circadian system to ad-
just. For the analysis, sleep data collected during standard time
(days 1-9) were adjusted to daylight savings time to match the
remainder of the days collected in daylight savings time.

S 22:001 (5 ntervention
5 @ 4...n] [® Control *
®» £ 21:30;
HE
o5 21:00]
=9
J0° .
a2 20:30
S <
3 20:00
=
19:30 T r
Baseline Final

Lab Weekend

Figure 3. Circadian phase (DLMO) averaged for the intervention group (blue
open circle) and control group (black closed circle). *p < .05.
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Table 2. DLMO, DLMO phase shift, and DLMO phase angles of en-
trainment (mean + SD)

Table 3. Weekday (Sundays-Thursdays) sleep from wrist actigraphy
(mean + SD)

Control Intervention Control Intervention
Baseline DLMO (day 16) 21:06 + 1:36 20:50 + 1:22 N 23 23
Final DLMO (day 30)* 21:07 +1:43  20:13 £0:55 Baseline (days 3-7 and 10-14)
DLMQ Phase Shift (h)“. ~01£038 06038 Sleep onset time 00:14 + 00:51 00:13 + 00:50
Baseline DLMO—Baseline sleep 31+14 32+11 Wake-up time 06:35 + 00:36 06:27 + 00:44
_onsettime (h) Total sleep time () 53:0.7 5307
Final DLMO—Experimental Week 2 31+1.1 25+09 Duration (h) * 6.4+08 6.2+08
sle(?p onset time (h) * Sleep efficiency (%) 75+5 76 +6
Baseline DLMO—Baseline wake-up 9.2+1.7 9.2+1.4 Sleep onset latency (min) ® 67499 8.5+ 12
. time (h) . Experimental Week 1 (days 17-21)
Final DLMO—Experimental Week 2 9.6+1.8 9.9+0.9 Sleep onset time 00:01 £ 00:45 23:28 + 00:52*
wake-up time (h) Wake-up time 06:20 + 00:39 06:05 + 00:40
o 05 Total sleep time (h) 53+0.7 56+0.8
Ly Duration (h) * 6309 66+0.9
L Sleep efficiency (%) 75+6 76+6
. . . Sleep onset latency (min) ® 6.3+14.5 12.6 +14.1
Circadian phase and phase shifts Experimental Week 2 (days 24-28)
Figure 3 and Table 2 show DLMO and changes in DLMO after Sleep onset time 00:15 £ 01:01 22:41 +01:05™
the two Experimental Weeks for both groups. DLMO did not Wake-up time 06:45 + 01:09 06:09 + 00:44"
differ between the Intervention and Control groups at base- Total s.leep time (h) 53£08 63+ 1'0”
line (t(44) = -0.18, p = .86). There was a significant time-by-group SDluratlo;;l (h) o 6'7351 16‘1 7';; 1(‘51
. . . % + +
interaction (F(1,44) = 8.16, p = .007) such that DLMO advanced in 51:11; znscsfi;?;fm; (min)? 8.9429.9 20191

the Intervention group, but did not systematically change, on
average, in the Control group. The group effect size of DLMO
phase shift was large (d =0.9). By the end of the 2 weeks, the
Final DLMO was 54 min earlier, on average, in the Intervention
group compared to the Control group (t(44) =2.2 p =.03).

Morning bright light exposure was timed with respect to
the individual’s midpoint of sleep during baseline. To verify
that this approach timed bright light at the appropriate circa-
dian phase, we computed post hoc the time interval between
Baseline DLMO and wake-up time on Saturday morning (day
23), which is when the Intervention group was first exposed
to the bright light boxes. Bright light started 7.3-10.8 h after
Baseline DLMO (mean + SD = 9.5 + 1.0 h), which overlaps with
the portion of the PRC that produces the largest phase ad-
vances according to our PRC to bright light constructed from
adolescents [59].

Weekday sleep

Sleep measured from wrist actigraphy during Baseline reflects
the entry criteria of the study, which aimed to include adoles-
cents who fall asleep late (> 23:00) and obtain insufficient sleep
(< 7 h) during the school week (Table 3). Average weekday sleep
onsets, wake-up times, total sleep times, durations, sleep onset
latencies, and sleep efficiencies did not differ between the
Intervention and Control groups at baseline.

