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Abstract

The timing of the circadian clock, circadian period and chronotype varies among individuals. To
date, not much is known about how these parameters vary over time in an individual. We
performed an analysis of the following five common circadian clock and chronotype measures: 1)
the dim light melatonin onset (DLMO, a measure of circadian phase), 2) phase angle of
entrainment (the phase the circadian clock assumes within the 24-h day, measured here as the
interval between DLMO and bedtime/dark onset), 3) free-running circadian period (tau) from an
ultradian forced desynchrony protocol; tau influences circadian phase and phase angle of
entrainment, 4) mid-sleep on work-free days (MSF from the Munich ChronoType Questionnaire;
MCTQ), and 5) the score from the Morningness-Eveningness Questionnaire (MEQ). The first
three are objective physiological measures, and the last two are measures of chronotype obtained
from questionnaires. These data were collected from 18 individuals (10 men, 8 women, ages 21 to
44) who participated in two studies with identical protocols for the first 10 days. We show how
much these circadian rhythm and chronotype measures changed from the first to the second study.
The time between the two studies ranged from 9 months to almost 3 years, depending on the
individual. Since the full experiment required living in the laboratory for 14 days, participants
were either unemployed, had part-time jobs or were free-lance workers with flexible hours. Thus,
they did not have many constraints on their sleep schedules before the studies. The DLMO was
measured on the first night in the lab, after free-sleeping at home, and also after sleeping in the lab
on fixed 8-h sleep schedules (loosely tailored to their sleep times before entering the laboratory)
for four nights. Graphs with lines of unity (when the value from the first study is identical to the
value from the second study) showed how much each variable changed from the first to the second
study. The DLMO did not change more than 2 h from the first to the second study, except for two
participants whose sleep schedules changed the most between studies, a change in sleep times of 3
h. Phase angle did not change more than 2 h regardless of changes in the sleep schedule. Circadian
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period did not change more than 0.2 h, except for one participant. MSF did not change more than
1 h, except for 2 participants. MEQ did not change more than 10 points and the categories (e.g. M-
type) did not change. Pearson’s correlations for the DLMO between the first and second study
increased after participants slept in the lab on their individually timed fixed 8-h sleep schedules for
four nights. A longer time between the two studies did not increase the difference between any of
the variables from the first to the second study. This analysis shows that the circadian clock and
chronotype measures were fairly reproducible, even after many months between the two studies.

Introduction

One of the most remarkable qualities of living organisms is the ability to time biological
processes crucial to survival with respect to predictable environmental signals. The
evolutionary ground for this biological quality in most organisms including humans is a
circadian clock that is able to generate endogenous circadian rhythms, which, in turn, are
entrainable to light/dark (LD) cycles (Pittendrigh & Daan, 1976; Roenneberg et al., 2013;
Wever et al., 1983). Circadian misalignment (sleeping, working, eating, etc. at the wrong
phases of the internal circadian clock) results in poor sleep and health and performance
decrements (Akerstedt et al., 1984; Archer & Oster, 2015; Gold et al., 1992; Kantermann et
al., 2012; Lunn et al., 2017; McHill et al., 2017; Smith & Eastman, 2012). Hence,
maintaining the proper alignment between circadian rhythms and the sleep schedule is
essential for health and safety.

During most of human history the natural alternation of day and night guaranteed
predictable LD cycles. Today, light is provided by many mostly uncontrollable sources at all
times of a day obscuring the natural alternation of day (light) and night (darkness)
(Kantermann & Roenneberg, 2009; Kantermann, 2013; Kyba & Kantermann, 2016).
Lifestyle choices and behaviors that use light during the time of natural darkness carry the
risk of changing the phase of the circadian clock. In addition, light allows for activities like
work or food consumption at the times for natural sleep, which is circadian misalignment
and conflicts with a healthy lifestyle (Roenneberg et al., 2012; Wittmann et al., 2006). One
prominent example thereof is shift work, which is associated with negative sleep and health
outcomes (Akerstedt et al., 1984; Folkard et al., 2005; Gold et al., 1992; Kantermann et al.,
2013; Kantermann et al., 2014; Knutsson, 2003; Lunn et al., 2017; Smith & Eastman, 2012).

