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Abstract  The majority of high school-aged adolescents obtain less than the
recommended amount of sleep per night, in part because of imposed early
school start times. Utilizing a naturalistic design, the present study evaluated
changes in objective measurements of sleep, light, and physical activity before
(baseline) and during the first wave of the COVID-19 pandemic (during
COVID-19) in a group of US adolescents. Sixteen adolescents (aged
15.9 +1.2years, 68.8% female) wore an actigraphy monitor for 7 consecutive
days during an in-person week of school before the pandemic (October
2018-February 2020) and again during the pandemic when instruction was
performed virtually (May 2020). Delayed weekday sleep onset times of
1.66 £1.33 h (p < 0.001) and increased sleep duration of 1+ 0.87 h (p<0.001)
were observed during COVID-19 compared with baseline. Average lux was
significantly higher during COVID-19 compared with baseline (p<0.001).
Weekday physical activity parameters were not altered during COVID-19 com-
pared with baseline, except for a delay in the midpoint of the least active 5 h
(p value=0.044). This analysis provides insight into how introducing flexibility

into the traditional school schedule might influence sleep in adolescents.
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Abiologically induced slowed build-up of homeo-
static sleep drive (sleep pressure) across the day and
a physiological delay in circadian rhythms leads to
late sleep onset in adolescence (Crowley et al., 2018).
Combined with today’s academic and psychosocial
demands, imposed early school start times, and daily
profile of electronics use and light exposure, nearly
80% of high school-age adolescents obtain less than

the recommended 8 to 10h sleep per night (Paruthi
et al., 2016; Crowley et al., 2018; Centers for Disease
Control and Prevention, 2019). Insufficient sleep and
circadian misalignment are associated with numer-
ous negative outcomes, including mental health
problems, obesity and dysregulated metabolism,
learning difficulties, and poor academic achievement
(Crowley et al., 2018).
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Adolescents were profoundly affected in all
aspects of daily life by the school closures and stay-
at-home orders implemented in the United States in
spring 2020 to mitigate the spread of COVID-19. Since
the onset of these health measures, evidence is emerg-
ing of subsequent changes in daily routines and life-
style activities in youth (Bates etal., 2020). Adolescents
showed patterns of delayed bed and wake times, lon-
ger sleep duration, and less daytime sleepiness dur-
ing COVID-19 per subjective self- and parent reports
(Gruber et al., 2020; Becker et al., 2021; Bruni et al.,
2021; Lavigne-Cervan et al., 2021; Illingworth et al.,
2022). However, these studies are limited to primarily
retrospective reports prior to COVID-19 and lack of
objective assessment.

A later sleep-wake schedule may be more in line
with adolescents’ circadian rhythms (Crowley et al.,
2018). Indeed, multiple studies have confirmed the
benefits of later high school start times (allowing for
later wake time) on adolescent sleep and well-being
(Owens et al., 2017; Meltzer et al., 2021b; Biller et al.,
2022). Yet, going to bed and sleeping in later limits
opportunities for participation in physical activity
and for obtaining morning light exposure which
serves to synchronize and entrain circadian rhythms
(Youngstedt et al, 2016, Bates et al, 2020).
Furthermore, high levels of light exposure from elec-
tronics, particularly late at night, may further delay
sleep timing and the circadian system (Wams et al.,
2017; Hisler et al., 2020). Lack of daily structure,
increased electronics use, and spending less time out-
side were all associated with an irregular sleep-wake
schedule and greater delay in self-reported sleep
times during COVID-19 in adolescents (Amran,
2022). To our knowledge, despite the relationship and
importance to sleep, light and activity levels have not
been systematically evaluated in adolescents during
COVID-19.

Utilizing a naturalistic design, we evaluated
changes in the objective measurement of sleep, light,
and activity before and during the COVID-19 pan-
demic in adolescents. Without the restrictions of early
start times and the structure of traditional schooling,
we hypothesized that adolescents would have longer,
later, and less variable sleep, increased and later light
exposure, and decreased physical activity during
COVID-19 compared with prior.

