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Abstract

Study Objectives: Our sleep extension intervention in adolescents showed that gradually shifting weekday bedtime earlier plus
one weekend of morning bright light advanced circadian phase and increased weeknight sleep duration. Here, we examine at-home
maintenance of these changes.

Methods: Fourteen adolescents (15.3-17.9 years; 7 female) completed a 7-week study. After usual sleep at home (2-week baseline),
intervention participants (n = 8) gradually advanced weekday bedtime (1 hour earlier than baseline during week 3; 2 hours earlier
in week 4) and received bright light (~6000 lux; 2.5 hours) on both mornings of the intervening weekend. During three maintenance
weeks, intervention participants were instructed to maintain their school-day wake-up time on all days, keep their early week four
bedtimes, except on weekends when they could go to bed up to 1 hour later, and get a 2.5-hour light box exposure within 5 minutes
of waking on one morning (Saturday or Sunday) of both weekends at home. Control participants (n = 6) slept as usual at home and did
not receive weekend bright light. Dim light melatonin onset (DLMO) was measured after the 2-week baseline, 2-week intervention,
and 3-week maintenance in all participants. Actigraphic sleep-wake was collected throughout.

Results: After the 2-week intervention, DLMOs advanced more compared to control (37.0 £ 40.0 minutes vs. —-14.7 + 16.6 minutes),
weekday sleep duration increased by 69.7 + 27.8 minutes and sleep onset was 103.7 + 14.2 minutes earlier compared to baseline. After
three maintenance weeks, intervention participants showed negligible DLMO delays (4.9 + 22.9 minutes); weekday fall-asleep times
and sleep durations also remained stable.

Conclusions: Early circadian phase and extended sleep can be maintained with at-home weekend bright light.
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Graphical Abstract

Extending weeknight sleep duration in late-
sleeping adolescents using morning bright light
on weekends: a 3-week maintenance study
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Statement of Significance

Most adolescents are chronically sleep-deprived on school nights, getting far less sleep than the recommended 8-10 hours/night.
This is partly due to developmental changes making their internal circadian (~24-hour) clocks and thus fall asleep times later and
in conflict with high school start times that are too early. Although advocacy efforts to shift school start times later have made
progress, not all regions have adopted this change, or these times are still too early for some adolescents. We present behavioral
strategies for late-sleeping adolescents to reset their circadian clocks to an earlier clock time with bright morning light adminis-
tered on the weekend to maintain these early times and increase school night sleep duration at home.

A majority of adolescents obtain less than the recommended [1]
8 to 10 hours of sleep on school nights [2-4] due to a combination
of biological, psychosocial, and societal pressures that impinge
on sleep opportunity [5, 6]. Late sleep onset times associated with
mid-to-late adolescence are partly driven by a puberty-related
slowing of homeostatic sleep pressure buildup across waking [7],
a delay shift of the central circadian timing system [8, 9], and
potentially a robust circadian-driven wake maintenance zone
around the time of the dim light melatonin onset (DLMO) [10].
Late school-night sleep onset times with early rise times on
school-day mornings make it difficult for adolescents to obtain
sufficient sleep [11, 12]. Chronic partial sleep deprivation is espe-
cially common for adolescents who endorse an evening chrono-
type [13]. The conflict between biologically driven late sleep onset
times and school-driven early wake times also results in circa-
dian misalignment (mistimed sleep relative to the circadian sys-
tem) on school nights [14] and social jetlag [15, 16]. Insufficient
and mistimed sleep in adolescents is associated with a number of
poor outcomes, including heightened anxiety [17] and depressed
mood [18-20], poor emotion regulation [21], daytime sleepiness
[14, 22-26], and poor academic performance [18, 27-32].

We recently reported on a sleep-extension intervention in high-
school-aged adolescents who had late bedtimes (school night

>23:00; non-school > midnight) and short (<7 hours) school-night
sleep duration [33]. In that 4-week protocol, participants slept as
usual at home during the school year for 2 baseline weeks. During
the subsequent 2 weeks, participants in an intervention group
gradually shifted their school-night bedtime earlier (advanced)
from their own baseline; they were instructed to go to bed 1 hour
earlier in week 3 and another hour earlier in week 4. An individ-
ualized time-management strategy (“SleepRouTeen”) with behav-
ioral goals and sleep health recommendations (e.g. avoid caffeine
in the afternoon) was implemented to facilitate an earlier bed-
time. Participants in the Intervention group also received bright
light in the laboratory on both mornings of the intervening week-
end (between weeks 3 and 4). In response to these interventions,
circadian phase advanced by an average of 36 minutes, sleep
onset advanced by an average of 90 minutes, and school-night
sleep duration was more than 60 minutes greater than baseline,
on average. A control group, which was not given any instruction
about their sleep/wake times or time management, and did not
receive weekend morning bright light, did not show a systematic
change in their DLMO phase, sleep onset time, or sleep duration.

Our intervention to lengthen sleep duration was effective in
the short term; however, it was unclear whether adolescents
could maintain an early circadian phase and sleep onset time



after completing the 2-week intervention. Indeed, one weekend
of sleeping later can delay rhythms by Monday morning [34] and
quickly reverse a circadian phase advance obtained in response
to the intervention. A feasible long-term maintenance strategy
is needed to keep circadian phase early and facilitate an early
sleep onset on school nights. The weekend morning bright light
exposure that we tested in the intervention was intended to be
a one-time bolus of bright light to quickly reset rhythms (‘reset
weekend”). The light duration was 2.5 hours because this was the
most effective bright light duration to advance circadian rhythms
in one weekend when we compared it to 1.5 hours of bright light
and room light [35]. The bright light started 2 hours after the mid-
point of baseline sleep on Saturday morning (started between
04:30 am and 09:00 am, depending on the individual) and then
started one hour earlier on Sunday because these times target
the most sensitive portion of the advance region of the adolescent
phase response curve (PRC) to light [36]. Following the reset week-
end, we predicted that an early bedtime, early wake-up time and
presumably any outside morning light exposure during the fol-
lowing school week could help maintain the phase advance. This
bright light treatment protocol with an early wake-up time every
weekend morning; however, is not sustainable for most adoles-
cents. We propose that one way to maintain an early circadian
phase (and thus early sleep onset) is to keep the early bedtime
and wake-time schedule on weekdays and then introduce some
flexibility in the schedule on subsequent “booster” weekends.