One potential solution to these problems is to proactively use the individuality of sleep and
circadian timing, also known as chronotype (Lack et al., 2009; Roenneberg et al., 2007) or
morningness-eveningness (Baehr et al., 2000; Mongrain et al., 2006). There is evidence that
sleep time individuality moderates the impact of shift work on sleep. For example,
individuals with a habitual late sleep behavior have been shown to be more suitable for night
work compared to individuals with a habitual early sleep behavior, quantified by the
difference in the amount of their social jetlag (Fischer et al., 2016; Kantermann et al., 2013;
Vetter et al., 2015). Applying chronobiology to the practice can help reduce the sleep and
health burden in many shift workers (Boivin & James, 2005; Eastman, 2016; Kantermann et
al., 2012; Smith & Eastman, 2012).
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Another example besides shift work is medicine. One branch of medicine in which an
individual’s circadian phase is taken into account is using bright light and/or melatonin to
treat patients who have various circadian rhythm sleep disorders (Auger et al., 2015; Emens
& Eastman, 2017; Sack et al., 2007). Or, how about identifying an individual’s best time of
day for a medical intervention or surgery? Imagine one could have surgeons work at their
“best time” and most restored, with also the patient being under surgery when her/his body
is most restored. It has successfully been shown that appropriately timed medication and
chemotherapy enhance the effectiveness of a treatment both in experimental and clinical
situations (Halberg et al., 1980; Hrushesky, 1990; Ortiz-Tudela et al., 2016; Truong et al.,
2016). Of course, most hospital routines would need to be restructured to permit such
flexibility. Furthermore, exceptions are emergency cases when urgent surgical help is
needed. In addition, often there is a gap of several days or even weeks between the day of a
medical diagnosis and the day of a treatment (e.g. the surgery). Similarly, health check-ups
for shift workers can be weeks before the actual shift employment begins. Therefore, any
assessment of a circadian clock parameter to be used for any individually timed action (e.g.
light therapy, chemotherapy, surgery or shift work scheduling) requires reproducibility and
stability of that same parameter. The reproducibility, ideally, is independent of the time that
has passed by since the first assessment of that parameter.

To date, there is limited knowledge on the reproducibility of any chronotype and circadian
clock measures, which, in turn, limits the applicability of these parameters. Hence, a better
understanding of the variability of these parameters in healthy individuals is needed (Goel,
2016; Van Reen et al., 2013). This will also help to better understand phenomena like
circadian misalignment and social jetlag, which have, for example, been associated with
adverse lifestyle habits (Wittmann et al., 2006), cardiovascular problems in shift workers
(Kantermann et al., 2013) and increased rates of obesity (Roenneberg et al., 2012).

To address these points, we present findings from a post-hoc analysis of data collected in
two separate studies performed in the same individuals and in the same laboratory at Rush
University Medical Center in Chicago. The purpose of this post-hoc analysis was to analyze
the reproducibility of the following most commonly used circadian clock and chronotype
measures: (1) the dim light melatonin onset (DLMO, the gold standard of objective circadian
phase in humans) (Kantermann et al., 2015; Klerman et al., 2002; Lewy & Sack, 1989), (2)
free-running circadian period (tau), (3) phase angle of entrainment (the phase position an
individual’s circadian clock assumes relative to the environment, measured here by the
interval between the DLMO and bedtime/dark onset), (4) mid-sleep on work-free days
(MSF, a measure of chronotype derived from actual sleep time entries to the Munich
ChronoType Questionnaire) (Roenneberg et al., 2003), and (5) the morningnesse-veningness
(MEQ) score (a measure of an individual’s preferred times for sleep and other activities and
ratings of feelings according to time of day) (Horne & Ostberg, 1976).
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Materials and Methods

Ethical approval

Participants

Protocol

The Institutional Review Board of the Rush University Medical Center approved the study.
Written informed consent was collected from all study participants. All participants were
reimbursed for taking part in the study.