MATERIALS AND METHODS

Participants from a study examining insulin sensi-
tivity and sleep in adolescents (ClinicalTrials.gov:
NCT03500458) were invited to participate in an addi-
tional study week during COVID-19 stay-at-home
orders. Inclusion criteria for the primary study

included habitually sedentary (<3 h of reported
physical activity per week) high school students 14 to
19 years of age with <7h sleep on school nights with-
out a diagnosis of a sleep disorder or regular use of
medications affecting sleep. The study was approved
by the Colorado Multiple Institutional Review Board,
and participants and guardians who previously con-
sented for the primary study provided verbal con-
sent/assent for the optional COVID-19week.
Participants completed 7 consecutive days of at-home
monitoring at two time points: the baseline week
took place prior to COVID-19, between October 2018
and February 2020, and the COVID-19 week occurred
in May 2020. Participants were required to be attend-
ing traditional, in-person high school prior to COVID-
19, and all study participation took place during the
academic year while school was in session. Efforts
were made to avoid data collection during daylight
saving weeks and over school breaks; one study par-
ticipant participated at the end of daylight savings at
baseline. Actigraphy devices were delivered to fami-
lies and returned by mail. During both study weeks,
participants were asked to maintain their current,
typical schedule.

Outcome Measures

Participants wore a Spectrum Plus actigraphy
monitor (Philips Respironics, Bend, OR) on their non-
dominant wrist for 7 consecutive days. Participants
were asked to press the event marker button on the
watch at the time that they attempted sleep and again
upon awakening, and concurrent sleep diaries were
completed daily to facilitate scoring. Data were
scored using proprietary software (Actiware Version
6, Philips Respironics, Pittsburgh, PA) and standard
scoring rules (Ancoli-Israel et al., 2015).

Sleep-Wake. The following variables were derived
separately for all recording days and averaged over
weekdays (Sunday-Thursday nights) and week-
ends (Friday and Saturday nights): sleep onset,
sleep offset, sleep midpoint, total sleep duration
(difference between sleep onset and offset minus
wake after sleep onset), and sleep efficiency. In
addition, social jetlag (difference between weekend
and weekday sleep midpoints; Mathew et al., 2019)
and sleep regularity (intraindividual standard devi-
ations of sleep onset, offset, midpoint, and dura-
tion) were calculated.

Light. The Actiwatch Spectrum calculates white light
illuminance (lux) on a minute-by-minute basis by
integrating the input from separate red-, green-, and
blue-colored light sensors. The light data were sum-
marized as average lux values over 24h, during the
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average estimated waking window, and during the
period 2h before average bedtime, and as a percent-
age of time at>10001ux and <100lux, indicative of
likely exposure to outdoor and indoor light, respec-
tively (Bhandary et al., 2021).

Activity. The Actiwatch Spectrum estimates physical
activity levels using accelerometer counts, with
higher values indicating more activity. Changes in
physical activity patterns over 24h were evaluated
from the accelerometer count data using the nonpara-
metric methods first described by Witting et al. (1990)
and more recently reviewed by Gongalves et al.
(2015). Briefly, these methods attempt to estimate the
stability and variability of the 24 h rest-activity cycle
across days of measurement. The ‘nparACT’ package
(Blume et al., 2016) for R Core Team (R Development
Core Team, 2020) was used to derive the following
variables:

1. Inter-daily Stability (IS): An estimate of stabil-
ity of the 24h rest-activity cycle across days,
where a value of 1=perfect stability.

2. Intra-daily Variability (IV): An estimate of the
fragmentation of the 24h rest-activity cycle
where a value of 0=a perfect sine wave with no
fragmentation and 2=no apparent pattern in the
24 h rest-activity cycle.

3. The L5 indicates the period of time with the
lowest 5h of activity (in accelerometer counts).

4. The M10 indicates the period of time with the
highest 10h of activity (in accelerometer counts).

5. The relative amplitude (RA) is the ratio of the
M10 and L5 average accelerometer counts.
Higher values indicate more robust 24h rest-
activity patterns.

Questionnaires

Participants self-reported demographic informa-
tion at baseline. Chronotype was assessed at baseline
with the Morningness-eveningness Scale for Children
(MESC), a validated 10-item self-report multiple-
choice measure (Carskadon et al., 1993). Scores range
from 10 to 42 with higher scores indicating more
morning preference and lower scores indicating more
evening preference. Using cut-off points based on the
25th to 75th percentiles, individuals with scores of 10
to 23 were categorized as evening-type, individuals
with scores of 24 to 27 were categorized as intermedi-
ate-type, and individuals with scores of 28 to 40 were
categorized as morning-type (Diaz-Morales and
Gutiérrez Sorroche, 2008). At the COVID-19 assess-
ment, participants responded to questions derived for
the purpose of the current study asking them to report
if they spent more, less, or the same amount of time

engaged in behaviors including electronics/technol-
ogy, physical activity, time outside, social interactions,
and schoolwork. They also completed the PROMIS
Anxiety and Depression short form measures at both
baseline and during COVID-19 to assess anxiety and
depression symptoms over the past week (Irwin et al.,
2012). Raw scores are summed and converted to
T-scores, with scores of 55 and below described as
“within normal limits,” 55 to 60 “mild,” 60 to 70
“moderate,” and >70 “severe” (Kaat et al., 2019).

