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Abstract: The Munich ChronoType Questionnaire (MCTQ) has now been available for more than 15
years and its original publication has been cited 1240 times (Google Scholar, May 2019). Additionally,
its online version, which was available until July 2017, produced almost 300,000 entries from all over
the world (MCTQ database). The MCTQ has gone through several versions, has been translated into
13 languages, and has been validated against other more objective measures of daily timing in several
independent studies. Besides being used as a method to correlate circadian features of human biology
with other factors—ranging from health issues to geographical factors—the MCTQ gave rise to the
quantification of old wisdoms, like “teenagers are late”, and has produced new concepts, like social
jetlag. Some like the MCTQ's simplicity and some view it critically. Therefore, it is time to present a
self-critical view on the MCTQ), to address some misunderstandings, and give some definitions of the
MCTQ-derived chronotype and the concept of social jetlag.
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1. Introduction

Our daily lives are controlled by at least three “clocks”. The clock we know best is the Social Clock,
representing Local Time (“official” social time reference within a given region/time zone). The Social
Clock allows interaction with others and being in time for school, work, trains, and planes or shop
opening times. Social Time is related to the Sun Clock that has existed ever since the Earth established
its stable rotation around its own axis and its sun. The third clock is the circadian clock—our Biological
Clock—that controls all levels of physiology, from metabolism to behavior, enabling an internal temporal
organization in tune with daily environmental cycles.

The rotation of the Earth has not always produced a 24-h day. When the first circadian clocks
developed around three billion years ago (in single-cell ancestors of today’s cyanobacteria), days on
Earth were shorter than 17 h long [1], and have been slowing down approximately 2 milliseconds
every century—time scales that easily allow evolution to adapt the biological clocks to the changing
day lengths. In contrast, our biology’s evolution certainly cannot keep up with the changes we are
making to our Social Clock.

Before the introduction of time zones in the late 19th century, the Social Clock was in synchrony
with the Sun Clock; noon was close to when the sun stood in its zenith and midnight was 12 h later,
halfway between dusk and dawn. With the establishment of time zones, noon became a more artificial
concept that only corresponded to the time of the Sun Clock on the meridian that defines the respective
time zone. The difference between the Sun Clock and the Social Clock was meant to be no more than
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30 min but, dependent on time zone assignments, it can be much more: Galicia in north-western
Spainis 1 3 h out of synch with the sun and in China, which uses a single time zone despite its huge
longitudinal range (73-135° E), the difference can be more than four hours.

Biological Clocks need environmental cyclic signals (zeitgebers) to synchronize to the cyclic
environment. The main zeitgeber for the clocks in most organisms is appropriate cycles of light and
darkness. A light-dark zeitgeber is “appropriate” for humans, as for other animals, if the duration of
its light portion (photoperiod) or its corresponding dark portion (scotoperiod) is not too short, if the
light-dark cycle’s period length is close to 24 h, and if the intensity difference between the photo- and
the scotoperiod is strong enough (zeitgeber strength). The most common zeitgeber for humans is the
natural day’s sunlight and the natural night’s darkness, but theoretically, all other light-dark cycles
can serve as zeitgebers as long as they follow the above criteria of appropriateness.

Principles of Entrainment

When Biological Clocks actively synchronize (entrain) to light-dark cycles, they not only show
the same period as the zeitgeber cycle (on Earth, 24 h), but also establish a stable relationship with
the zeitgeber, called the phase of entrainment. Due to genetic variance, the protein components of
Biological Clocks can differ between individuals, so that different people may synchronize differently to
the same light-dark cycle—earlier or later, the colloquial larks and owls. Inter-individual differences
in this phase of entrainment, also called chronotypes, are most likely due to a combination of how the
individual clocks respond to light and darkness and how long an internal day they produce [2]. If a
Biological Clock produces days that are slightly shorter than 24 h, then it has to be entrained differently
than a clock that produces internal days that are slightly longer than 24 h; in the former case, the
internal day has to be delayed or lengthened, and in the latter, it has to be advanced or shortened.