Data for this post-hoc analysis was collected in two studies performed at Rush University
Medical Center. Details about the study protocols and the study populations are provided in
the two primary publications (Eastman et al., 2015; Eastman et al., 2016). There were 36
participants in the first study (conducted between January 2013 and May 2014) (Eastman et
al., 2015) and 45 participants in the second study (November 2014 to July 2016) (Eastman et
al., 2016). Participants were run during all seasons except for summer. This analysis is on
data from the 18 participants who participated in both studies. The order of the two studies
was the same for all participants. The time between the two studies was between 9 and 33
months (mean £+ SD = 16 + 7) for these 18 people. The participants were free from
medication, except for a few women taking oral contraceptives. Only those volunteers with a
body mass index of < 35 kg/m? and with no night work the preceding month were eligible
for study participation.

This analysis is on the data from the first 10 days of each 14-day study. These 2 x 10 days
had identical protocols (Eastman et al., 2015; Eastman et al., 2016). The first 5 of these days
were used to determine the free-running circadian period (tau). Day 1 consisted of a
circadian phase assessment with saliva samples every 30 minutes to calculate the DLMO at
study entry. The next three days consisted of an ultradian LD cycle (a forced desynchrony
protocol, to produce free-running circadian rhythms), and the 5™ day was another circadian
phase assessment to calculate another DLMO. The phase shift between these two DLMOs
yielded circadian period.

Then there were four days in which the participants slept on a fixed 8-hour sleep schedule
similar to their usual sleep schedule (determined by sleep diaries prior to study start and
discussions with each participant about when they felt they obtained the best sleep). The full
protocols required living in the laboratory for 14 days, so participants were either
unemployed, had part-time jobs or were free-lance workers with flexible hours. Thus, many
of them had rather irregular sleep schedules before beginning the two studies. Bedtimes
(lights off) and wake times (lights on) in the laboratory were on the hour, so the sleep/dark
schedules were 11 pm to 7 am or midnight to 8 am or 1 am to 9 am, etc. Twelve of the 18
participants were assigned to the same sleep schedule during both studies; six had different
sleep schedules (ranging from 1 to 3 h different).

Following the four days on a fixed sleep schedule, i.e. on day 10, there was another phase
assessment to calculate the DLMO at study end. Participants lived in the lab under
controlled lighting conditions (most importantly dark during the 8 h sleep opportunity) and
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slept in private bedrooms throughout the study except for an 8-h break after the first 8-h
sleep/dark episode when they were permitted to leave the lab.

Phase angle was calculated as the interval between the DLMO at study end and bedtime
(dark onset) during the preceding fixed 8-h sleep/dark episodes. The participants completed
the Morningness-Eveningness Questionnaire (MEQ) (Horne & Ostberg, 1976) and Munich
ChronoType Questionnaire (MCTQ) (Roenneberg et al., 2003) during the second day in the
lab in both studies.

Data analysis

Results

Welch Two Sample t-tests and were used to compare the circadian clock and sleep measures
(DLMO, circadian period, phase angle, MSF and MEQ score) collected in study one with
those collected in study two. Graphs with lines of unity to compare the numbers from the
two studies were used to see how reproducible each parameter was for each individual.
Pearson’s productmoment correlations were also used to compare the circadian clock and
chronotype measures collected in study one and study two. Statistical analyses and graphical
representations of the findings were performed using statistical software R Version 1.0.143
and Graph Pad Prism.

Demographics

Demographic information, circadian parameters and results from the chronotype
questionnaires are provided in Table 1. Welch Two Sample t-tests showed that none of these
variables were significantly different between the first and the second study (Table 1).

Reproducibility of the circadian clock and chronotype measures

Figure 1 shows that the DLMO at entry to the study (upper left panel), after free sleeping at
home, differed by 2 h or less between the two studies except for two participants (points
below the lower dotted line). The DLMO at the end of the study (upper right panel), after the
4 days on the fixed 8-h sleep/dark schedule, differed by 2 h or less except for two
participants. The two outliers in each of these graphs, showing earlier DLMOs during the
second study, were the same two participants. Both of them had in-lab sleep schedules that
were 3 h earlier during the second study. Recall that the in-lab sleep schedules were
determined by the home sleep schedules before entering the lab. These two participants were
the only ones whose sleep schedule changed by 3 h. Most of the others had the same sleep
schedules in both studies (n=12), one had a sleep schedule that differed by 2 h, and 3 had
schedules that differed by 1 h. When the data point for the greatest outlier was omitted, the
correlation coefficient for the DLMO at entry to study increased greatly (r = .80, p = 0.0001)
and the DLMO at the end of the study also increased (r = .92, p < 0.0001). We could not find
any relation between the change in months (season) between the two studies and the change
in the DLMOs in this small sample of 18 participants.