In this follow-up study, we examined whether changes to sleep
and circadian phase in response to our intervention are main-
tained in a 3-week maintenance protocol in which bright light is
used on only one weekend morning (Saturday or Sunday) instead
of two (Saturday and Sunday). In addition, weekend bedtimes
were allowed to be 1 hour later. Because weekend wake-up times
were kept the same as school days, we utilized afternoon naps to
minimize sleep loss when bedtimes were late. Moreover, to assess
feasibility of this maintenance protocol, all procedures were
completed in the adolescent’s home with adherence measures in
place. Compared to a control group who continued to sleep as
usual for 3 weeks without instruction, we hypothesized that cir-
cadian phase measured by the DLMO and sleep onset measured
from wrist actigraphy would be maintained in the intervention
group and remain earlier than the control group.

Methods

Participants

Healthy adolescents (14.0 to 17.9 years) enrolled in high school
and who reported an average sleep duration of <7 hours on school
nights, average school-night bedtime >23:00, average non-school
night bedtime > midnight, and average sleep duration >1 hour
longer on non-school nights than school days were included in the
larger intervention study [33] and then agreed to continue to par-
ticipate in this 3-week follow-up maintenance study. Participants
were invited to continue in the 3-week maintenance study dur-
ing the fourth week of the larger intervention study. Inclusion
and exclusion criteria were reported previously [33]. In brief,
adolescent participants were healthy with no history of psycho-
pathology, chronic illness, or sleep disorder. Elevated depressive
symptoms (scores >16 on the Center for Epidemiological Studies-
Depression [CES-D] scale) [37] were not exclusionary, but a history
of suicidal ideation was. 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
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Ishihara Color Blindness test [38]. Participants reported not tak-
ing any medication.

The study was approved by the Rush University Medical Center’s
Institutional Review Board, in adherence 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 regis-
tered on clinicaltrials.gov (NCT#04087603). Intervention partici-
pants were paid $400 and Control participants were paid $250 for
completing the 3-week maintenance study. The payment was not
tied to adherence.

Study protocol

Participants completed the 51-day protocol illustrated in Figure 1
during the school year. Participants slept at home as usual for
the first 14 nights (“baseline”) and then lived in the laboratory
for a weekend (days 15-16 in Figure 1), during which the baseline
DLMO, the most reliable phase marker of the central circadian
clock [39], was measured. Following the baseline lab weekend, the
2-week sleep extension intervention (days 17-28 highlighted in
green in Figure 1) commenced for the intervention group. A con-
trol group slept at home as usual without instruction about their
evening activities, sleep timing, or light exposure. Final DLMO was
measured in the laboratory on day 30 in both groups to determine
the immediate effects of the intervention on DLMO phase. See
our previous report for more details of the sleep extension inter-
vention [33].

Before leaving the laboratory after the final lab weekend, inter-
vention participants were instructed to maintain their early bed-
time on weekdays for the next 3 weeks (maintenance weeks 1, 2,
and 3 highlighted in orange in Figure 1), which was scheduled to
be 2 hours before their baseline weekday sleep onset. Scheduled
weekday wake-up time remained the same so that adolescents
could report to school on time. To facilitate maintenance of a
bedtime that was 2 hours earlier than their baseline schedule on
weekdays, participants were encouraged to follow their individ-
ualized Sleep RouTeen time management goals that they estab-
lished during the 2-week sleep extension intervention. Naps were
not allowed on weekdays. On two “booster” weekends (days 36-37
and 43-44 in Figure 1), intervention participants were allowed
to go to bed up to 1 hour later than their scheduled bedtime on
Friday and Saturday nights to allow for socializing or other activ-
ities on the weekend. If they chose to go to bed later, they were
asked to take an afternoon nap on Saturday or Sunday during a
2-hour “nap zone” centered 12 hours after the midpoint of their
nocturnal weekday sleep on days 24-28. The timing of this nap
should have little effect on circadian phase [40] but provided an
opportunity for the adolescent to sleep more on the weekend as
morning sleep-ins were not allowed.

Intervention participants were given a bright light box (12"
x 24" x 3%"; Bio-Light Ultra 10 000 LUX Light Therapy System,
Enviro-Med, Vancouver WA) to use at home during the two
“booster” weekends (on days 36 or 37 and on days 43 or 44 in
Figure 1). Intervention participants were asked to choose one
morning of each weekend (Saturday or Sunday) to sit in front of
the light box within 5 minutes of waking for 2.5 hours. A light
sensor (Actiwatch-L, Mini Mitter Co., Inc., Bend, Oregon) was hid-
den inside the light box to determine when the light box was on
and off. Participants were allowed to take a break from sitting by
the light box after the light had been on for at least 30 minutes
and they were asked to try not to leave the light box for more
than 10 minutes. Participants recorded clock times of when they
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Figure 1. 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. Days of the
2-week intervention [33] are shown as days 17-28. Participants in the intervention group were instructed to go to bed and try to fall asleep 1 hour
earlier than their average baseline school-night sleep onset on days 17-21 (intervention week 1) and 2 hours earlier than baseline on days 24-28
(intervention week 2). For example, for an individual with a baseline weeknight sleep onset of midnight, they were instructed to go to bed at 23:00 on
days 17-21 and at 22:00 on days 24-28. Individualized behavioral goals (“Sleep RouTeen") were identified for each participant to help them manage
their time in the evening and facilitate earlier bedtimes during these weeks. Intervention participants lived in the laboratory during the intervening
weekend (Reset Weekend, days 22-23) to receive 2.5 hours intermittent bright light (three 50-minute exposures with 10-minute breaks between)