Analyses

All analyses were stratified by weekday and week-
end. Comparisons of each outcome (sleep, light, and
activity) from baseline to the period during COVID-
19 outcome were evaluated using paired sample ¢
tests or Wilcoxon signed-rank test. Shapiro-Wilk tests
were used to determine the normality of outcomes
and those identified as non-normal (Shapiro-Wilk p
value <0.05) were compared using the nonparamet-
ric Wilcoxon signed-rank test. Data are presented as
mean = standard deviation (SD) regardless of the test
used. To account for multiple comparisons, p values
were adjusted using the Holm-Bonferroni method.
The p values were adjusted within each type of out-
come (sleep, light, and activity) for weekdays and
weekends separately.

We hypothesized that the MESC score (evening,
intermediate, or morning chronotype) might explain
any observed changes in sleep given that the partici-
pants may have had more flexibility in their daily
schedules during the COVID-19 week. To assess this,
linear mixed models were fit to predict sleep onset,
sleep offset, sleep duration, and sleep efficiency based
on the day of the week, study time point (baseline,
during COVID-19), and chronotype. In addition,
interactions were included for night-by-study time
point, and study time point-by-chronotype, with this
time-by-chronotype interaction being of particular
interest in addressing our hypothesis. The linear
mixed models accounted for within-subject correla-
tions using an AR(1) covariance structure and a ran-
dom intercept by subject. All models were fit
separately for weekdays and weekends. The esti-
mated difference between baseline and COVID-19
was calculated from the linear mixed models for each
chronotype at each study time point. For each model,
a Type 3 Test of Fixed Effects for the time-by-chrono-
type interaction was used to directly address if the
chronotype explains the observed changes in sleep
between study time points. The p values from the
Type 3 Tests of Fixed Effects were adjusted for multi-
ple comparisons using the Holm-Bonferroni method.
The p values were adjusted for weekdays and week-
ends separately.
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Linear mixed models were fit using SAS Software
(SAS Institute Inc., Cary, NC, USA), while all other
analyses were conducted in the R computing envi-
ronment (R Development Core Team, 2020). Results
with an adjusted p value <0.05 were considered sta-
tistically significant.

Sensitivity Analyses

This study included one subject who had a set
school start time during COVID-19. A sensitivity
analysis was performed to assess if the inclusion of
this subject altered the results of the statistical analy-
ses. In addition, one subject’s baseline data were col-
lected during time change at the end of daylight
savings. A separate sensitivity analysis was per-
formed to assess the impact of the inclusion of this
subject in analyses. For each of these sensitivity anal-
yses, all statistical analyses were performed with the
exclusion of the associated subject, and results were
assessed to determine if the results changed statistical
or clinical significance when the subject was excluded.
The exclusion of these participants did not change the
statistical results appreciably; thus, both participants
were retained for subsequent analyses.

RESULTS

Sixteen participants completed procedures at both
baseline and COVID-19 follow-up weeks. All partici-
pants had =4 weekdays and=2 weekend days of
actigraphy data at both baseline and during COVID-
19, with the exception of one participant that did not
have any baseline weekend date. This participant
was excluded from all weekend analyses except for
linear mixed models which allow for missing data.
Participants were on average 15.9 = 1.2years old at
baseline, 68.8% female, 87.5% WHhite, and 25.0%
Hispanic/Latino. Fifty percent of participants were
classified as evening chronotype, while 18.8% and
31.3% were classified as intermediate and morning
chronotype, respectively. During the COVID-19
week, all participants reported participation in online
learning due to in-person school closures. Prior to
COVID-19, reported school start time ranged from
0730 to 0830h. Only 1 participant (6.3%) had a set
start time for online learning during COVID-19,
which was reportedly consistent with their baseline
school start time (0830h); the remaining participants
reported that learning was conducted according to
their own schedule. Participants reported doing their
schoolwork primarily in the afternoon (1200 -1700h;
47%) during COVID-19, while most participants
completed schoolwork in the evening (after 1800h;
53%) at baseline. The majority of participants (67%)

reported spending less time on schoolwork during
COVID-19 compared with baseline.