Figure 1 shows that the free-running circadian period (middle left panel) differed by 0.2 h or
less except for one participant. This outlier had a period that was 24.06 h during the first
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study and 23.66 h during the second study. We could not find any relation between the
difference in season (months) between the two studies and the change in circadian period in
this small sample of 18 participants.

Phase angle differed by two hours or less (middle right panel). The MSF differed by one
hour or less, except for two participants (bottom left panel). The MEQ scores (bottom right
panel) differed by less than ten points between the two studies. The designation as morning-
type (M), neither-type (N) and evening-type (E) did not change between the two studies for
any of the participants.

Impact of the number of days between the two studies on the measures

The time between the two studies ranged from 260 days (0.7 years) to 976 days (2.7 years).
The number of days between the two studies did not correlate with any difference in the data
between the two studies (Pearson’s product-moment correlation for ‘days between the two
studies’ and the difference in the study parameters was for DLMO at study entry r = .10 with
p =0.70 / for DLMO at study end r = .03 with p = 0.92 / for MSF r = —.26 withp=0.30/
for MEQ r = —.09 with p = 0.71 / for phase angle r = .25 with p = 0.31 / for circadian period
r = .26 with p = 0.29). Thus, there was no impact of the number of days between the two
studies on these parameters.

Discussion

Circadian phase, phase angle, circadian period and chronotype showed good reproducibility
from the first to the second study. This reproducibility was independent of the number of
days between the two studies (which was up to 976 days or 2.7 years). In other words, the
circadian and chronotype measures did not change more from the first to the second study as
the days between the studies increased.

While living in the lab participants slept on fixed, individually-timed sleep schedules, based
loosely on their habitual sleep times prior to each study. The reproducibility of the DLMO
was diminished by the two participants who had the largest change in their sleep schedules
between the two studies, which was an advance of 3 h, e.g., from 2-10 am to 11 pm-7 am.
As expected, these two individuals had earlier DLMOs during the second study when they
were on an earlier sleep schedule. When the most extreme outlier of the two was omitted
from the calculations, the correlation coefficients for the DLMOs were similar and large (r
= .80 for DLMO at entry to the study and r = .92 for DLMO at the end of the study). The
correlations for the DLMOs collected at the end of the study, after sleeping in the lab for 4
nights on their fixed sleep schedules were larger than those after sleeping at home with no
experimental constraints. This can be seen in the DLMO plots in Figure 1 by a tighter
clustering of points around the line of unity.

It has long been common practice in circadian rhythm studies to keep participants on a
relatively fixed sleep schedule at home for one to three weeks before an experiential
manipulation or the measurement of circadian phase (Boivin et al., 1994; Dijk et al., 1999;
Duffy et al., 1996; Eastman, 1992; Eastman et al., 2005). We show very good reproducibility
of the DLMO after only four days on a fixed, individually-timed sleep schedule, especially
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when participants were on similar sleep schedules before each DLMO was measured. Most
of those four days were spent in the laboratory, so there was relatively little variation in the
pattern of light and dark between the two studies. Importantly, the participants were in
complete darkness during the 8-h sleep opportunities. This stable LD cycle may have helped
make the DLMOs more stable. Earlier reports suggest that under ecological conditions
(outside the laboratory) the correlation between subjective sleep timing and objective
circadian timing (DLMO) is rather noisy (Kantermann & Burgess, 2017; Kantermann, 2013;
Kantermann et al., 2015; Lunn et al., 2017; Van Reen et al., 2013; Wright et al., 2013).