Figure 4 shows how weekday sleep of the Intervention
group improved compared to the Control group. There was
a significant time-by-group interaction for sleep onset time
(F(2,88) = 23.2, p < .001). Participants in the Intervention group
fell asleep 0.8 + 0.5 h earlier during Experimental Week 1 and
1.5+ 0.7 h earlier during Experimental Week 2 compared to
their baseline. By contrast, sleep onset time for participants in
the Control group did not systematically change, on average.
Sleep onset time was significantly earlier in the Intervention
group compared to the Control group during Experimental
Weeks 1 (t(44) =-2.3, p=.03) and 2 (t(44) = -5.1, p <.001). The

Differences between Control and Intervention:

*p < .05;

“p<.01;

“p <.001.

ainterval from sleep onset to final wake.

*interval from diary-reported try to fall asleep time to actigraphically scored
sleep onset.

difference between groups in sleep onset shift from Baseline
to Experimental Week 2 was large (d = 1.8). Assigned bedtime
(prescribed time to turn lights out and try to fall asleep) for the
Intervention group ranged from 22:00 to 01:00 for Experimental
Week 1, and self-reported try to fall asleep time from daily
sleep logs was 23:15 + 00:52, on average. During Experimental
Week 2, assigned bedtime ranged from 21:00 to 00:00 and
participants reported trying to fall asleep at 22:21 + 00:57, on
average.

Sleep duration (F(2,88) =15.9, p <.001) and total sleep time
(F(2,88) = 17.2,p < 0.001) also showed a time-by-group interaction
(Figure 4). The Intervention group showed a gradual increase in
sleep duration and total sleep time across Experimental Weeks
1 and 2. By Week 2, sleep duration increased by 1.2+ 0.7 h and
total sleep time increased by 1.0+ 0.6 compared to baseline.
Sleep duration and total sleep time in the Intervention group
were longer than in the Control group during Experimental
Week 2 (duration: t(44) = 3.6, p = .001; total sleep time: t(44) = 3.6,
p=0.001). The difference between groups in sleep duration
change (d=1.6) and total sleep time change (d=1.6) from
Baseline to Experimental Week 2 were large. Changes to
weekday sleep efficiency (F(2,88) =0.5, p =.63) and sleep onset
latency (F(2,88) = 1.2, p = .31) across the 2-week intervention did
not differ between groups (Table 3).

Sleep onset time, wake-up time, total sleep time, sleep dur-
ation, sleep onset latency, and sleep efficiency for both groups
during the weekends are provided in Supplementary Table S1
for descriptive purposes.


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsac202#supplementary-data
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Figure 4. Weekday sleep measured from wrist actigraphy for the Intervention
group (blue open circles) and the control group (black closed circles) during
Baseline, Experimental Week 1, and Experimental Week 2. *p <.05; **p <.001.

Individual responses to the intervention

DLMO phase shifts and sleep onset shifts varied in responses to
the 2-week intervention. Figure 5 illustrates DLMOs (triangles)
and weekday sleep measured from actigraphy (lines) for each
intervention participant with the earliest Baseline DLMO on the
top and the latest Baseline DLMO on the bottom. Participants
with the earliest Baseline DLMOs showed little change in DLMO
timing and DLMO of one participant delayed (75 in Figure 5).
Figure 6 illustrates that participants with the latest DLMOs
showed large DLMO phase advances; baseline DLMO and phase
shift of DLMO were correlated (r =.75, p < .001). All participants,
except two (80 and 77 in Figure 5) fell asleep earlier during
Experimental Week 2 (after the weekend of morning bright light
exposure) compared to baseline. However, DLMO phase shift and
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Figure 5. DLMOs (black triangles = baseline DLMO; red triangles = final DLMO)
and weekday sleep timing (bars = sleep onset to wake-up times measured from
actigraphy on Sunday—Thursday nights) for the Intervention group. Baseline
sleep = black bars; Experimental Week 2 sleep =red bars. Participants are ar-
ranged on the y-axis with the earliest baseline DLMO on the top and the latest
baseline DLMO on the bottom.
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Figure 6. Later baseline DLMOs were associated with larger phase advance
shifts by the end of the 2-week intervention in the Intervention group. A linear
regression line is fit to these data.

sleep onset shift were not correlated (r =.20, p = .37). Assigned
bedtime during Experimental Week 2 occurred 0.6-3.6 h after
the time of the final DLMO.