Sixty percent of participants endorsed spending
less time in social interactions with peers, 53% spent
more time outside, and approximately half the sam-
ple reported spending more time engaged in physi-
cal activity during COVID-19 compared with
baseline. Time spent using technology and electron-
ics increased for 93% of participants during COVID-
19 compared with baseline. Ratings of anxiety and
depression symptoms remained on average in the
normal to mild range at both baseline (mean
PROMIS depression t-scores=53.3+10.9; mean
PROMIS anxiety ¢ scores =50.5 + 11.1) and COVID-
19 (mean PROMIS depression t scores=>54.6 +9.§;
mean PROMIS anxiety t scores =46.9 + 11.4) with no
significant change between timepoints (all p val-
ues >0.05). No participants reported COVID-19-
related symptoms or a prior diagnosis of COVID-19
while participating in the study.

Change in Sleep

Actigraphy-estimated sleep measures at baseline
and during COVID-19 are presented in Table 1 and
Figure 1. Participants obtained on average 1 more hour
of sleep per night on weekdays during COVID-19
compared with baseline (p<0.001), while weekend
sleep duration during COVID-19 was not significantly
different from baseline (p =0.268). At baseline, 10.6% of
all recorded sleep episodes were greater than 8 h in
duration, compared with 24.8% of all recorded sleep
episodes during the COVID-19 week (3 test p=0.008).
Bedtime, waketime, and the midpoint of sleep were
each significantly delayed on both weekdays and
weekends during COVID-19 compared with baseline
(all p values <0.05). The largest delay was observed in
weekday waketime which occurred nearly 3 h later
during COVID-19 than baseline. Sleep efficiency
decreased modestly by -3.75% (p <0.001) during the
weekdays but was not significantly changed during
the weekends (p=0.268). Social jetlag (defined here as
the difference in weekday and weekend sleep mid-
points; Mathew et al., 2019) was not statistically differ-
ent between time points (p=0.058). Similarly, sleep
regularity was also not significantly different during
COVID-19 compared with baseline (all p values >0.05;
see Supplemental Table 1).

Change in Sleep by Chronotype

Estimated changes in sleep onset, sleep offset,
sleep duration, and sleep efficiency from baseline to
during COVID-19 by chronotype from linear mixed
models are presented in Supplemental Table 2.
Although the estimated sleep outcome changed
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Table 1. Weekday and weekend sleep parameters assessed with wrist actigraphy in N=16 teenagers before the COVID-19 pandemic
and during the initial stay-at-home and safer-at-home phase of the pandemic in Colorado. Data are shown as mean *+ SD.

Baseline During COVID-19 A Adjusted p value
Weekday recordings
Time of sleep onset 00:01 = 00:59 01:41 = 01:26 1.66 = 1.13 <0.001
Time of sleep offset 06:30 = 00:35 09:23 = 01:19 2.88 + 0.94 <0.001
Time of sleep midpoint 03:16 * 00:45 05:32 + 01:18 227 09 <0.001
Sleep duration (h) 5.93 = 0.41 6.93 = 0.86 1=+0.87 <0.001
Sleep efficiency (%) 87.9 + 4.46 84.15 + 3.51 -3.75 £3.1 <0.001
Social jetlag (h)* 092+ 1.5 0.46 = 0.89 -0.46 = 1.81 0.058
Weekend recordings
Time of sleep onset 00:27 = 01:08 02:07 = 01:52 1.66 * 1.79 0.01
Time of sleep offset 08:30 = 01:12 09:40 = 01:17 115+ 1.21 0.01
Time of sleep midpoint 04:28 * 00:59 05:53 * 01:25 1.43 +1.38 0.007
Sleep duration (h) 725+ 1.11 6.76 = 1.36 -049 =12 0.268
Sleep efficiency (%) 84.54 + 4.51 82.33 = 5.65 -2.21 £ 6.12 0.268

Data are shown as mean * standard deviation. Change represents difference in activity variables from baseline to during COVID-19 and
p values correspond to paired-sample t-tests or Wilcoxon signed-rank tests (indicated by *), adjusted for multiple comparisons using the