An individual’s circadian period is important because it helps determine circadian phase and
circadian phase angle (Duffy et al., 2001., Eastman et al., 2015; Eastman et al., 2016;
Gronfier et al., 2007; Pittendrigh & Daan, 1976; Sharma & Chandrashekaran, 1998; Wright
et al., 2005). Circadian period also determines the direction and magnitude of the phase shift
of the circadian clock after a large phase shift of the sleep schedule as in shift work and jet
travel (Eastman et al., 2015; Eastman et al., 2016). Furthermore, circadian period is shorter
in African-Americans compared to European-Americans (Eastman et al., 2015; Eastman et
al., 2016; Eastman et al., 2017) and thus has practical implications for the ailments produced
by modern society. A shorter circadian period is better for early morning shifts, early school
start times and most types of social jet lag, whereas a longer circadian period is better for
night shift work and flying west.

Our results have several implications, such as (1) Medical treatments: if personalized
medical treatments are to be designed based on circadian phase (e.g. DLMO) then these
parameters should be stable and predictable. Based on our findings here, to support stable
entrainment of the circadian clock, patients should keep a stable sleep and light schedule
prior to an intervention, for at least four days. (2) Shift work: since our results show that the
reproducibility of the DLMO improves with stable sleep and light schedules, which are
virtually impossible for shift workers, any single assessments of sleep and circadian clock
measures appear risky. Instead, for shift work, repeated assessments of sleep and circadian
clock measures are advised to allow for possibly necessary adjustments of the chronobiology
informed shift work schedule once in practice.

In conclusion, we show that the most widely used circadian clock and chronotype measures
are reproducible and stable at the individual level, even after many months. In addition, the
reproducibility of the DLMO (circadian phase) improved when individuals had similar
habitual sleep schedules before the DLMO was measured, and was further improved when
they were kept on fixed sleep schedules, based on their habitual sleep schedules, for only
four days before the DLMO was assessed.
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Figurel.
Comparison of circadian clock and chronotype measures collected during two different

studies in the same 18 participants. The data are from the first 10 days of each study, days
with identical protocols. The second study started 9 to 33 months after the first study
depending on when each individual participated. The solid diagonal lines are the lines of
unity. Data points on the line of unity mean that both studies produced the same number.
Dotted lines parallel to the lines of unity help show how much each point differed between
the two studies. Pearson’s product-moment correlations between the data from the first and
second study are also presented. Upper left panel: DLMO at entry to study = dim light
melatonin onset on the first day in the lab after free-sleeping at home. Upper right panel:
DLMO at the end of the study = DLMO after 4 days in the lab on a fixed, individually
timed, sleep\dark schedule. Middle left panel: Free-running circadian period was determined
from an ultradian light-dark cycle forced desynchrony protocol. Middle right panel: Phase
angle is the interval between the DLMO at the end of the study to the in-lab fixed bedtime/
lights out. Negative numbers mean that the time of the DLMO was before bedtime. Bottom
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left panel: MSF is from the Munich ChronoType Questionnaire (MCTQ). Green lines on the
MEQ graph (bottom right panel) show the cut offs between evening type (E), neither type
(N), and morning type (M).
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Table 1

Demographics, circadian rhythm variables and chronotype measures, mean (SD), of 18 participants that took
part in both study one and study two.

Study 1 Study 2 pvalue$
Sex 8f&10m 8f&10m -
Age (years) 32.2(6.7) 33.6 (6.6) 0.52
BMI 25.7 (4.3) 25.6 (4.1) 0.95

DLMO study entry (h:min)  21:58 (2.36) 21:31(1.54) 0.56
DLMO study end (h:min) 22:14 (2.18) 21:56(2.18) 0.69

Phase angle (h) -2.2(15) -2.0(1.5) 0.70
Circadian period (h) 2422 (0.26) 24.15(0.25) 0.42
MSF (h) 5.1 (1.5) 4.8 (L.4) 0.47
MEQ score 54.3 (9.4) 54.8 (8.6) 0.85

$= Welch Two Sample t-test. BMI = body mass index. DLMO study entry = dim light melatonin onset on the first night in the lab in clock time.
DLMO study end = DLMO after participants spent 4 days in the lab on a fixed, individually timed, 8-h sleep\dark schedule. Phase angle = time
interval between DLMO end and bedtime/dark during the 4 nights on the fixed sleep schedule, with negative numbers meaning the time of the
DLMO was earlier than bedtime. MSF = Mid-Sleep on work-Free days from the Munich ChronoType Questionnaire. MEQ score = score from the
Morningness-Eveningness (Owl-Lark) Questionnaire.
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