As described above, the Social Clock was historically phase-consistent with the Sun Clock (external
consistency), as well as consistent with the Biological Clock (internal consistency). While in modern,
industrialized societies Local Time obviously remains socially consistent, it has lost both its external and
internal consistency. The external inconsistency was augmented by the introduction of daylight saving
time, which simply advances social timing with little influence on biological timing. The internal
inconsistency was inflated by a weakening zeitgeber strength [3]: shielding ourselves from daylight by
living predominantly in buildings throughout the day and illuminating the night with artificial light
have greatly weakened the zeitgeber’s strength and the artificial light in the evening has delayed the
Biological Clocks, thereby greatly widening the difference between early and late chronotypes within a
population [3,4]. At the same time, these conditions have also greatly increased the difference between
the Social Clock and the individual Biological Clocks, known as social jetlag [5].

Since practically all functions in our body are directly or indirectly organized by the circadian
clock, the growing temporal inconsistencies become problematic when we need to consider individual
internal time in research or medicine (from diagnosis to treatment). We therefore need ways to assess
individuals’ phase of entrainment. In order to provide a quick, cost-effective, scalable and non-invasive
measure, we developed a simple instrument, the Munich ChronoType Questionnaire (MCTQ), more
than 16 years ago [3] to estimate chronotype as phase of entrainment.

2. Chronotype

2.1. Concept

Chronotype is often conceptualized as a psychological construct or trait [6-8]. In this framework,
questionnaires assessing diurnal preferences and classifying individuals into types according to a score
were developed (e.g., the Morningness-Eveningness Questionnaire, MEQ), [9]). However, considering the
growing amount of knowledge on the circadian system and its organization, we believe chronotype should
rather be viewed as a biological construct. This view is also in agreement with the term “chronotype”
as it was originally proposed in 1974 [10,11]: “an organism’s temporal organization” or “a temporal
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phenotype”. We like the term “construct” because chronotype actually pertains to the organization of
an entire system and not to one of its subparts, like the suprachiasmatic nucleus (SCN) or liver (the
“temporal program”, as Colin Pittendrigh called it, [12]). It is thus virtually impossible to directly assess
an individual’s phase of entrainment, i.e., her or his internal time, since there is no single circadian
phase of entrainment of an organism. The many different oscillators within the organism establish
phase relationships with each other and with the external zeitgeber cycle [13-16]. Estimating the state
of a complete system is difficult, but we can use the timing of biological processes under its control as
biomarkers for it. In humans, such biomarkers are, for example, acrophase of activity (the peak time
of a cosine fit; e.g., [17]) or dim-light melatonin onset (DLMO; e.g., [18]). The Munich ChronoType
Questionnaire uses a variable derived from self-reported sleep timing for chronotyping [3,19].

2.2. MCTQ-Estimation of Chronotype

The MCTQ core module asks 17 simple questions about sleep and wake behavior, carefully
distinguishing between bedtimes and sleep times. These questions address i) bedtime, ii) time spent
in bed awake before deciding to turn off the lights (prepare for sleep), iii) how long it takes to fall asleep
(sleep latency), iv) wake-up (sleep offset) time, and v) get-up time. The questions are accompanied by iconic
drawings that represent each of these stages. Sleep onset is calculated by adding sleep latency to the time of
sleep preparation. This set of questions is asked separately for workdays and work-free days. This separation
is unique to the MCTQ and turned out to be one of the questionnaire’s most useful characteristics.

The MCTQ uses the midpoint between sleep on- and offset on free days (midsleep on free days,
MSF) to assess chronotype. The midpoint of sleep has been found to be one of the most accurate
behavioral markers for circadian phase [20]. The choice for using midsleep on work-free days was
made in consideration of our modern lifestyles and the clash between the Biological and Social Clock.
We believe that on free days, behavior better reflects an individual’s overall circadian phase since the
circadian system is under less pressure to adapt. Think of it as in an analogy to heart rate: heart rate is
measured in the resting state when one wants to assess the baseline cardiovascular state. We do not
want our measure to be “confounded” by the adaptive response. When assessing a chronotype, we
aim for the same: estimating circadian phase when the system is not (or at least less) constrained by
social/work obligations.