Holm-Bonferroni method.
Bold values indicate p < 0.05.
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Figure 1. Sleep timing (a) and duration (b) at baseline and dur-
ing the COVID-19 pandemic on weekdays and weekends. Sleep
onset and offset were significantly delayed on both weekdays
and weekends during the COVID-19week compared with base-
line. Sleep duration on weekdays significantly increased during
COVID-19 compared with baseline, while weekday sleep dura-
tion was not significantly different between time points.

between baseline and COVID-19 for each chrono-
type, none of the time-by-chronotype interactions
were statistically significant (all p values >0.05), indi-
cating that MESC chronotype did not significantly
impact the observed changes in these sleep outcomes
from baseline to during COVID-19.

Change in Light

Light variables are presented in Table 2 and Figure
2. Weekday average lux over 24h and while awake
were significantly higher during COVID-19 compared

with baseline (p=0.001 for both outcomes), with par-
ticipants more than doubling average lux levels dur-
ing COVID-19. Weekday average light exposure in
the 2 h prior to bedtime (i.e., evening light) was also
significantly higher during COVID-19 compared
with baseline (p value=.007). In addition, the per-
centage of time spent at>1000lux was significantly
higher and the percentage of time at<<100lux was
significantly lower during COVID-19 compared with
baseline (p values=0.007 for both outcomes).

Change in Activity

Physical activity variables are presented in Table 3
and Figure 2. The weekday midpoint of the least
active 5 h was significantly delayed by approximately
2 h during COVID-19 compared with baseline (p
value =0.044). There were no other significant differ-
ences in the actigraphy-estimated activity outcomes
between baseline and the COVID-19 week for week-
days or weekends.

DISCUSSION

The current analysis of changes in objectively
assessed sleep, light, and activity from before and dur-
ing the first wave of the COVID-19 pandemic found
that adolescents delayed sleep times, increased sleep
duration, and received more light exposure during
COVID-19 compared with baseline. With the majority
of participants free from the constraints of an early
school start time, adolescents obtained longer sleep
duration during the COVID-19 pandemic, notably by
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Table 2. Weekday and weekend light levels were assessed with wrist actigraphy in N=16 teenagers before the COVID-19 pandemic
and during the initial stay-at-home and safer-at-home phase of the pandemic in Colorado.

Baseline During COVID-19 A Adjusted p value
Weekday recordings
24h average, lux* 85.17 +59.53 234.29 +175.35 149.12+173.1 0.001
Waking average, lux* 109.48 +76.44 343.48 +303.83 234 +295.28 0.001
Average 2h prior to sleep, lux 86.02 = 64.69 237.9 +167.97 151.88 +=168.97 0.007
Percent of time > 1000 lux* 1.37+1.26 7.37 +7.56 599 +7.51 0.007
Percent of time <1001lux 83.95+10.16 72.58 +12.25 -11.37+11.89 0.007
Weekend recordings
24h average, lux 87.59 £60.8 240.25+179.82 152.66 = 178.57 0.015
Waking average, lux* 112.4+78.2 352.41+312.32 240.01 = 304.63 0.003
Average 2h prior to sleep, lux 77.51+58.4 248.28 =198.01 170.77 +208.13 0.015
Percent of time >1000lux* 143128 7.63+7.75 62+7.73 0.013
Percent of time <1001ux* 83.69 +10.46 72.36 +12.65 -11.33 £12.31 0.007

Data are shown as mean * standard deviation. Change represents the difference in the light variables from baseline to during COVID-19
and p values correspond to paired-sample t tests or Wilcoxon signed-rank tests (indicated by *), adjusted for multiple comparisons using

the Holm-Bonferroni method.
Bold values indicate p < 0.05.

sleeping later in the mornings on school days. This
equates to an additional 5 h of sleep over the course of
a school week. Sleep efficiency decreased modestly on
weekdays during COVID-19, but the clinical signifi-
cance of this change is unclear. Moreover, bedtimes
and waketimes shifted later on both weekdays and
weekends, with the most significant delay in weekday
waketime of ~3 h. These findings are similar to natu-
ralistic studies of U.S. and Brazilian adolescents that
self-reported a delay in bed and waketimes of 1-1.5
and 1.5 to 2 h, respectively, and increased sleep dura-
tion during COVID-19 compared with assessments
that took place prior to COVID-19 (Becker et al., 2021;
Genta et al,, 2021). In a sample of college students
assessed via sleep log before and during COVID-19,
weekday time in bed increased, weekday sleep timing
delayed, and social jetlag was reduced during COVID-
19 (Wright et al., 2020). In contrast, social jetlag did not
significantly change in our sample.

