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Abstract

Appropriate synchronization of the timing of behaviors with the circadian clock and adequate
sleep are both important for almost every physiological process. The timing of the circadian clock
relative to social (ie, local) clock time and the timing of sleep can vary greatly among individuals.
Whether the timing of these processes is stable within an individual is not well-understood. We
examined the stability of circadian-controlled melatonin timing, sleep timing, and their interaction
across ~ 100 days in 15 students at a single university. At three time points ~ 35-days apart,
circadian timing was determined from the dim-light melatonin onset (DLMO). Sleep behaviors
(timing and duration) and chronotype (ie, mid-sleep time on free days corrected for sleep loss on
school/work days) were determined via actigraphy and analyzed in ~ 1-month bins. Melatonin
timing was stable, with an almost perfect relationship strength as determined via intraclass
correlation coefficients ([ICC]=0.85); average DLMO timing across all participants only changed
from the first month by 21 minutes in month 2 and 5 minutes in month 3. Sleep behaviors also
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demonstrated high stability, with ICC relationship strengths ranging from substantial to almost
perfect (ICCs = 0.65-0.85). Average DLMO was significantly associated with average chronotype
(r2 = 0.53, P<.01), with chronotype displaying substantial stability across months (ICC = 0.61).
These findings of a robust stability in melatonin timing and sleep behaviors in young adults

living in real-world settings holds promise for a better understanding of the reliability of previous
cross-sectional reports and for the future individualized strategies to combat circadian-associated
disease and impaired safety (ie, “chronomedicine”).
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1| INTRODUCTION

Alignment between the internal circadian clock with behaviors is fundamental to the
functioning of almost every physiological process, cognition, and overall health.! Despite
knowledge that humans have a relatively stable circadian period when they are studied

in highly controlled environments (eg, multi-day tightly-controlled laboratory protocols in
dim-light settings),23 the invention of electrical lighting has allowed individuals to express
dramatic differences in circadian phase, in timing (ie, chronotype) and/or in preference

for morning or evening activities.*® In fact, similarly aged individuals living in the same
city can exhibit a range up to 11-hour difference in the timing of dim-light melatonin

onset (DLMO), the established circadian phase marker.5:” Thus, alignment between the
internal circadian clock and the social clock (ie, on a watch or device) varies greatly

on an individual-by-individual basis. However, whether circadian phase is stable across
multiple months for an individual living in real-world settings is unknown. In a study that
included two separate in-laboratory visits with fixed sleep/wake times preceding each visit,
Kantermann and Eastman found that (i) individuals did not have significantly different
circadian period or phase timing between visits, and (ii) individuals that had large (~3 hour)
changes in their fixed sleep/wake schedules between the two visits had earlier circadian
timing at the second visit.2 Understanding the stability of circadian phase across multiple
visits in individuals not living on a fixed schedule is necessary in order to establish future
circadian-based therapeutic (ie, “chronotherapy”) recommendations.

The timing and duration of sleep and their relationships with endogenous circadian

timing are also vital components of overall health and cognitive processing.® In cross-
sectional analyses, epidemiological studies that only assessed behavior using a single-

time questionnaire or across short intervals have found associations between shorter

sleep durations and increased risk for cardiovascular disease,10 obesity,! diabetes!? and
workplace accidents or injury.13 Although cross-sectional study design is an effective way to
obtain an estimate of daily behaviors, it assumes that a single measurement is representative,
and without bias (eg, changing behavior because of data collection on that day). Such a
design may be limited in its ability to accurately document the time-varying dynamics of
sleep timing and duration and may inaccurately conclude the presence or absence of a
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scientific relationship. For example, a single question about self-reported sleep duration is
not associated with coronary artery calcification, but objective sleep duration measured over
6 days is associated with incidence of coronary calcification.14 It is not clear, however, if

6 days of measurement is an accurate depiction of habitual sleep duration. Workday vs.
free-day changes in sleep timing and duration are well known. Variation of sleep metrics

is high when examining individual variability across 3 days of objective sleep, including
one weekend day, but are more consistent when measuring sleep metrics between years.15
Finally, given that measuring DLMO in the laboratory is expensive and burdensome to both
participants and investigators, understanding the stability of more easily attainable objective
chronotype markers from sleep/wake patterns (ie, mid-sleep time on free days corrected

for sleep loss on work days [MSFsc]),16 which are highly correlated with DLMO,*17 may
be helpful for making circadian-based assessments to be used for recommendations at the
individual and population level.