Mood ratings

Daily mood and sleepiness ratings during
Experimental Week 2 are shown as mean changes from baseline
in Figure 7. Baseline and Experimental Week 2 means, group-
by-time interactions statistics, and effects sizes are summar-
ized in Table 4. Compared to the Control group, the Intervention
group showed greater improvements in daytime energy (were
less tired), alertness (were less sleepy), concentration, irritability,
and worry by Experimental Week 2 (Figure 7). The Control group
showed no systematic change from baseline in these daytime
measures. Ratings of morning alertness also showed greater im-
provement in the Intervention group compared to the Control
group, but change in difficulty waking in the morning was not
statistically significant (Figure 7 and Table 4).

In the Intervention group, improvements in ratings of worry
were correlated with changes to sleep onset (r=0.49, p =.02),

subjective
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Figure 7. Change in weekday mood and sleepiness for the Intervention group
(blue open symbols) and Control group (black closed symbols). Change from
baseline = Experimental Week 2—Baseline; the inverse score was plotted for
irritable, sleepy, tense, tired, and worried so that better subjective feelings are
always positive numbers. Change from baseline group differences: *p <.05;
*p <.01; **p < .001.

sleep duration (r=0.42, p =.04), and total sleep time (r=0.47,
p=.02) by Experimental Week 2. The remaining mood vari-
ables (tired, sleepy, concentration, irritable, and morning alert-
ness) were not correlated with changes in sleep outcomes in
the Intervention group. Mood changes were not correlated
with changes in DLMO nor changes in phase angle of entrain-
ment (DLMO to sleep onset or DLMO to wake-up time) in the
Intervention group.

Discussion

We tested a combination of short-term (one-weekend) morning
bright light exposure, a gradual advance of bedtime over two
school weeks, and a simple evening time-management strategy
(Sleep RouTeen) to facilitate earlier bedtimes and thus increase
sleep duration in adolescents attending high school who were
chronically getting less than 7 h of sleep on school nights.
Baseline sleep duration averaged about 6 h on weekdays. The
morning bright light on both mornings of one weekend and the
gradual advance of the start of the dark episode (assigned bed-
time) was designed to advance the central circadian clock, which
in turn would make it easier for an adolescent to fall asleep at an
earlier clock time. The individually tailored “Sleep RouTeen” and
motivational supports provided simple and tangible behavioral
goals that aimed to help the teens organize their after-school
and evening time use and get into bed 1 h earlier than baseline
during the first school week and 2 h earlier than baseline during
the second school week. Overall, this combination of strategies
was effective. In comparison to the control group, adolescents
who were randomized to the Intervention group showed larger
DLMO shifts in the advance (earlier) direction. Weekday sleep
onset times also shifted earlier by 1.5 h, thereby extending sleep
duration and total sleep time by about an hour on weeknights.
After the intervention, adolescents reported increased alert-
ness upon waking in the morning and were less tired and less
sleepy during the day. They also reported an increased ability to

concentrate during the day, and levels of irritability and worry
were also decreased after the intervention.

Variation in response to our 2-week intervention (Figures 5
and 6) appears to be at least partly driven by circadian phase at
baseline. Adolescents who started with an early circadian phase
did not advance, but it is likely that they did not need to advance
their DLMO (shift DLMO earlier) to be able to fall asleep earlier
during the school week. Social or other external pressures, like
homework, may have driven later bedtimes in these adolescents
with early baseline DLMOs. Thus, it is more likely that the be-
havioral supports offered by their Sleep RouTeen and the study
prescription of gradually shifting bedtime earlier over the two
school weeks was adequate for most of them to get into bed
and try to fall asleep early enough to extend their sleep duration
during the school week. Adolescents with the latest initial cir-
cadian phases, however, showed the largest DLMO advances. In
these adolescents with late DLMOs at baseline, it is likely that
they needed both the behavioral supports of the Sleep RouTeen
and the circadian-based intervention strategies to advance
DLMO and facilitate earlier sleep onset and sleep duration ex-
tension during the school week. Indeed, without advancing the
circadian clock, we would have asked some adolescents to ini-
tiate sleep during their “Forbidden Zone” for sleep (also called
the wake maintenance zone). This zone occurs in the hours be-
fore the habitual sleep onset time [76, 77]. Moreover, the part of
the forbidden zone in the 2 h before and 2 h after DLMO is more
pronounced in adolescents compared to adults [78]. Therefore,
for adolescents with a late sleep phenotype plus a delayed cir-
cadian clock, it is not enough to prescribe earlier bedtimes with
behavioral supports; the circadian clock also needs to advance.
In most cases, DLMO phase is unknown; therefore, in practice,
taking a multi-pronged approach that combines morning bright
light, a gradual advance of try to fall asleep time, and behavioral
supports such as the Sleep RouTeen are likely needed to shift
sleep onset earlier and extend sleep in adolescents.