from light boxes (~6000 lux) on both mornings to advance circadian rhythms. Maintenance days are on days 31-49. Intervention participants were
instructed to keep their bedtime 2 hours earlier than their baseline and wake up at their average school day wake time for 3 weeks. On two booster
weekends (days 36-37 and days 43-44), participants were allowed to go to bed up to 1 hour later, but wake-up time was stable and set to their average
school-day wake time. If they went to bed late, they were instructed to take a nap during a 2-hour nap zone centered 12 hour after the midpoint of
their nocturnal sleep. On one morning of each booster weekend (day 36 or 37 and days 43 or 44), intervention participants were instructed to sit in
front of a loaned light box within 5 minutes of waking at home for 2.5 hours. Control participants slept as usual at home during the intervention and
maintenance weeks, did not receive the “Sleep RouTeen” behavioral goals, and did not receive bright light from a light box. All participants lived in the
laboratory for 3 weekends (Baseline, Final, and Maintenance Lab Weekends). On Friday (days 15, 29, and 50), a 9-hour 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, 30, and 51) via serial
saliva sampling every 30 minutes starting at 1600 and ending at the individual’s average weekend bedtime (+30 minutes). Participants were given a

9-hour sleep opportunity in the laboratory after the DLMO phase assessment.

turned the light box on, when were away from the light box, and
when the light box was turned off on a paper log (Supplementary
Materials). The light box was equipped with a 53-cm string
anchored to the top and a bead at the opposite end of the string.
To ensure that participants were sitting close enough to the light
box, they were instructed to sit comfortably in front of the light
box and hold the bead at the end of the string next to their eye
so that the string was taut. They were allowed to complete home-
work, read, use a phone or tablet, or watch television while sit-
ting in front of the light box; however, they were instructed not
to block the light box with these activities (i.e. with a book, tablet
or laptop). Participants were allowed to offset the light box to the
left or right, but we asked them to ensure that the light box was
angled toward their faces and eyes. Participants wore a light sen-
sor on a string around their necks to measure illuminance levels

and were instructed to make sure that the sensor was facing out
when the light box was turned on.

The control group was not given any instruction about the
sleep schedules or time management just like the main study,
and they were not given a bright light box to take home. After
the final lab weekend, they were instructed to continue wearing
their actigraph and complete their daily sleep logs on days 31-49.
Both groups completed weekly appointments to review their
data and the study team provided feedback and encouragement.
Participants were not dropped during the maintenance weeks for
not adhering to the sleep schedule or bright light instructions,
but rather adherence was measured to understand feasibility of
this approach.

All participants lived in the laboratory during the Maintenance
Lab Weekend (days 50-51), during which the maintenance DLMO
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was measured to assess the stability of circadian phase after the
3 maintenance weeks.

DLMO phase assessments

During circadian phase assessments (days 16, 30, and 51), sali-
vary melatonin concentration was measured from approxi-
mately 2 mL of saliva collected every 30 minutes using Salivettes
(Sarstedt, Numbrecht, Germany). Participants remained awake in
dim light (<5 lux) sitting 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 minutes before each sample and wash-
room 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 (Bihlmann
Laboratories AG, Schonenbuch, Switzerland) by SolidPhase, Inc
(Portland, ME). The manufacturer reports that the analytic sen-
sitivity (limit of detection) of the assay is 0.9 pg/mL. Intra-assay
coefficients of variation for low (daytime), medium (evening), and
high (nighttime) levels of salivary melatonin are 20.1%, 4.1%, and
4.8%, respectively. 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-hour clock
time, was determined by linear interpolation across the time
points before and after the melatonin concentration increased to
and stayed above 4 pg/mL [8, 41].

DLMO phase shifts were computed to determine (1) the
acute phase-shifting effects of the sleep extension interven-
tion (Baseline DLMO on day 16—Final DLMO on day 30); and (2)
whether the circadian phase changed after the 3-week mainte-
nance protocol (Final DLMO on day 30—Maintenance DLMO on
day 51). Positive numbers indicate a phase advance.

Actigraphic sleep

Throughout the 51-day study, participants in both groups wore
an actigraph (Actiwatch Spectrum, Philips Respironics, Inc., Bend
Oregon, USA) 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 tele-
phoned daily to a time-stamped voicemail messaging system at
bedtime and wake time. Participants visited the lab each week so
that we could download the actigraphy data and review sleep logs
with them; participants were questioned about any inconsisten-
cies between the actogram and sleep logs.

Actigraphy data were collected in 1-minute 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, USA) were used to determine sleep and wake. In a
validation study against PSG, Meltzer and colleagues [42] showed
that 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 minutes before the partici-
pants’ reported try to fall asleep time and ending 15 minutes after
their reported wake-up time on their daily sleep log. The first of 3
consecutive 1-minute epochs of sleep defined sleep onset and the
first epoch after the last 5 consecutive 1-minute epochs of sleep
defined wake-up time [43]. 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), and duration (total
hours between sleep onset and wake-up time). Naps on booster
weekends were scored using the same method as nocturnal sleep.
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Deviations from scheduled bedtime and scheduled wake-up
time were computed for maintenance weeks (weekdays) and
booster weekends.

Booster weekend morning bright light exposure

A second actigraph with a light sensor (Actiwatch Spectrum,
Philips Respironics, Inc.) and without the wristband was mounted
on a lanyard and strung around participants’ necks like a medal-
lion to measure ambient white light (in photopic lux). The sensor
was positioned at the center of the chest. All participants wore
light sensors, but here we examine the ambient light data for the
intervention group only to ensure fidelity of the booster weekend
morning bright light exposure intervention.