The Biological Clocks of most people are too late to wake up without an alarm clock on workdays.
So all but the very early chronotypes accumulate a sleep debt during their workweek, which they
compensate for on free days. This sleep debt systematically depends on chronotype—the later MSE,
the larger the work-week accumulated sleep debt [19]. Our analyses of the MCTQ database show that
subjects predominantly compensate for this sleep debt by sleeping in on free days and not by going to
bed earlier. To clean chronotype of the confounder sleep debt, we correct MSF (MSF;, = sleep corrected
MSE). For this correction, we first calculate the average sleep duration across the entire week (SDyyeek)
and then correct MSF by subtracting half of the oversleep. This correction is only applied for people
who sleep longer on work-free days than on workdays (SDf > SDy,):

SD
If SDf < SDy: MSFs = MSF = SO + Tf 1)
SD¢ — SDyeek D
If SDy > SDy : MSFy. = MSF — (50s > ) = SO+ 5 ZW" ?)

MSF = midsleep on free days

MSFs. = midsleep on free days sleep corrected
SDyy = sleep duration on workdays

SDs = sleep duration on work-free days
SDyeck = weekly average sleep duration

SOs = sleep onset on work-free days



Biology 2019, 8, 54 4 0f 19

In shift-workers, work schedules may have an even stronger influence on sleep timing than in
“normal” day workers. We therefore developed an adapted version of the MCTQ to estimate their
chronotype [21]. It is also based on the timing and duration of sleep on work-free days. Comparing
sleep on work-free days after different shifts, sleep on free days following evening shifts was the
least affected by the specific shift schedule. The MCTQ®ift therefore uses MSF after evening shifts for
chronotyping. The MCTQ®"ift additionally offers conversions for workers whose schedules do not
include evening shifts.

Additionally, we recently developed and validated a short version (only six questions) of the
MCTQ: the uMCTQ [22]. It has a good correspondence with the MCTQ and its estimation of chronotype
correlates with the activity (acrophase) and melatonin (DLMO) phase. This shortened version will be
especially useful for large-scale studies that aim to collect extensive data sets from large samples and
have to minimize the burden on subjects.

2.3. Characteristics of MCTQ-Chronotype

Complex biological qualities vary in a continuous fashion among individuals, taking distribution
shapes that are more or less normal within a population. This also holds for MSF,.. The distributions of
MSF and MSF;. in the MCTQ database (as of July 2017) are shown in Figure 1. As described in the figure
legend, color-coding is arbitrary since both MSF and MSFs. are continuous variables (based on local
time). Note that the sleep correction of MSF makes the distribution slightly earlier and decreases the
over-representation of late chronotypes. While chronotype and sleep need appear to be independent
characteristics, the difference in sleep duration between workdays and work-free days is nonetheless
chronotype-dependent because of our social schedules. The later the chronotype, the shorter the sleep
duration on workdays and the longer it is on free days. Extremely early types, on the other hand,
experience a shorter sleep duration on free days and longer sleep duration on workdays [19].

The factors producing the inter-individual differences in chronotype underlying the wide
distribution of MSF. (Figure 1) are likely threefold: genetics (e.g., [23-25]), the weak and differing
zeitgeber signals (particularly light exposure), and age. The benefit of the large collection of
questionnaires in the MCTQ database (=300,000 entries) is that chronotype can be put into different
contexts (e.g., age, sex, urban-rural, different latitudes, cultures, and climates) with unprecedented
precision (see below).