One of the primary reasons we tested a weekend morning
bright light protocol was feasibility; adolescents usually have
more time on weekend mornings to complete a bright light ex-
posure protocol compared to a school morning. Asking an ado-
lescent to wake up even earlier than usual to fit bright light
treatment into their school morning routine is not feasible.
Kaplan et al. [61] came to a similar conclusion, which prompted
them to test whether millisecond flashes of bright light ex-
posure during the last 2 h of sleep could shift sleep onset earlier
and increase total sleep time in adolescents who have difficulty
going to bed and waking up early. The light was delivered over
4 weeks from light beacons close to the adolescent’s bed that
generated 3-ms flashes of light (200-600 lux at the level of the
cornea with eyelids closed) occurring 20 s apart. Adolescents in-
cluded in this study had to report that they did not exclusively
sleep on their front (prone position) to ensure that the light
flash stimulus reached the eyes. Adolescents were also asked to
go to bed 1 h earlier than their usual schedule and attend four
50-min in-person CBT sessions. Similar to the current study,
self-reported sleep onset advanced (50.1 min) and total sleep
time increased (43.3 min). Unfortunately, a physiological marker
of the circadian system (e.g. DLMO) was not measured so it is
unclear whether the changes in sleep were driven by changes
to the circadian system, CBT, or both. The light source is also
not commercially available yet, and therefore not easily access-
ible to most families. Light boxes, like those used in the current



Table 4. Weekday subjective mood and sleepiness (means + SD) during baseline and experimental week 2
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Baseline

(study days 1-14)

Experimental Week 2
(study days 25-29)

Change from baseline

Control Intervention Control Intervention

(N=23) (N =23) (N =23) (N=23) Group x Time Interaction Group effect size (d)
Tired 46+13 53+1.7 41+16 36+1.9 F(1,44)=6.8,p=.01 0.8
Sleepy 45:14 51+17 40:16 3.5+1.9 F(1,44) = 6.4,p = .02 0.7
Concentration 7311 7017 71+16 81+16 F(1,44) = 14.6, p < .001 1.1
Irritable 35+1.1 3617 3517 27+14 F(1,44)=6.1,p=.02 0.7
Worried 38+1.3 41+16 39+£1.8 32+15 F(1,44)=6.2,p=.02 0.7
Tense 39+14 39+16 37+138 31+138 F(1,44)=3.7,p=.06 0.6
Even tempered 7.1+15 76+17 72+16 83x14 F(1,44)=2.4,p=.13 0.5
Happy 7.8+1.3 75+16 80x1.2 81+1.3 F(1,44)=1.0,p=.32 0.3
Calm 75+14 7.7+17 7.5+15 82x+19 F(1,44)=2.0,p=.16 0.4
Morning alertness 53+13 53+x14 54+16 6.3x1.7 F(1,44)=6.0,p=.02 0.7
Difficulty waking 47+14 51+14 49+19 44:20 F(1,44)=3.1,p=.08 0.5

Higher values indicate greater endorsement of the feeling.

study, are commercially available. Nevertheless, our group and
others have identified a critical need to develop and test feasible
morning bright light delivery strategies for adolescents that do
not put additional demands on their school-day mornings.