Booster weekend morning bright light box exposure was meas-
ured using three methods: (1) the self-report weekend light box
logs (Supplementary Materials); (2) the light sensor around their
neck (“neck light sensor”); and (3) the light sensor hidden inside
their light box (“light box sensor”). For the weekend light box log,
total minutes were summed between self-reported lights-on
clock time to the minute before their self-reported lights-off clock
time. If the participant reported leaving the light box, those min-
utes were excluded from the sum. For both light sensors, the total
number of minutes that the bright light box was on (defined as
illuminance readings >500 photopic lux) was examined from the
scheduled wake-up time to 2 hours 35 minutes after the sched-
uled wake-up time because they were instructed to turn the
bright light box on within 5 minutes of waking and sit in front of
the light box for 2 hours 30 minutes. The total number of minutes
in which illuminance readings >500 lux were summed separately
for the neck light sensor and the light box sensor. Average pho-
topic illuminance (in lux) was computed from wake-up time until
2 hours and 35 minutes after wake from the neck light sensor
only.

Participants were instructed to start the bright light box
within 5 minutes of waking. Therefore, we also examined when
booster weekend bright light started relative to their scheduled
wake-up time using self-reported lights-on time (weekend light
box logs), the clock time of the first epoch when illuminance >500
lux after scheduled wake-up time on the neck light sensor, and
the clock time of the first epoch when illuminance >500 lux after
scheduled wake-up time on the light box sensor. Finally, because
intervention participants were instructed not to leave their light
box within the first 30 minutes of turning it on, we computed
the number of minutes illuminance >500 lux and average illumi-
nance from the neck light sensor only in the first 35 minutes after
the scheduled wake.

Statistical analyses

One female in the Control group completed the maintenance pro-
tocol during the transition from standard time to daylight savings
time (DST). All DLMOs were adjusted to be in DST to compute
phase shifts. For this participant, the week of actigraphic sleep
data following the change to DST (maintenance week 2) was
omitted from the analysis, and the remaining actigraphic sleep
data measured during baseline, the 2-week sleep extension inter-
vention, and the first week of the maintenance protocol were
adjusted to DST. One male in the Control group had missing
actigraphy data during the first maintenance week 1 due to the
failure of the actigraph.

We employed linear mixed models (LMMs) to analyze changes
in actigraphic sleep outcomes (sleep onset time and sleep dura-
tion) and circadian phase (DLMO) across Baseline, Intervention,
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and Maintenance time points. For each outcome, we compared
a baseline model to a random intercepts model, with the lat-
ter consistently providing a better fit across all measures. This
was indicated by lower AIC and BIC values and significant like-
lihood ratio tests (all p <.001). Therefore, we report results from
the random intercept models, which include group, time, and
their interaction as fixed effects, with a random intercept for
each participant. The interactions between group and time are
central to our analysis. These interactions reveal whether the
Intervention and Control groups show different patterns of
change over the study period. Significant interactions during
the intervention weeks (compared to baseline) indicate that the
intervention had an effect. Similarly, significant interactions
during the maintenance weeks suggest that the effect of the
intervention persisted over time. Fixed effects for time were rel-
ative to baseline, and we conducted pairwise comparisons using
estimated marginal means to compare each time point. Group
means and standard errors at each time point are illustrated in
figures and tables for clarity and simplicity. Spaghetti plots of
the individual data are also included in Supplementary Figures
S1-S3). Post hoc t-tests and effect sizes (Cohen'’s d = group mean
difference/pooled SD) to illustrate group differences in sleep
and circadian outcomes at each time point are also noted in fig-
ures and tables.

Results

Participants

Forty-six adolescents completed the first 4 weeks of the study
[33]. Of those adolescents, 34 were invited to complete the
3-week maintenance study and 12 were not invited because the
maintenance study coincided with the beginning of summer
vacation when adolescents were no longer attending school. Of
the 34 adolescents invited, 18 declined to participate (seven for
schedule conflicts with the maintenance lab weekend and 11
did not provide a reason). Therefore, 16 participants (eight bio-
logical females; eight biological males) enrolled in the 3-week
maintenance study immediately after they completed the
4-week study. Participants self-identified their race as African
American (n=7), white (n=7), or multiracial (n=2). Nine par-
ticipants identified as non-Hispanic and seven identified as
Hispanic/Latinx. Race and ethnicity were confirmed by a parent
or guardian. The group of adolescents who did not complete the
maintenance study (N = 30) showed a similar demographic dis-
tribution for sex assigned at birth (n = 14 males, n = 16 females;
X? (1, N =46) =0.05, p = .83), self-identified race (n =11 African
American, n = 13 white, n = 3 multiracial, n = 3 another race; X?
(3, N=46)=1.79, p=.62), and ethnicity (n=20 non-Hispanic;
n =10 Hispanic/Latinx; X? (1, N = 46) = 0.49, p = 0.49). Compared
to the participants that did not continue in the maintenance
study (N = 30), the maintenance sample also did not differ in age
(t(44) = 0.82, p = .42), morningness score (t(43)=-0.91, p=.37),
Midsleep time on Free Days (MSFsc; t(37) = -0.59, p = .56), social
jetlag (t(37) =-0.27, p = .80), depressive symptoms (t(44) =0.11,
p =.91), or school start time (t(44) = -1.14, p =.26). School start
time for the maintenance sample averaged 07:42 + 00:26, with
the earliest reported school start time at 06:30 and the latest at
08:25. Two participants in the Control group (1 biological male
and 1 biological female) discontinued participation due to a
family death and a schedule conflict with the 3-week mainte-
nance study protocol, respectively.
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Figure 2. Circadian phase (DLMO) averaged for the intervention group
(blue open circle; n = 8) and control group (black closed circle; n =5). An
extreme outlier in the control group with a baseline DLMO more than
2 SDs earlier than average is plotted separately and not included in the
analysis (open circles and dotted line; see text). #p < .10 and effect size
(d)>0.9.