Identifying the stability of objective measurements of sleep and circadian outcomes
longitudinally, including both weekdays/workdays and weekend/free days, is imperative to
understand and target modifiable behaviors to improve health and wellbeing. Moreover,
examination of how the stability of these repeated measures may appear at both the

group level, where the noise from large inter-individual differences in circadian and

sleep outcomes could make these measures appear less stable, and at the individual

level is necessary for accurate understanding of stability. Lastly, recognizing the stability

of these independent variables that predict poor health and safety outcomes is vital in
understanding profiles of risk and potential future treatment options (ie, “chronotherapy” or
“chronomedicine”).

2| MATERIALS AND METHODS

2.1]

2.2

Participants

Participants (n = 15, 10 male; aged 19.1 years [+ standard error of mean (SEM)] 0.3, range
18-21) were recruited at one university. They were eligible to participate if they were not
currently employed in night shift work and had not traveled more than one time zone in
the 3 months prior to and during the protocol. All participants provided written informed
consent, and approval of study procedures was obtained from the Partner’s Healthcare
Institutional Review Board. This study was part of a larger investigation that was registered
at clinicaltrials.gov as NCT02846077. Note, only a subset of participants from the overall
trial partook in this semester-long study, and no participants or their data from previous
publications18-20 were used in the current study.

Study procedures

Immediately after obtaining consent, participants were provided a wrist actigraphy monitor
(MotionLogger; Ambulatory Monitoring, Ardsley, NY) to continuously wear on their
nondominant arm and were sent twice-daily electronic sleep diaries to complete once in the
morning upon awakening and once in the evening immediately prior to sleep. Participants
were instructed to wear the monitor at all times, with the exception of when the device might
get wet or damaged. The study was conducted over ~ 100 days during one spring semester.
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At three time points spaced ~ 35-days apart (ie, beginning, middle, and end of the spring
semester), participants were admitted to the Brigham and Women’s Hospital Center for
Clinical Investigation and Intensive Physiologic Monitoring Unit to assess DLMO timing
as a marker of circadian timing. The first DLMO assessment occurred in mid-February and
the last in mid-May. As data were collected across the Standard Time-to-Daylight Saving
Time (DST) transition in month 2, all DLMO assessments were completed = 5 days after
spring social time change to DST. Upon admittance to the laboratory (~15:30), participants
were not allowed to use any personal light-emitting electronic devices and ambient lighting
was dimmed to ~ 4 lux. Saliva samples were collected hourly starting at ~ 16:00 and ending
at ~ 07:00 (16 samples per participant). In the 20 minutes immediately prior to each saliva
sample, participants maintained a constant seated posture and were instructed to refrain from
eating or drinking to minimize exogenous influences on melatonin concentrations. At all
other times during the ~ 16-hour overnight stay, participants were allowed to move within
the study room, remain seated, sleep in a seated position in their chair, and/or eat a small
provided snack. The saliva was later assayed for melatonin.

Analysis

Melatonin circadian phase (ie, DLMO) was calculated as the linear interpolated point in
time at which melatonin concentrations crossed and remained above a 5 pg/ml threshold.”
Actigraphic sleep onset, offset, and duration data were manually scored using the electronic
sleep-wake diaries data to set rest episode start and end times, which were used to calculate
sleep episode duration.18:21 These data were binned into three approximately 1-month bins
including days preceding and between in-laboratory visits (~35 days). Daytime naps and
“all-nighters” were not included in the present analysis (average of 11.4 sleep episodes
removed per participant). Sleep metrics in the 3 days after the DST transition (March 12—
15th, 2017) were removed to reduce the potential for artificial changes in sleep timing due
to the 1-hour advance in clock time. Sleep timing data from days —8 to + 8 relative to this
transition are shown in Figure Phase angle of entrainment was calculated as the difference
in timing of DLMO for each month’s in-laboratory visit and the preceding month’s average
sleep onset. Chronotype was calculated using actigraphy-based weekday (ie, assumed work/
school day) and weekend (ie, assumed free day) sleep onset and offset times and the MSFsc
formula from the Munich Chronotype Questionnaire (MCTQ).16 Sunset, sunrise, and solar
midpoints were determined for each day during the study using weather.gov.