One potential contributor to these changes in sleep
includes greater flexibility of schedules associated
with online learning and lack of commute to school
resulting in greater opportunity for more sleep.
Indeed, a cross-sectional study of 6- to 12-grade stu-
dents in the United States found that instruction type
was significantly associated with timing and dura-
tion of sleep during COVID-19 such that bed and
waketimes were latest and sleep opportunity was
longer on nights when students had online/asyn-
chronous learning compared with online/synchro-
nous, and in-person schooling (Meltzer et al., 2021a).
This is consistent with studies completed prior to the
pandemic that have shown that delaying high school
start times by 50-70 min allows students to obtain
~40-45min more weeknight sleep compared with
high school students before the change in start times

(Meltzer et al., 2021b) and compared with students at
schools that maintained an early school start time of
0730h (Widome et al., 2020).

Although sleep duration increased and the per-
centage of adolescents that obtained more than 0800 h
of sleep more than doubled during COVID-19 in our
sample, approximately 75% of adolescents still
obtained insufficient sleep during COVID-19. These
findings highlight that adolescent sleep is modifiable
but that additional strategies beyond flexibility in
schedule may be needed to improve sleep health and
specifically sleep duration to recommended levels for
age. While there was no significant effect of chrono-
type on the observed changes in sleep variables in the
current study, other studies suggest strategies to
improve sleep health individualized depending on
chronotype and other characteristics may be needed
(Gradisar et al., 2011; Blake et al., 2019).

In the current study, adolescents had greater light
exposure during COVID-19 over the 24-h period,
while awake, and in the 2 h prior to sleep, as well as
increased the percentage of time>1000lux, which
may reflect greater exposure to sunlight or electronics.
These findings should be considered within the limi-
tations of the current data such that there was a longer
daylight period during the COVID-19 data collection
period in May compared to participants who com-
pleted their baseline assessment in the fall or winter.
Notably, only roughly half of the participants reported
spending more time outside, while nearly all partici-
pants endorsed spending more time using electronics
during COVID-19 compared with baseline. In a sam-
ple of youth attending a morning or afternoon-shift
school schedule, evening electronics use was corre-
lated with later bedtimes and shorter time in bed
regardless of school start time (Arrona-Palacios, 2017).
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Figure 2. Weekday light (In lux; a) and daily accelerometer counts (b) at baseline and during the COVID-19 pandemic. The standard
deviation in the average local time of sleep onset and offset are shown by the black and red horizontal bars. In addition, for accelerom-
etry, horizontal lines are included to indicate the standard deviation in the local time of the lowest level of activity over a 5-h period (L5)
and the highest level of activity over a 10-h period (M10). The gray background indicates the range (minimum and maximum) of the
observed light exposures or accelerometer counts. Color version of the figure is available online.

Thus, future studies should include measurement of
daily electronics usage to evaluate its role in sleep tim-
ing. In a study conducted prior to the pandemic, actig-
raphy-measured light exposure and dim light
melatonin onset (DLMO) were compared between 14
young adults with delayed sleep and 14 matched con-
trols and found that the delayed sleep group had rela-
tively greater exposure to white and blue light 2h
after DLMO, a circadian time with maximal phase-
delay effect (Van der Maren et al., 2018). A limitation
of the current study is that we were not able to evalu-
ate melatonin; consideration of the circadian phase in
adolescents is important for future studies.

We did not find a significant change in objective
activity parameters from baseline to COVID-19, except
for a delay in the weekday midpoint of the least active
5 h. This may be due to the similarly observed delay in
sleep times. These findings are in contrast to a study of
school-age children in Israel who wore Actiwatch and
demonstrated a significant decrease in time engaged
in moderate-to-vigorous physical activity during
COVID-19 compared with before COVID-19 (Guo
et al.,, 2021). This difference may be in part due to age,
as physical activity decreases throughout adolescence,
primarily replaced by sedentary activity (Kandola
etal., 2020). Moreover, inclusion criteria for the current
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Table 3. Weekday and weekend physical activity variables assessed with wrist actigraphy in N=16 teenagers before the COVID-19
pandemic and during the initial stay-at-home and safer-at-home phase of the pandemic in Colorado.