Circadian phase and phase shifts

Figure 2 illustrates DLMO phases at baseline (day 16), after the
2-week sleep extension intervention (day 30), and after the 3-week
maintenance protocol (day 51) for both groups. One male partici-
pant in the Control group was an extreme outlier with a baseline
DLMO (18:34) of more than 2 standard deviations earlier than the
mean of all participants (20:45 + 00:44). For this outlier, DLMO
phases remained stable across assessments, shifting less than
24 minutes from his baseline (18:41 on day 30; 18:10 on day 51).
DLMO data for the outlier is plotted separately in Figure 2 (hashed
line) but omitted from the analysis to avoid misrepresentation of
the control group means.

DLMO for the Intervention group advanced 37.0 +40.0 min-
utes in response to the 2-week sleep extension intervention and
then remained stable during the 3-week maintenance protocol
(DLMO phase shift from day 30 to day 51 averaged —4.9 +22.9
minutes). This is compared to the Control group with average
phase shifts of less than 15 minutes across the study (Figure 2
and Table 1). Group-by-time interactions were detected for DLMO
for both the 2-week intervention (3=0.86, SE=0.26, p=.003)
and 3-week maintenance (3 =0.54, SE =0.26, p = .049) relative to
Baseline. The ICC was 0.67. Pairwise comparisons revealed that
the Intervention group had a significantly greater phase advance
after the 2-week intervention compared to the Control group
(estimated difference = -0.84 hours, SE =0.35, p =.02). The EMM
contrast for the Intervention group from baseline (day 16) to
maintenance (day 51) lab weekends was significant (estimated
change = -0.53 hours, SE =0.18, p =.005), but the EMM contrast
from the final lab weekend (day 30) to the maintenance weekend
(day 51) was not (estimated change = 0.08 hours, SE = 0.18, p = .30)
Figure 3 and Table 2.

Weekday sleep

Figure 3 illustrates weekday (Sunday-Thursday) sleep onset
time and sleep duration for both groups at baseline, during the
two sleep extension intervention weeks, and during the three
maintenance weeks. Sleep onset time for the intervention
group advanced 1.73 + 0.24 hours from their baseline by inter-
vention week 2, and weekday sleep onset averages remained
relatively stable at about 23:00 across the three maintenance
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Table 1. DLMO and DLMO Phase Shift (Mean + SD)
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Control Intervention Effect Size (d)

N 52 8
Baseline DLMO (day 16) 20:39 £ 00:41 20:41 + 00:34 0.03
Final DLMO (day 30)* 20:54 +0:32 20:04 + 00:47 1.27
Maintenance DLMO (day 51)* 20:40 £ 00:28 20:08 £ 00:33 1.03
DLMO phase shifts (minutes)®:

Intervention: days 16-30* -14.7 £ 16.6 37.0 +£40.0 1.69

Maintenance: days 30-51 14.2 +27.4 -4.9+229 0.76

sexcludes outlier in Control group (see text).
"Negative number = phase delay; positive number = phase advance.

Differences between Control and Intervention: #p<.10; *p < .05; large group effects sizes are in italics.
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Figure 3. Weekday sleep measured from wrist actigraphy for the
Intervention group (blue open circles; n = 8) and the control group
(black closed circles; n = 6) during Baseline, Intervention Weeks, and
Maintenance Weeks. *p < .05; *p < .01; #p < .10 and effect size (d) > 0.9.

weeks (Figure 3 and Table 2). The control group did not show
a systematic change from their baseline across the interven-
tion weeks or during the maintenance weeks with sleep onset
averaging around midnight (Figure 3 and Table 2). Therefore, the
intervention group was falling asleep 40 to 67 minutes earlier
on average compared to the control group during the 3 main-
tenance weeks. Deviations from scheduled bedtime during the
3 maintenance weeks, however, did occur in the Intervention

group (Supplementary Figure S4). LMMs detected significant
group-by-time interactions for both the Intervention (8 =1.37,
SE =0.30, p<.001) and Maintenance weeks (8 =1.65, SE=0.29,
p <.001) relative to Baseline. The ICC was 0.66. Pairwise com-
parisons revealed that the Intervention group had significantly
earlier sleep onset times during the Maintenance weeks com-
pared to the control group (estimated difference = -0.94 hours,
SE = 0.40, p = .03). The EMM contrast for the intervention group
from Baseline to Maintenance weeks was significant (estimated
change = -1.16 hour, SE =0.23, p <.0001), but the EMM contrast
from the intervention to the maintenance weeks was not (esti-
mated change = 0.10 hours, SE = 0.25, p = .68).

Weekday sleep duration increased by 1.2+0.5 hours from
baseline by intervention week 2 in the intervention group, and
average weekday sleep duration remained stable during the three
maintenance weeks (Figure 3 and Table 2). The control group did
not show a systematic change from baseline across the study. The
average sleep duration for the intervention group was 1.0 hours
greater, on average compared to the control group in mainte-
nance week 3 [t(12) = 3.6, p =.004] and the effect size was large
(see Table 2). LMMs detected significant group-by-phase inter-
actions for the Intervention (3 =-35.24, SE =20.14, p =.04) and
Maintenance (8 = -42.13, SE = 16.09, p = .01) weeks relative to the
baseline. The ICC was 0.48. Pairwise comparisons revealed a trend
towards longer sleep duration in the intervention group during
the Maintenance weeks (estimated difference =37.6 minutes,
SE =20.0, p=.07) compared to the control group. The EMM con-
trast for the intervention group from baseline to Maintenance was
significant (estimated change = 32.13 minutes, SE = 15.2, p = .04),
but the EMM contrast from intervention to maintenance weeks
was not (estimated change = -1.58 minutes, SE = 16.4, p = .93).