Linear mixed-effects models were used to determine group-level differences in average
values of each variable across months of study, with month as the fixed effect and participant
as the random effect to account for individual differences. If the model fit was significant,
dependent t tests were performed to identify specific differences between individual months
with a Bonferroni correction to correct for multiple comparisons (P <0.017 for statistical
significance). Intraclass correlation coefficients (ICC) were calculated to examine individual
consistency across months for a single score using a two-way mixed-effects model.22

The strength of ICC scores was defined using the following criteria: slight (0.00-0.20),

fair (0.21-0.40), moderate (0.41-0.60), substantial (0.61-0.80), and almost perfect (0.81-
1.00).23 Standard deviations were computed within an individual across the three months
and then averaged across the group. Associations between the three-month averages of
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melatonin circadian phase and chronotype were determined using a Pearson correlation.
Statistical analyses were performed using SAS 9.4 (SAS Institute Inc, Cary, NC). We did not
have statistical power to analyze by sex.

RESULTS

The average intra-individual differences in DLMO timing were 00:16 (+ standard error of
mean (SEM) 00:18, range —-2:09 to 1:52) between month 1 and month 2; 0:02 (00:22,
-01:16 to 03:16) for month 1 and month 3; and -00:17 (00:19, —-02:14-01:41) for month

2 and 3, with no significant differences across months (£, 23 = 0.57, = 0.57; Figures 1A
and 2). When examining individual stability, we found that the timing of DLMO displayed
an almost perfect relationship strength across the three months of examination (ICC = 0.85),
with only two participants having > 2h difference between months (Figure 3A). Average
standard deviation in DLMO timing across the three months was 0.6h (0.1, 0.1 — 1.6h).

There was a significant positive association between DLMO and actigraphy-derived MSFsc,
such that a later timing of DLMO was associated with a later timing of MSFsc (/2 = 0.54,
P=0.002) (Figure S2). MSFsc average intra-individual differences were —00:25 (00:20,
-01:43 -03:11) for between month 1 and month 2; —00:01 (00:20, —02:38 —03:10) for
month 1 and month 3; and 00:25 (00:11, —00:58 —01:10) for month 2 and 3, with no
significant differences across months (/28 = 1.79, = 0.19; Figures 1B and 2). Moreover,
MSFsc timing across months displayed a substantial relationship strength (Figure 3B), with
an average standard deviation of MSFsc timing between months of 0.7h (0.1, 0.2 -2.2h).

The average intra-individual differences of phase angle of entrainment significantly differed
across months, with differences of 0.9h (0.4, —1.9 —2.6) between month 1 and month 2;
-0.002h (0.3, —1.2 -2.2) for month 1 and month 3; and —0.9h (0.3, —2.5 —0.7) for month

2 and 3 (F 23 = 5.78, P=0.009; Figures 1C and 2). Dependent t tests revealed that month

2 had a significantly larger phase angle as compared to month 3 (t(11)=3.5, £=0.005).

The ICC for phase angle of entrainment was of moderate strength (ICC = 0.57, Figure 3C),
and the standard deviation of phase angle of entrainment for the group was 0.8h (0.09, 0.3
-1.4h).

When examining sleep metrics, we found that sleep onset and offset timing significantly
differed across months for our population, with average intra-individual differences in sleep
onset timing of —00:42 (00:12, —02:16 -00:34) for between month 1 and month 2; —00:03
(00:11, -01:40 —01:04) for month 1 and month 3; and 00:39 (00:11, —00:32 -01:46) for
month 2 and 3 (5, 2g = 8.23, = 0.002; Figures 1D and 2). Dependent t tests revealed that
month 2 had significantly earlier sleep onset timing as compared to both month 1 (t(14)=3.5,
P=0.004) and month 3 (t(14)=3.5, = 0.004). Average intra-individual differences in sleep
offset timing between those 3 months was —00:36 (00:09, —01:10 —01:00); —00:02 (00:12,
—01:38 -01:28); and 00:20 (00:10, -00:51 —01:23), respectively (/2 28 = 3.81, P=0.03;
Figures 1E and 2), with no significant differences between particular months (all 7> 0.04).
Taken together, these onset and offset timings resulted in average intra-individual differences
in sleep duration of 0.3h (0.2, —0.5 —1.7) for between month 1 and month 2; 0.1h (0.2, -0.9
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-1.7) for month 1 and month 3; and -0.2h (0.1, —1.6 —0.4) for month 2 and 3, which did not
significantly differ across months (/25 = 2.61, = 0.09; Figures 1F and 2).

The ICC for sleep outcomes ranged from substantial in relationship strength (sleep onset
and sleep duration) to almost perfect (sleep offset) in relationship strength (Figure 3D-F).
Average standard deviation for sleep onset was 0.6h (0.07, 0.2 —1.2h), 0.5h (0.05, 0.1 —0.8h)
for sleep offset, and 0.3h (0.1, 0.08 —1.0h) sleep duration.