The weekend morning bright light exposure tested here was
intended to be a one-time bolus of light to quickly reset rhythms
(a “reset weekend”). This is in contrast to previous work in ado-
lescents that tested sleep timing and duration changes in re-
sponse to daily bright light exposure for 3-6 weeks [61, 62, 79].
Following the reset weekend, the expectation was that an early
bedtime, early wake-up time and presumably early light ex-
posure during the following school-week would help maintain
the phase advance achieved after the reset weekend. Morning
bright light on subsequent weekends (“booster weekends”)
might be needed, but perhaps not to the extent that we tested
here. The sleep schedule and morning bright light exposure
could be more flexible during these booster weekends. For ex-
ample, adolescents could go to bed an hour later than usual,
but maintain school-day wake time on weekends. Short daytime
naps could be offered as an alternative to sleeping later on the
weekend, as a dark episode in the middle of the day should not
impact circadian phase [80]. Bright light exposure from a bright
light box, light visor, or outdoor light at an early wake-up time
on the weekend may only be needed on one weekend morning
and not both to keep the advanced circadian phase stable. We
used 2.5 h of bright light (three 50-min exposures) because this
duration on two weekend mornings was most effective in our
previous study [60]; however, shorter durations of bright light
may be sufficient on booster weekends. These long-term main-
tenance strategies need to be systematically tested, but we think
it is reasonable to speculate that after this initial bolus of bright
light on one weekend (reset weekend), maintenance of circa-
dian phase could be implemented with some flexibility on sub-
sequent weekends (booster weekends). A reset weekend may be
needed again if sleep timing drifts later (e.g. after a school vac-
ation), but could otherwise be used sparingly.

The current study was completed in a group of typically
developing adolescents who reported late and insufficient sleep
patterns but were without a diagnosed sleep disorder. Previous
studies of adolescents diagnosed with Delayed Sleep-Wake
Phase Disorder (DSWPD) have tested whether a combination of
morning bright light treatment and behavioral strategies could

advance sleep timing, reduce sleep onset latency, and increase
total sleep time [62, 79]. Gradisar et al. [62] reported the first
randomized clinical trial showing positive results in sleep out-
comes in response to a combination of morning bright light and
CBT in adolescents (11-18 years) diagnosed with DSWPD. These
young patients were instructed to start light exposure (from nat-
ural sunlight or a broad spectrum light box, ~1000 lux) for at
least 30 min starting at their natural wake-up time, and then to
gradually shift their wake-up time and light exposure until the
target time of 06:00. Once the target wake-up time was reached
they were instructed to stop bright light treatment and maintain
a regular wake-up time. Bedtime was not controlled; they were
instructed to go to bed when they felt sleepy and to avoid naps.
CBT sessions took place over 8 weeks (six 45-60-min sessions
with adolescent and a parent). School-night sleep onset latency
decreased by an average of 56 min, sleep onset time advanced by
an average of 38 min, and total sleep time increased by 1 h, on
average. Whether or not the positive changes in sleep were due
to a circadian phase advance is unknown because there was no
objective measure of circadian phase (e.g. DLMO). Nevertheless,
the strategies tested in the current study may also benefit ado-
lescents who are diagnosed with DSWPD, though modifications
to behavioral supports may be needed to address symptoms of
associated insomnia (i.e. Sleep RouTeen with CBT).

Clinical guidelines usually recommend starting bright light
closer to spontaneous wake time to avoid the delay portion of
an individual’s phase response curve [81, 82]. Our rationale for
timing the start of the bright light 2 h after the mean baseline
midpoint of sleep was to target the peak advance region of our
PRC to bright light in adolescents [59]. The crossover point in
our PRC—the time when phase delay shifts transition to ad-
vances—is when the bright light starts 5.7 h after the DLMO (see
Figure 4 in [59]). In the current study, we noted that bright light
on the first morning started 7.3-10.8 h after the DLMO, which
is 1.6-5.1 h after the predicted crossover point of our adoles-
cent PRC to light. Therefore, our approach of timing bright light
still allows for some variability in individual PRCs. Moreover, as
long as most of the 2.5 h of bright light falls on the advance
portion of the PRC, a phase advance should occur (see Figure
2 in [83]). Therefore, we think it unlikely that our approach of
timing the start of bright light with respect to the midpoint of
sleep averaged over several days could inadvertently produce a
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phase delay shift. Of note, collecting sleep times, preferably from
wrist actigraphy and sleep diaries, for at least a week to include
school days and non-school days is needed to reliably estimate
the midpoint of sleep and accurately time short-term (weekend)
bright light exposure.