Weekend sleep

Table 3 shows weekend sleep at home derived from actigraphy
during baseline and during the two booster weekends. On booster
weekends (days 36-37 and days 43-44), the Intervention group
was allowed to go to bed up to 1 hour later than their mainte-
nance weekday schedule and we instructed them to wake up at
their maintenance weekday wake-up time. On average, week-
end sleep onset during the two booster weekends was about 30
minutes later than weekday sleep onset (see Table 2). Booster
weekend sleep onset and wake-up times for each intervention
participant expressed as deviations from their scheduled times
for each night are shown in Supplementary Figure S5. All partic-
ipants fell asleep more than 30 minutes later than their sched-
uled weeknight bedtime on at least 1 of the 4 weekend nights
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Table 2. Weekday (Sundays—Thursdays) Sleep From Wrist Actigraphy (Mean = SD)

Control Intervention Effect size (d)
N 6 8
Baseline (days 3-7 and 10-14)
Sleep onset time 23:57 £01:13 00:33 £ 00:31 -0.63
Wake-up time 6:25 + 00:25 6:43 + 00:24 -0.70
Total sleep time (h) 55+0.8 53+0.6 0.30
Duration (h) 2 6.5+0.9 6.2+0.5 0.40
Intervention week 1 (days 17-21)
Sleep onset time 00:07 + 01:02 23:39 + 00:37 0.56
Wake-up time 6:21 + 00:44 6:06 + 00:36 0.38
Total sleep time (h) 53+05 55+0.5 0.48
Duration (h) @ 6.2+0.8 64205 0.34
Intervention week 2 (days 24-28)
Sleep onset time 23:47 £ 00:38 22:49 + 00:40* 1.52
Wake-up time 6:30 + 00:18 6:09 + 00:48 0.58
Total sleep time (h) 5.6+0.7 6.2+0.7 0.80
Duration (h) @ 6.7+0.6 73107 0.96
Maintenance week 1 (days 31-35)
Sleep onset time 23:56 + 00:53 22:56 + 00:44* 1.22
Wake-up time 6:38 + 00:36 6:04 + 00:36 0.96
Total sleep time (h) 56+06 59+06 0.44
Duration (h) 2 6.7+1.0 7.1+06 0.52
Maintenance week 2 (days 38-42)
Sleep onset time 23:38 + 00:29 22:59 + 00:44* 1.07
Wake-up time 6:15 + 00:46 6:09 + 00:34 0.15
Total sleep time (h) 55+06 6.0+0.8 0.86
Duration (h) 2 6.6+1.0 72£06 0.72
Maintenance week 3 (days 45-49)
Sleep onset time 0:07 + 00:54 23:00 + 00:44* 1.36
Wake-up time 6:17 + 00:27 6:11 +00:33 0.18
Total sleep time (h) 54+07 59+0.9 0.76
Duration (h) @ 6.2+0.6 7.2+0.5" 1.92

Differences between Control and Intervention: #p<.10; *p < .05; *p < .01; large effects sizes are in italics.

dinterval from sleep onset to final wake.

(Supplementary Figure S5, top). Of all the booster weekend nights
(8 participants x 4 booster weekend nights = 32 nights), 69% of
the nights had sleep onsets 30 minutes or later than scheduled
weekday bedtime and 31% had sleep onsets within 30 minutes
of scheduled weekday bedtime. There were 6 booster weekend
nights in which sleep onset was more than 1.5 hours after sched-
uled bedtime, and 4 of those nights were from the same individ-
ual (Supplementary Figure S5).

Intervention participants were asked to wake up at their
average school-day wake-up time on both mornings of the two
booster weekends. Of the 32 booster weekend mornings, there
were 3 (9%) mornings in which wake-up time was more than 1
later than prescribed and these late wake-up times occurred once
for 3 separate intervention participants and occurred during the
second booster weekend only (Supplementary Figure SS5). For the
remaining mornings (91%), wake-up times were within 32 min-
utes of prescribed wake-up time.

Intervention participants were instructed to take a nap on
Saturday or Sunday of the booster weekends if they chose to go
to sleep later on Friday or Saturday nights, respectively. Of the 22
nights in which sleep onset was 30 minutes or more later than
weekday sleep onset, naps occurred the next day 50% of the time
(11 out of 22). All but one intervention participant took at least
1 nap during the booster weekends. On days when naps were
taken, the 24-hour (nighttime + daytime) sleep duration averaged
490 + 24 minutes and total sleep time averaged 406 + 78 minutes.

Booster weekend morning bright light

Participants were instructed to sit by the light box for 150 min-
utes on either Saturday or Sunday morning. Bright light start
time and duration were similar among the self-report measure,
and both light sensors (light box and neck). Therefore, we report
on the neck light sensor only. All eight intervention participants
were exposed to bright light on one booster weekend morning
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Table 3. Weekend (Fridays and Saturdays) Sleep From Wrist Actigraphy (Mean + SD)