Baseline During COVID-19 A Adjusted p value
Weekday recordings
Interdaily stability 0.62+0.1 0.51+0.15 -0.11+0.19 0.147
Intradaily variability 0.82+£0.24 0.75+0.22 -0.07£0.18 0.388
Relative amplitude* 0.93 £0.05 0.84+0.14 -0.08+0.15 0.147
Avg. counts, least active 5h (L5)* 11.66 = 6.78 23.7+19.95 12.04 +20.33 0.147
Avg. counts, most active 10h (M10)* 317.56 = 81.28 307.31+125.3 -10.25+103.86 0.807
Mid-point time of the L5* 0610+ 0744 h 08230732 h 02130902 h 0.044
Mid-point time of the M10 1447 £ 0242 h 1502 £ 0220 h 0016 =0229 h 0.807
Weekend recordings
Interdaily stability 0.67+0.14 0.76 £0.12 0.09+0.2 0.488
Intradaily variability 0.57*0.15 0.64+0.25 0.07=0.29 0.671
Relative amplitude* 0.94=0.03 0.92+0.05 -0.02=0.04 0.500
Avg. counts, least active 5h (L5) 9.81+4.01 13.84+89 4.03*+6.29 0.158
Avg. counts, most active 10h (M10)* 359.89 = 145.28 361.39 = 153.35 1.5*+155.77 0.762
Mid-point time of the L5* 0515+ 0553 h 0523 +0142 h 0008 = 0648 h 0.106
Mid-point time of the M10* 1509 0213 h 1626 0141 h 01170250 h 0.488

Data are shown as mean * standard deviation. Change represents the difference in activity variables from baseline to during COVID-19
and p values correspond to paired-sample # tests or Wilcoxon signed-rank tests (indicated by *), adjusted for multiple comparisons using

the Holm-Bonferroni method.
Bold values indicate p < 0.05.

parent study required participants to have a typical
low level of physical activity (<3 h of reported physi-
cal activity per week), although this is broadly repre-
sentative of the adolescent population (Guthold et al.,
2020). Notably, participants in the current sample were
evenly split in their subjective report of engaging in
more and less physical activity during COVID-19 com-
pared with baseline.

The current findings should be considered within
the limitations of the study, including a small sample
size. Our sample included adolescents that obtained
insufficient sleep during the academic year prior to
COVID-19 and thus may not be generalizable to all
youth. Potentially important variables, such as daily
patterns of electronics usage, specific virtual school
schedules, individual and family stressors, and other
factors that may have impacted sleep behaviors were
not assessed in the present study. Using the Actiwatch
to derive estimates of physical activity is not ideal
and may have missed changes in sedentary behaviors
which may be more accurately measured by other
devices. Similarly, the Actiwatch has been found to
underestimate light levels compared with gold stan-
dard measures (Howell et al., 2021). In addition, the
validity of actigraphy devices in estimating certain
sleep parameters is inconsistent, with the devices
tending to underestimate onset latency in adolescents
(Meltzer et al., 2015). Finally, intraindividual stan-
dard deviations were used to estimate sleep regular-
ity, but future analysis using the Sleep Regularity
Indexis recommended (Phillips etal.,2017). However,
strengths of the study include objective measurement
of sleep, activity, and light both before and during

COVID-19. Although the study was performed in the
early months of the pandemic when restrictions to
mitigate the spread of disease and safety concerns
limited research activities, the current analysis is a
significant contribution to the existing COVID-19 lit-
erature that primarily relies on subjective measure-
ment and retrospective comparisons.

Unintended effects of the lifestyle changes during
the COVID-19 pandemic, such as the shift to online
learning, may have provided adolescents the oppor-
tunity to obtain longer and later sleep, although the
majority of adolescents still obtained insufficient
sleep during COVID-19. These findings may inform
parents and policy makers as they consider shifting
high schools schedules to start no earlier than 0830h,
in line with recommendations (Adolescent Sleep
Working Group et al.,, 2014; Ziporyn et al.,, 2022).
Continued efforts by clinicians to promote healthy
sleep habits and inform adolescents of the potential
benefits of obtaining healthy sleep remain important.
Finally, additional research to better understand the
impact of these changed sleep behaviors on daytime
functioning, academic performance, and health out-
comes is particularly urgent as schools return to in-
person learning and plan for future academic years.
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