Data from adolescents [84] and adults [85] show that evening
light exposure can attenuate phase advances in response to
morning bright light given over 3 days. In a small study [84], we
asked adolescents to keep a 10-h sleep schedule at home for a
week. Then, they lived in the laboratory for a week and we kept half
of the participants awake 4.5 h later than their baseline bedtime
in room light (~140 lux) and the other half of participants were put
to bed at their usual bedtime. After two nights, they completed a
3-day phase advancing protocol with morning bright light and a
gradual advance of their sleep/dark episodes. As expected, parti-
cipants who were not exposed to evening light advanced by about
2 h, on average. With 4.5 h of evening room light exposure, adoles-
cents did not shift or shifted in the wrong direction (delayed) in re-
sponse to the phase advancing protocol with morning bright light.
These data suggest that evening light exposure hinders attempts
to shift circadian phase earlier. In the current study, we did not
instruct adolescents to limit evening light or wear eye glasses that
block or significantly reduce blue light during the study because
we were trying to simulate what they would naturally do at home.
As we develop this intervention work, however, testing the added
benefit of controlling illuminance and the spectral composition of
evening light may be warranted.

Individual differences in circadian phase at baseline in the
current study are noteworthy and speak to the need of a multi-
pronged approach to change sleep/wake behavior. Despite re-
porting a similar behavioral phenotype of late sleep onset on
school nights (> 23:00) and weekend nights (> 00:00), baseline
DLMO ranged from 17:45 to 02:03 in the cohort of adolescents
studied here. These data provide further evidence that adoles-
cent sleep timing is not solely driven by a delayed circadian
clock. As proposed in the Perfect Storm Model [16, 17], other fac-
tors, including the dynamics of the homeostatic sleep system,
as well as psychosocial factors that displace sleep can also con-
tribute to the delayed sleep/wake phenotype observed during
adolescence. The unexpected early baseline circadian phases
in adolescents who report late sleep timing mimics findings in
adolescents and adults (16-64 years) with Delayed Sleep-Wake
Phase Disorder (DSWPD), where about half of patients clinically
diagnosed with DSWPD do not show evidence of a delay in cir-
cadian timing [86]. For those adolescents with a “non-circadian”
delay in sleep timing, behavior modification, like the Sleep
RouTeen, may be particularly important to help overcome the
psychosocial pressures that displace sleep to a later time.

Our Sleep RouTeen approach aimed to accomplish two things:
(1) to heighten the adolescent’s awareness of their own time use
after school and in the evening and (2) provide individualized
tangible goals to manage their time so that they could go to bed
early enough during the school week. As adolescents transition
into high school, parent-set bedtimes are rare, after-school ac-
tivities and academic demands increase, part-time work is pos-
sible, and their social world—in person and online—expands.
These increased obligations and opportunities make it difficult
for many adolescents to get into bed early enough to obtain suf-
ficient sleep on school nights, even if they want to and can fall
asleep early. The advantages to our Sleep RouTeen approach
were its simplicity and brevity. The initial one-on-one meeting

to review after-school and evening time use, set achievable
goals, and reflect on obstacles in achieving these goals was short
(20 min) and the motivational supports during the subsequent
2 weeks were also brief (5-10 min). We reviewed Sleep RouTeen
goals and provided motivational supports once per week when
we downloaded participant’s actigraphy data; however, these
brief motivational sessions could be completed over the phone
or delivered via a telehealth platform.

For some adolescents, our Sleep RouTeen approach may
be too unidimensional and would require additional compo-
nents to address other domains that are associated with late
and insufficient sleep. For example, the Transdiagnostic Sleep
and Circadian Intervention for Youth (TranS-C) of Harvey et al.
is a six-session series that targets psychosocial, behavioral,
and cognitive processes that contribute to eveningness and a
broad range of other sleep and circadian disorders that are as-
sociated with eveningness, such as insomnia [87, 88]. In their
randomized-control trial of youth (10-18 years) who endorsed
eveningness and late sleep onset times, the six-session TranS-C
delivered during the school year increased total sleep time
on weeknights by about 20-25 min, on average, and improved
subjective alertness and sleep quality. There were no changes
to school-night bedtime or sleep onset latency, and DLMO ad-
vanced by only 10 min (though TranS-C may have stabilized
phase). The authors suggest that school-night bedtime may not
have changed because of the “number of tasks that had to be
completed—such as homework, sports, dinner—in the hours be-
tween school ending and bedtime.” [87] Our current study, how-
ever, shows that with tangible individually tailored time-use
goals provided by the Sleep RouTeen, motivational supports in
subsequent weeks, and a prescribed gradual advance of bedtime
can help overcome these noted obstacles in the evening and
may be considered within a broader approach such as TranS-C.