Control Intervention
Nighttime Daytime® Nighttime Daytime®
Baseline (days 1-2 and 8-9)
Sleep onset time 00:19 + 01:21 14:15 + 04:00 01:22 + 00:55 13:50 £ 02:51
Wake-up time 08:56 + 01:36 16:51 +01:34 10:10 + 01:02 15:35+£02:31
Total sleep time (h) 7.1+10 23+21 74+0.38 14+14
Duration (h) @ 8.6+0.9 26+24 8.8+1.0 1.8+1.7
Booster weekend 1 (days 36-37)
Sleep onset time 01:02 + 1:20* — 23:25 +00:49 12:22 + 01:56
Wake-up time 08:39 + 00:41™ 06:04 + 00:38 13:35 £ 01:57
Total sleep time (h) 6.0+1.1 5.6+0.7 0.9+0.5
Duration (h) @ 76+17 6.7 0.7 1.2+06
Booster weekend 2 (days 43-44)
Sleep onset time 23:54 + 00:48 — 23:32 £ 1:10 12:55 £ 3:05
Wake-up time 08:07 +01:13* 06:38 + 01:04 14:47 £ 03:17
Total sleep time (h) 6.9+ 1.0 58+0.6 1.5+06
Duration (h) # 8.2+1.1" 7.1+05 1.9+06

dinterval from sleep onset to final wake.

b2 control participants contributed to nap averages during baseline weekends; no control participants reported naps during booster weekends 1 or 2.
6 intervention participants contributed to nap averages during baseline weekends; 4 intervention participants contributed to nap averages during booster

weekend 1; 4 participants contributed to nap averages during booster weekend 2.

Nighttime differences between Control and Intervention: *p < .05; *p < .01.

for at least 90 minutes of the prescribed time. On those morn-
ings, bright light started 11.5 + 11.2 minutes after the scheduled
wake and the duration of bright (>500 lux) light exposure was
125.4 + 18.2 minutes. (For individual start times and bright light
exposure durations, see Supplementary Figure S6.) On bright light
box mornings, the average photopic illuminance from scheduled
wake-up time to 2 hours 35 minutes after scheduled wake was
5170 + 4094 photopic lux. During the first 35 minutes after sched-
uled wake on bright light box mornings, intervention participants
received 23.5 = 10.1 minutes of bright light and illuminance aver-
aged 4440 + 3172 photopic lux.

Discussion

In our previous 4-week study with a 2-week sleep extension
intervention, we showed that a gradual advance of bedtime,
an individualized time-management strategy (“SleepRouTeen”)
with behavioral goals to facilitate an earlier bedtime, and bright
light box exposure on both mornings of one weekend in the
laboratory (‘reset weekend”) advanced circadian phase and
sleep onset, and increased weeknight sleep duration by more
than 1 hour [33]. In the current 3-week follow-up, we showed
that these favorable changes to circadian phase and sleep can
be maintained at home when wake times remain stable, week-
day bedtimes remain early but some flexibility is introduced on
weekends, weekend naps are in place to compensate for sleep
loss, and morning bright light exposure is used on one morning
of each weekend.

Previous studies of late-sleeping adolescents have tested daily
morning light exposure over 3-6 weeks using a combination
of natural sunlight and a light box [44], light glasses [45], or a
passive approach of prewake light flashes [46] to facilitate ear-
lier sleep onset. Instead of daily morning bright light exposure
like in these previous studies [44—46], we chose to use morning

bright light exposure on the weekend only to advance the circa-
dian phase, maintain an early phase, and facilitate an early sleep
onset because this approach is likely more feasible for this age
group. Adolescents usually have more time on weekend mornings
to complete a bright light exposure protocol compared to school
mornings. Asking an adolescent—especially a youngster who
has difficulty waking in the morning—to wake up even earlier
than usual to fit bright light treatment into their school morn-
ing routine is difficult. Adherence to morning bright light treat-
ment, especially in younger groups, is described as poor [47]. In
one of the few studies that reported adherence in this age group,
Micic et al. [48] reported mediocre treatment adherence to 30
mins of daily morning bright light from LED glasses for 1 to 4
weeks in adolescents with Delayed Sleep-Wake Phase Disorder
(DSWPD), providing further evidence that consistent daily morn-
ing bright light treatment is difficult for most adolescents. The
only other study that tested morning bright light on the weekend
in late-sleeping adolescents did so as an adjunct treatment to a
school-based sleep education program in which students were
asked to advance their sleep 30 minutes per day and use light
glasses on both mornings of one weekend for 30-60 minutes at
wake-up time [49]. Adding bright light to weekend mornings did
not confer an added benefit to improvements in mood or sleep
(circadian phase was not measured), and this may be related to
protocol adherence or light exposure time being too short. In the
current study, we asked participants to sit in front of the bright
light box on one weekend morning and not both to keep the
advanced circadian phase stable, recognizing that requiring both
days may be difficult for many families who have other commit-
ments on the weekend. The duration of bright light exposure was
2.5 hours (three 50-minute exposures) based on results from our
previous study [35]; however, data from the current study sug-
gests that at least 90 minutes of bright light may be sufficient on
booster weekends.
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The timing of weekend sleep (dark) schedules must also be
considered to optimize circadian phase shifts. Previous studies
of young adults [24, 26] and adolescents [34] show that sleep-
ing in later on weekends shifts DLMO by about 30-45 minutes,
on average, by Sunday evening. Taylor and colleagues [26] asked
young adults to maintain a fixed bedtime and then allowed ad-lib
wake-up on Saturday and Sunday mornings. DLMO was delayed
by 29.6 minutes, on average. Yang et al. [24] delayed weekend
bedtime and wake-up time by 2 hours on 1 weekend and DLMO
delayed by 31.6 minutes, on average. Crowley et al. [34] identi-
fied that when high-school-aged adolescents without sleep
complaints were prescribed a typical weekend “recovery” sleep
schedule (bedtimes were 1.5 hours later than school nights and
wake-up was 3 hours later than school mornings), the circadian
phase measured by the DLMO shifted later by about 45 minutes
on average by Sunday night. Asking adolescents to wake only 1
hour later on Saturday and Sunday morning instead of 3 hours
later or to sit in front of a small light box emitting short wave-
length light (454-484 nm) for 1 hour at home when they woke
up on both mornings of the weekend did not stabilized phase;
DLMOs delayed about 40 minutes in both conditions by Sunday
night. Taken together, these studies demonstrate that sleeping
late on the weekend competes with the desired outcome of stabi-
lizing or advancing the circadian clock of adolescents. Therefore,
to improve the effectiveness of weekend morning bright light, we
reasoned that weekend sleep (dark) needs to gradually shift ear-
lier to help facilitate a circadian phase advance [33, 35] or remain
as similar to school days as possible to stabilize the circadian
phase. In the “booster” weekends of the current study, adolescents
were asked to maintain their school-day wake time so that morn-
ing light exposure would coincide with the most sensitive portion
of the PRC to light and thus help keep their circadian clock early.
Flexibility in the sleep schedule was therefore introduced at bed-
time to increase the likelihood of adolescents being able to follow
the schedule longer term at home. Later bedtimes on Friday and
Saturday nights provide more time to engage in their usual week-
end activities, like socializing with friends or part-time work.