Circadian formalisms predict that phase of entrainment will change with zeitgeber strength
(amplitude of the light signal, [2]), and indeed, when individuals exchange urban lives (weak
zeitgeber signals due to indoor environments and access to electric light) for natural light conditions
(strong zeitgeber signals), their sleep timing and DLMO advance significantly and, as predicted, in a
chronotype-dependent way [4]. Sleep timing is also earlier in populations with no access to electricity
compared to those with access to artificial light [26-29]. Chronotype, estimated by MSFs. as an indicator
of phase of entrainment, also complies with this zeitgeber-strength rule: it is earlier in rural areas than
in urban ones [30-32].
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Figure 1. Distributions of midsleep on free days (MSF) (left panel) and midsleep on free days sleep
corrected (MSFsc) (right panel) in the Munich ChronoType Questionnaire (MCTQ) database (as of
July 2017). The distribution is based on half-hourly bins. MCTQ entries were only included in these
distributions if all questions of the core-MCTQ were answered, no alarm clocks were used on free
days, and values were within a + 3 o range. The resulting population sizes were 221,480 for MSF
and 185,333 for MSF;. (note that the latter requires information about work status and regular work
schedules and is therefore smaller). Color-coding is arbitrary and classifies the population into the
seven groups indicated in the legends. The left y-axis shows the local times of the midsleep values, and
the right y-axis indicates the sleep window of the respective MSF group (in local time), assuming a
sleep duration of eight hours.

In modern industrialized societies, people are exposed to more irregular light-dark cycles than
in the pre-electrical era. Yet, an influence of the Sun Clock on the human Biological Clock can still be
detected: average chronotype (as assessed by the MCTQ) correlates with the position within a time
zone—the further to the East, where Sun Time is earlier, the earlier the chronotype [32,33]. The coupling
between the Biological and Sun Clock is tight in rural areas and small towns (exactly replicating the
sun’s 4-min delay per longitude), but is less tight in big cities.

Since chronotype is a product of entrainment, it also depends on day-length (photoperiod) and
season. MSF. is generally earlier under longer photoperiods [34,35], and the timing of sleep on free
days during spring seems to track the progression of dawn [36], although Daylight Saving Time adds
complexity to this equation. Time of sunrise in winter was also associated with chronotype at high
latitudes (59° N-68° N), with a decreasing strength from adults to children to adolescents [35].

In addition to genetics and entrainment conditions, chronotype is also highly age-dependent.
Cross-sectional analyses of the MCTQ database show that chronotype progressively delays from
approximately ten years of age to the end of adolescence (around 20 years old), and then advances until
the end of life [37,38]. Interestingly, further analyses of the MCTQ database show an age-dependent
relationship between chronotype and light exposure (time spent outdoors as assessed by the MCTQ):
this dependency exists in children and adults but is insignificant in adolescents [39]. Age-dependencies
in circadian light effects have also been shown for melatonin suppression [40]. Whether entrainment
changes are due to developmental differences in physiological light reception or in behavioral light
exposure (timing, intensity, and spectral composition) remains to be elucidated. Nonetheless, evidence
shows that the phenomenon of adolescents presenting a later circadian phase is observed in other
species [41] and also pre-industrial cultures [42].
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2.4. Discussion

2.4.1. MCTQ-Chronotyping: Pros and Cons

The MCTQ-chronotype and its assessment of sleep phase have been validated against biochemical
biomarkers, such as DLMO [22,43-45] and cortisol [45], and objective behavioral measures of circadian
phase (activity acrophase, and sleep behavior from logs or actimetry) [22,46,47]. They are all significantly
correlated with MSF, as one would expect if they are all valid biomarkers for phase of entrainment
(the system state), and thus vary more or less together. The current gold standard marker of phase of
entrainment is DLMO [18] measured in blood, urine, or saliva [48]. However, these measurements
are expensive and burdensome—involving multiple, well-timed sampling. We also lack toolkits that
provide instantaneous results. Although circadian researchers are currently developing methods to
assess chronotype with one to two measurements, so far, these still involve methodological hindrances
that complicate their use in large-scale studies [49-51]. The solution to this problem is therefore
currently best achieved by questionnaires.

In contrast to other chronotyping questionnaires, the MCTQ estimates chronotype in local time,
allowing for numerous downstream calculations rather than a score developed to classify people
into types. It asks for actual behavior and not what time people would choose or prefer to perform
their activities had they the opportunity to do so, like, for example, the MEQ does. In a sense,
asking for “preferred times” is comparable to using data collected on free days. Therefore, it is not
surprising that MCTQ- and MEQ-chronotype show a good correspondence [19,52]. However, the
hedonic construct of preference in chronotyping can also be problematic, since many people suffering
from extreme chronotype in a strictly structured society would actually prefer to be more moderate in
their temporal behavior.