Despite an early assigned bedtime, sleep onset latency in
the Intervention group did not differ from the Control group.
Descriptively, however, sleep onset latency lengthened during
the intervention from 8.5 to 20 min, on average, suggesting
that some participants in the intervention may have experi-
enced longer sleep latencies by the end of the study. A total of
six participants out of 23 (26%) had sleep onset latencies longer
than 30 min by Experimental Week 2. Two of these participants
showed large DLMO phase advances (1.37 h and 1.64 h), but
their sleep onset latencies were also consistently longer than
average throughout the study (35-60 min for one participant
and 23-38 min for the second participant). Four participants
with long sleep onset latencies during Experimental Week 2
(34-75 min) showed no or small advances in DLMO (0 h, -0.14 h,
0.4 h, and 0.6 h). Therefore, longer sleep onset latencies during
Experimental Week 2 may be driven by the adolescents trying
to initiate sleep at an earlier time relative to their DLMO. Other
unaccounted stressors or environmental factors may also be
driving the increase in sleep onset latency for this subgroup of
participants. Sleep onset latency data need to be interpreted
with caution, however, because this variable was derived using
self-reported try to fall asleep time and was not derived from
investigator-confirmed lights out time in the laboratory or from
polysomnography which may limit its precision.

Subjective ratings of alertness (both in the morningand across
the day), ability to concentrate, irritability, and worry showed
improvements in the Intervention group compare to the Control
group after the 2-week intervention. These data are consistent



with previous studies that extended sleep on school days in
healthy adolescents [89] and adolescent who reported chronic
insufficient sleep (5-7 h nightly) [90]. In the current study, im-
provements in subjective feelings of worry were associated with
changes in sleep timing, total sleep time, and sleep duration, but
not with DLMO phase shift. Improvements in the ability to con-
centrate, changes in irritability, and changes to subjective alert-
ness ratings were not associated with changes to sleep onset,
sleep duration, total sleep time, or DLMO. The mechanism for
these changes in mood outcomes is unclear from the current
analysis, but we speculate that improvement may be partly due
to increasing sleep regularity in the Intervention group and not
the Control group [91, 92]. It is also plausible that motivational
elements of the Sleep RouTeen impacted these subjective mood
measures independently of the sleep and circadian changes ob-
served in the Intervention group. The Intervention group may
have experienced more positive expectations compared to the
Control group because the Intervention group completed the
Bright Light Lab weekend and the Control group did not. Simply
experiencing the bright light treatment may have driven posi-
tive expectations of the intervention. Future studies need to
better address these potential expectancy effects.

Although the tested intervention shows promise to increase
sleep duration in short and late-sleeping adolescents, limita-
tions of the current study should be noted. First, there is a need
to follow adolescents for longer than 2 weeks to learn whether
the short-term benefits achieved are sustained. Long-term
maintenance strategies, like “booster weekends” noted earlier
need to be systematically tested to determine the most effective
long-term strategy in adolescents. This work is ongoing in our
laboratory. In this initial test of the intervention’s effectiveness,
participants were paid to complete the month-long study (the
Control and Intervention groups were paid the same dollar
amount). It is unclear whether adolescents would complete this
protocol without compensation. In a group of adolescents diag-
nosed with Delayed Sleep-Wake Phase Disorder, Micic et al. [93]
reported that high levels of desire, confidence in their ability to,
and commitment to change behaviors predicted compliance to
daily 30-60 min of bright light treatment that lasted between 6
and 27 days. Although the current study protocol required only
one weekend of morning bright light, additional motivators (e.g.
parental involvement, peer support) may be needed.

Conclusions

The majority of adolescents get far less sleep than the current
recommendation of 8-10 h per night on school nights, particu-
larly for adolescent who start school too early. This is the result
of several factors impinging on sleep opportunity. The bio-
logical propensity for alertness later in the evening permitted
by maturing circadian and sleep-wake homeostatic systems,
as well as social and academic pressures displace sleep to a
later time. These biological and psychosocial factors compete
with early school start times that force adolescents out of bed
too early on school days. Data from the current study confirms
that by shifting the circadian timing system earlier, prescribing
a gradual advance of bedtime, and modifying after-school and
evening time-use, adolescents are able to fall asleep early and
increase their sleep duration during the school week. By doing
so, adolescents report improvements in their daytime mood and
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alertness. This study lays the foundation to explore additional
outcomes in response to phase advancing the circadian system
and increasing sleep duration in late- and short-sleeping ado-
lescents during the school week, and provides a starting point
from which to expand and build.
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Supplementary material is available at SLEEP online.
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