When the data were analyzed relative to solar (instead of social) time, because the timing
of the DLMO and sleep variables predominately followed social timing, all outcomes
significantly changed across months with the transition to DST (Figure S3).

4| DISCUSSION

Documenting the reproducibility and stability of melatonin circadian phase, sleep behaviors,
and the relationship between these two physiological processes is paramount to considering
the reliability of previous cross-sectional reports on the impact of proper circadian alignment
and the consequences of circadian misalignment. The current study revealed that across
three months of measurement, the timing of circadian phase and sleep metrics in college
students living in real-world settings has high stability at the individual level, yet differences
appear in sleep onset, offset, and phase angle of entrainment at the group level due to
inter-individual noise. Taken together, these data demonstrate the robust nature of internal
circadian phase and sleep timing in real-world settings at the individual level and suggest
that cross-sectional studies regarding circadian timing and sleep behaviors may reflect
habitual physiology and behaviors in individuals. These findings are of critical importance
as they further describe the stability of many processes (ie, circadian and sleep timing

and events in relation to timing of those processes) that have come to the forefront as
potential mechanisms for poor health and cognitive function, and thus, countermeasures
targeting these behaviors may increase their confidence in data provided by cross-sectional
observations.

Our findings that circadian phase and sleep metrics had high individual stability across
multiple measurements in real-world sleep settings agrees with previous reports of the
consistency of these metrics in structured and laboratory-based sleep environments. Using
multiple in-laboratory visits spanning across 9 months to a year, Kantermann and Eastman
found that DLMO was reproducible within ~ 2h, dependent on the controlled sleep/
wakefulness schedules preceding each laboratory visit.8 Similarly, Benloucif and colleagues
found stable melatonin onset metrics (within ~ 45 minutes) in participants maintaining
controlled sleep/wake schedules up to 9 months apart2* and Revell and colleagues found that
DLMO was within ~ 30 minutes when measured 1-week apart in individuals maintaining

a tightly-controlled schedule on weekdays, but allowed to sleep 1h later on the weekend.?
In our sample of participants that entered the laboratory after living with uncontrolled
real-world sleep/wake schedules, the average differences in DLMO timing between months
1, 2, and 3 were 21 and 5 minutes, respectively. Our smaller range of DLMO findings

may be due to closer measurement timeframes (all within ~ 100 days as compared to 9
months) or potential smaller changes in sleep/wake timing preceding the measurements due
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to unchanged class schedules across the study. It should also be noted that we see this
consistency despite changes in seasons and other life events and school activities across

this interval. Importantly, if the data are examined while also considering the solar seasonal
changes, particularly with the hour change in sunset, sunrise, and solar midpoints due to
DST, it is clear that the participants in our study predominately followed social clock

timing rather than solar timing. This observation is consistent with previous reports of no
difference in melatonin circadian phase when studying individuals with access to electrical
lighting near the summer and winter solstice® and limited changes in free-day sleep timing
relative to solar time across DST.26 Our findings have significant implications in regard to
timing daily events with an individual’s internal circadian phase (ie, “chronotherapy” or
“chronomedicine™), as it would suggest that a measurement of circadian phase is stable over
time in young adults. This may be beneficial in identifying therapies for individuals with a
circadian sleep/wake disorder2” and could also have implications for targeting the circadian
timing of eating!8 or the timing of drug distribution as a majority of widely sold drugs on the
market have circadian gene targets?® and dosage of medications could potentially be reduced
if the circadian phase of optimal drug effectiveness is known.29 However, further research is
needed to assess whether this stability is evident in other clinical populations.

In regard to sleep timing, duration, and their relationship to internal circadian timing, despite
several significant differences in the group-level averages across months, primarily driven
by changes in sleep timing during month 2, monthly intra-individual stability was high.
Other observations examining sleep in college students across a semester have found similar
group-level differences in sleep outcomes3%:31 and studies of older individuals are also in
agreement with our findings of consistent actigraphic sleep outcomes within individuals.1®
Although we cannot account for the causes as to why sleep timing changed during the
second month in our cohort, the fact that individual stability was still robust in the measured
sleep metrics highlights the need to examine these outcomes at the individual level. Our data
add to this body of literature, particularly in relation to group and individual consistency
and the relationship with circadian timing. Moreover, the almost perfect and substantial
individual consistencies of monthly averages of sleep onset, offset, and duration could be

of particular importance for cognitive performance, mood, and health, as more irregular
sleep timing and duration on a daily timescale have recently been shown to play a role