A limitation of the MCTQ is that all its calculations rely on structured work schedules, which
might hinder its use in populations with more flexible schedules or relaxed attitudes towards work
times. The same goes for populations whose culture and language do not rely on metric-based concepts
of time—like some tribes in Amazonia [53,54]. A second limitation is that sleep timing is not only
under circadian control but is also homeostatically regulated [55]. Despite using a simplified view of
sleep compensation, the MCTQ chronotype computation therefore corrects sleep timing for sleep debt.

2.4.2. The Stability of a Chronotype: Trait or State?

An important conceptual question that keeps causing headaches and confusion is whether
chronotype (as phase of entrainment) represents a personal trait (an attribute of a person—free of
situational effects) or a current state (an attribute of a person in a situation and attribute—situation
interactions) [56]. An individual’s phase of entrainment under a specific zeitgeber signal could well be
thought of as a stable trait. However, since the zeitgeber signal people are exposed to can greatly vary
in strength and timing, chronotype in the real world may rather represent a state than a trait—making
genetic studies based on real-world data particularly difficult but highlighting the breadth of possible
states of the circadian system [57].

This view is not in conflict with chronotype being a biological construct since this system state
(phase of entrainment) of the Biological Clock should indeed change with entraining conditions. In other
words, when chronotype assesses phase of entrainment, it is as stable as its entraining environment.
In a recent study, late-types could advance their sleep timing and that of other phase markers by
approximately 2 h when following instructions for three weeks that resulted in stronger and more
regular zeitgebers [58]. The age-dependent changes in chronotype additionally support the idea of
the Biological Clock being a dynamic system that continuously adapts to varying internal and external
conditions [38].

In summary, we suggest abandoning the notion that chronotype reflects a stable personal trait in
favor of it being a state, as is to be expected if it reflects phase of entrainment with its dynamic qualities.
After all, even when measures imply a more or less stable psychological trait, like diurnal preference
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from the MEQ, the scored preference differs between people under different zeitgeber strengths [59,60].
Considering this, estimations of chronotype that reflect a state are closer to what actually happens in
real life as well as more useful for understanding the mechanisms that underlie associations between
chronotype and health states.

Although we acknowledge the dynamic nature of chronotype, we stress its genetic basis. Although
one can advance the phase of entrainment of a late chronotype by appropriate zeitgeber changes [58],
he/she will relapse to the late phase as soon as the intervention stops [61].

2.4.3. How is Circadian State Related to Health and Disease?

Late chronotype seems to be associated with an increased likelihood of being a smoker, consuming
alcohol, and caffeinated drinks [5], and presenting metabolic alterations [62,63] and clinically significant
depressive symptoms [64,65]. However, the mechanisms and the presence of a causal relationship
are not clear. We believe that rather than being a late-type, it is the conflict with the time constraints
imposed by society that (at least partly) explains those associations. Longitudinal studies and pathway
analyses are, nevertheless, still scarce [66]. Further studies investigating how the association between
chronotype and health/disease is mediated by circadian misalighment should help in clarifying this
matter. “Social jetlag”, another concept put forward by the MCTQ, might facilitate this quest.

3. Social Jetlag

3.1. Concept

As already described, zeitgebers were drastically weakened with the wide-spread usage of
electricity. It allowed us to live in buildings most of the day, excluding us from full daylight, and
enabled us to switch on artificial light after sunset. We almost live under constant light conditions,
exposing us to darkness only when we sleep (Figure 2).