In the current study, we did not instruct adolescents to limit
evening light or screen time or wear eyeglasses that block or
significantly reduce blue light on the weekend when they were
allowed to stay awake 1 hour later because we were trying to sim-
ulate what they would naturally do at home. Data from adoles-
cents [50] and adults [51] show that evening light exposure can
attenuate phase advances in response to morning bright light
given over 3 days. Ambient light exposure [52], including light
emitted from device screens [53-55], in the evening before habit-
ual bedtime can suppress melatonin secretion, though interindi-
vidual variation in this response is noted [56]. As we develop this
intervention work, testing the added benefit of controlling illumi-
nance and the spectral composition of evening light on booster
weekends may be warranted.

In the intervention group, weekday sleep duration increased
from an average of 6.2 hours to an average of 7.3 hours. Average
weekday sleep duration remained stable at 7.1 to 7.2 hours during
the 3 maintenance weeks. This 1-hour change in sleep duration
for a group who reported chronic insufficient sleep is significant;
however, it is still less than the minimum recommendation of
8 hours per night [1, 57]. In our previous report [33], 16 out of
23 participants in the intervention group (70%) were averaging
less than 8 hours of sleep on weekdays. In the current group, the
average weekday sleep duration was greater than 8 hours for 1
participant in maintenance week 1, and no one averaged more

than 8 hours in maintenance weeks 2 and 3. Therefore, advancing
bedtime an additional 30-60 minutes in a third intervention week
may be needed for most adolescents with a late-sleeping behav-
loral phenotype. Time management strategies provided by their
individualized Sleep RouTeens to support earlier bedtimes may
be enough for most adolescents. However, falling asleep even 30
minutes earlier may still pose challenges for some who continue
to have delayed circadian phases as bedtimes could coincide with
the Forbidden Zone for Sleep [10]. For these delayed adolescents,
additional morning light may be needed on the first booster
weekend at wake-up time.

Sleep duration on baseline weekends for both the Control and
Intervention groups averaged 8.6 to 8.8 hours, which is more than
2 hours longer than on their baseline weekdays. This weekend
oversleeping is greater than the approximate 1-hour difference
reported in previous studies [3, 58]. Some adolescents also took
naps on baseline weekends, with durations averaging between 1.8
and 2.5 hours, further suggesting a level of weekday sleep restric-
tion that required compensatory sleep on weekends. The booster
weekends tested in the current study required that adolescents
wake up at their school day wake time, which prevented the typ-
ical compensatory sleep on the weekend. Moreover, we allowed
bedtimes to be up to 1 hour later on Friday and Saturday nights,
which would theoretically reduce sleep duration by up to 1 hour
too. Compared to the control group, the nocturnal sleep duration
of the intervention group was shorter on weekend nights, particu-
larly during booster weekend 2 (Table 3). In an attempt to provide
some compensatory sleep on the weekend, we asked participants
to take a nap in the afternoon if they went to sleep late on Friday
or Saturday nights. For those adolescents who took a nap, their
daily (nighttime + daytime) sleep duration averaged more than
8 hours, suggesting that napping on the weekend could provide
additional sleep on the weekend. Although sleep duration on the
booster weekends was descriptively shorter than during the base-
line weekends in the intervention group, it must also be noted
that weekday sleep duration was also about 1 hour longer per
night during the maintenance weeks, and therefore, the need for
weekend compensatory sleep may be less. Nevertheless, morning
sleepiness or dysfunction before the afternoon nap may continue
to be problematic and needs to be further assessed.

Although the tested intervention and 3-week maintenance
protocol show promise to increase and maintain sleep duration
in short and late-sleeping adolescents, limitations of the cur-
rent study should be noted. First, the sample size was small in
this 3-week follow-up study. Also, the adolescents who were in
the intervention group and agreed to be in the follow-up study
may have positively biased protocol adherence outcomes because
they were more willing to participate than those who decided not
to participate in the follow-up study. Finally, in this initial test of
effectiveness, participants were paid to complete the interven-
tion and follow-up study. It is unclear whether adolescents would
show the same level of adherence without compensation, and
whether additional motivators (e.g. parental involvement, peer
support) may be needed.

Conclusions

The biological propensity for alertness later in the evening per-
mitted by maturing circadian and sleep-wake homeostatic sys-
tems, as well as social and academic pressures displace sleep
to a later time. These biological and psychosocial factors com-
pete with early school start times that force adolescents out of



bed too early on school days. Our previous study [33] showed
that by shifting the circadian timing system earlier, prescribing
a gradual advance of bedtime, and modifying after-school and
evening time-use, adolescents were able to fall asleep early and
increase their sleep duration during the school week. The cur-
rent follow-up study shows that these gains can be maintained
with only one morning of bright light each weekend, stable sleep
times on weekdays, and some flexibility in weekend bedtimes.
Adaptation and expansion of this approach for patients with
DSWPD or other conditions with cooccurring delayed sleep may
be warranted.
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Supplementary material is available at SLEEP Advances online.
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