in poorer academic performance,’-1% mood/wellbeing,2° and cardiometabolic health.32 It is
interesting to note, however, that sleep onset timing was slightly less stable than offset
timing, likely due to external factors that govern the need to awaken at a particular time
with the use of an alarm clock (eg, school, sports, work), whereas sleep onset timing can

be more flexible. Thus, later sleep onset timing is likely to have a greater influence on
shorter sleep durations observed in society.33 In fact, 73% of our participants slept < 7h on
average across the entirety of the study, an amount less than recommended by the National
Sleep Foundation.33 Individuals obtaining chronic insufficient sleep have previously been
shown to have poorer performance,34:3% and— particularly concerning for safety outcomes
—a disassociation between objective performance and subjective alertness.336 In our
population, the relationship between objective chronic sleep durations and the stability of
these metrics was previously unknown in real-world settings and our findings may have
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implications for the accuracy of single-time administered performance and mood testing
reflecting habitual levels.

Lastly, our findings that DLMO was associated with chronotype is in agreement with
previous reports,*17 along with our findings of a high repeatability of chronotype metrics.®
Importantly, our metric of mid-sleep time on free days corrected was obtained using
objective sleep timing data rather than a single questionnaire, potentially strengthening the
physiological implications of this relationship. These findings suggest that chronotype is
moderately stable across months, which could be beneficial when considering the use of
chronotype for work-scheduling purposes across a monthly timeframe37 or for therapeutic
strategies.38 Future work is needed to track the stability of chronotype in different age
groups, as chronotype changes with aging,18 and across the year to test for seasonal or
light/dark cycle effects.*>

As our study was conducted in a small number of college students, additional studies are
needed in other populations including different age groups, family or work situations, and
those with any type of disorder that affects sleep or circadian rhythms. For example, patients
with delayed sleep-wake phase disorder have been found to have less stable sleep and
DLMO timing when measured either 5 days3? or two weeks*? apart as compared to healthy
controls. The variability of sleep or circadian timing over months may be important in the
disease process and/or for diagnosing or monitoring some health metrics; cross-sectional
studies have already demonstrated the importance of day-to-day variability in sleep in
multiple outcomes.”#1:42 By utilizing the repeated measure design of 3 measures in real-
world settings, however, we increase generalizability of our study findings. Moreover, our
low sample may have also allowed for individuals with higher variability in certain metrics
to have a greater influence in the strength of our ICC analysis or group differences. We
hypothesize that a larger sample would strengthen the observed ICC values. Lastly, our
participant’s knowledge of partaking in a study testing sleep behaviors may have influenced
their sleep/wake habits and artificially increased their sleep/wake stability. Nevertheless, the
duration of our study’s data collection interval (>100 days of measurement) likely lessened
any study-specific effects. We did not observe any systematic changes across the protocol, as
might be expected if the novelty of the study diminished and participants returned to more
habitual schedules.

In summary, our findings of the nearly perfect stability of circadian phase and sleep metrics
in young adults in real-world settings have significant implications not just for better
understanding of the reliability of previous cross-sectional reports, but also for the future of
individualized strategies and treatments to combat disease and improve safety. Importantly,
our findings suggest that future work taking into account an individual’s circadian timing
can have confidence that this timing may remain stable across several months, and that other
markers of sleep/wake timing (ie, chronotype) could be considered a potential proxy for this
timing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Circadian and sleep metrics across three separate months. Summary statistics of the average-
within-an-individual data are presented as box plots with the center line denoting the
median, the lower and upper lines of the box representing the 25th to 75th percentiles,
respectively, and the whiskers representing the minimum and maximum of the group. The
black box plot is for month 1 data, red for month 2 data, and blue for month 3 data. Shaded
areas (a,b,d,e) represent the median timing of the solar night during each month (ie, sunset
to sunrise duration). P values are derived from mixed-effects models with month as the fixed
effect and participant as the random effect and brackets denote significant differences at the
end of each line after correcting for multiple comparisons (P < 0.017 considered significant).
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FIGURE 2.
Average timing of dim-light melatonin onset (DLMO), sleep onset and offset, chronotype,

and solar timing. Black symbols denote month 1, red month 2, and blue month 3. Triangles
denote average DLMO, solid bars denote sleep, with the ends of each bar denoting average
sleep onset and offset timing, and the X symbols denote chronotype (MSFsc). Gray circles
denote sunset, solar midnight, and sunrise. Error bars are standard error of the mean.
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FIGURE 3.

Individual differences in circadian and sleep metrics across three separate months.
Participants are ordered from earlier to later timing. Black circles denote month 1, red
squares month 2 and blue triangles month 3.
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