a b

Light-Dark Cycle

Vo

Sleep Sleep

Figure 2. Differences in light conditions for the Biological Clock in the pre-industrialized (a) and the
industrialized (b) eras. Historically (a), it was the strong difference between natural daylight and
darkness that was perceived by the eyes and relayed to the central pacemaker in the suprachiasmatic
nucleus (SCN). The SCN neurons entrain to this zeitgeber and transmit this information about day and
night to the biological clocks in the rest of the body. Sleep is the major physiological behavior that is
under the control of the biological clock interacting with the homeostatic component [67]. The light
conditions of the industrialized/urban human environment (see text for details) have resulted in more
or less constant light throughout the 24-h day (b), except for the time when we close our eyes during
sleep. This situation can also be described as a short circuit between the inputs and the outputs of the
circadian system.
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This weakening zeitgeber strength has widened the chronotype distribution [3,4] and delayed all
chronotypes except for the very early larks, who may even advance under weak zeitgeber conditions.
Since the Social Clock has not followed the large delays of most Biological Clocks, the discrepancy between
them has significantly increased. This recent development introduced a new weekly structure, which
we first noticed when looking at a large collection of long-term sleep diaries [47]. Many sleep-logs
looked like subjects were flying several time zones to the west on Friday evenings and returning on
Monday mornings without ever actually travelling (see the example in Figure 3). We therefore called
this syndrome Social Jetlag (SJL) [5].

Local Time

18:00 22:00 02:00 06:00 10:00 14:00 18:00
L 1 1 1 1 1 1

()
4
O =
2
- ]
Average Average
midsleep on midsleep on
workdays (MSW) free days (MSF)

SJL = MSF - MSW

Figure 3. This sleep-log example clearly shows the weekly structure in both sleep timing and duration,
which we use as the basis for quantifying social jetlag (SJL). Workday-sleep episodes are dark gray and
free day episodes are drawn in light gray. The difference between the average of the midsleep points
on workdays (red dots) and those on work-free days (green triangles) is defined as SJL and used as a
measure for circadian misalignment (see text for details).

When we suffer from travel jetlag, our Biological Clock is simply not yet aligned with the light-dark
cycle of the destination because its active entrainment mechanism takes about a day for each time
zone crossed to adjust. Before this steady-state is reached, the circadian clock as a system [68] and
even its parts [16,69,70] are misaligned in reference to the new time zone; the misalignment between
different organs and physiological rhythms is most probably the cause of jetlag’s effects on health
and well-being.
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We proposed SJL as a concept [5] that describes and quantifies the chronic discrepancy between an
individual’s Biological Clock and the Social Clock. As such, we envisioned SJL as a measure of circadian
misalignment. Circadian misalignment is described as an abnormal phase angle difference between two
or more rhythms, be they just internal or both internal and external (reviewed by Vetter et al. 2018 [71]).
If the Biological Clock of a late chronotype is stably entrained to a late phase in the light-dark cycle
despite having to get up early with an alarm clock five days a week, one can presume a misalignment
between the Biological Clock and social schedules. In this case, however, the misalignment is not
transient, as it is for travel jetlag, but chronic.

3.2. Social Jetlag Computation

Originally, SJL was defined as the absolute difference between the midsleep on free days (MSF)
and that on workdays (MSW; see Equation (3)) [5]. However, it is often also informative to use the
actual difference: Since negative SJL occurs when midsleep times on workdays are later than those
on free days, it may be wise to look at negative and positive SJL separately. Figure 4 shows that the
proportion of people who suffer from negative SJL is relatively small. Actual MSF-MSW also makes
the distribution of SJL slightly less skewed.

SJL = |MSF — MSW)| 3)

SJL: social jetlag
MSEF: midsleep on free days
MSW: midsleep on workdays

Frequency in the population

0 5 10 15 20 25
_2|
|
_1I
=
- 0 I
= ]
S 1
T |
n 2 |
=
1 3
=
N

"

negative SIL M 1.7%
noSiL M 12.4%

SIL< 1h 39.8%
SJL >1h < 2h 29.1%
SJL >2h < 3h 11.7%
SiL>3h M 5.3%

(63

»

Figure 4. Distributions of social jetlag (SJL) in the Munich ChronoType Questionnaire (MCTQ) database
(as of July 2017). The distribution is based on half-hourly bins (population as described in Figure 1 for
midsleep on free days sleep corrected (MSFs.)). Color-coding is arbitrary and classifies the population
into the six SJL groups indicated in the legends. To signify the distribution of the absolute version
of SJL (see text for details), the negative SJL categories are mirrored as light blue extensions of the

respective positive SJL categories.
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3.3. Characteristics of Social Jetlag

Typically, SJL is greater in late chronotypes (see Figure 5). On workdays, the sleep of late
chronotypes is curtailed at both ends of the night: the late circadian sleep window (opening after the
wake maintenance zone; [72]) prevents them from falling asleep early enough and the use of an alarm
clock prevents them from completing their sleep. On work-free days, the sleep of late chronotypes is
ideally free from these external impositions, resulting in later and longer sleep (the oversleep caused
by the sleep debt accumulated during the workweek). As a result, MSF is usually later compared to
MSW, resulting in SJL. The relationship between SJL and MSF. is not necessarily linear, since early
chronotypes are often forced—by social norms—to stay up later than they would at night, which results
in intermediate chronotypes presenting the lowest levels of SJL [5] (see Figure 5). SJL is also positively
associated with perceived sleep debt [73], making it difficult to disentangle pure sleep timing effects
and those of sleep deprivation.
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Figure 5. Interrelationship between chronotype (MSFs) and social jetlag (SJL). (a) On average,
increasing SJL is associated with increasing lateness in chronotype; color-coding is chosen according
to the distribution shown in Figure 4. (b) Inversely, the later the chronotype, the stronger the SJL.
Color-coding is chosen according to the distribution shown in Figure 1.

Similar associations as between age and MCTQ-chronotype are seen between age and SJL [74,75].
Since school start times are often not attuned to the adolescents’ late phases, they experience the most
severe SJL, which decreases, but continues to be present, through work life until retirement.

There are several behavioral outcomes associated with SJL: less healthy dietary patterns [76],
a higher probability of being a smoker [5], a worse academic performance in high school and
university [33,77], and higher physical and verbal aggression in undergraduate students [78]. There
is also a great amount of evidence for an association between SJL and risk for metabolic disorders
and/or being obese [75,79-84]. Depressive symptoms also seem to be associated with SJL [65,85,86],
although such a link has not been found with minor or sub-syndromal psychiatric symptoms [87,88],
depressive symptoms in young students living in a rural area in Brazil [89], or in healthy controls vs. a
clinical sample [90]. Conflicting findings in the literature might be a consequence of methodological
heterogeneity, as well as diverse sample characteristics, especially in the case of multifactorial conditions
such as neuropsychiatric disorders.

3.4. Discussion

3.4.1. What Does Social Jetlag Quantify?

When we conceived the calculation and the term social jetlag, we saw it as a proxy for circadian
misalignment—literally quantifying the “discrepancy between social and biological time” [5]. If sleep
on free days is indicative of (or close to) a person’s general phase of entrainment (if such even exists),
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then one can picture sleep times under constraints of working times to be “unnatural” or “against the
Biological Clock”, and the difference between the unconstrained and constrained sleep times should
be a good approximation of “how much one lives against one’s Biological Clock”. However, evidence
from controlled studies that mirror “real life” and from actual real-life studies has been accumulating
that typical physiological circadian phase markers in humans (such as melatonin and cortisol) move
in conjunction with advanced or delayed sleep times quite rapidly (e.g., about 45 min after only two
days) [22,91-95]—Dbe it through changes in external input via light-dark cycle changes or through
internal control mechanisms. Since this indicates that the circadian system does not remain in the same
state throughout the week but changes with the shifting sleep times, one can assume that the original
SJL concept quantifying the discrepancy between the social and biological time may be too simplistic.

While SJL is most probably a good and useful approximation of the amount of strain on the
circadian system exerted by social timing constraints, the following question remains: what is it exactly
that SJL captures? If we think of sleep as being the only time of darkness that we experience during
our industrialized life, then midsleep time is not only the midpoint of sleep but also the midpoint of
darkness. Hence, SJL (as the difference in midsleep times between work- and free days) quantifies how
much the timing of our light-dark signal (midpoints of darkness) moves between work- and free days.

A moving light-dark cycle brings jetlag back into SJL. Do we hence have to think of SJL as
quantifying the amount of jetlag in our weekly routines, i.e., the repeated re-adjustments of our
circadian system to new light—dark cycles? The answer is yes and no. This is because, although with
SJL we change the timing of our mid-darkness, we do not change the actual solar light-dark cycle,
which—despite all artificial light—still seems to significantly influence our circadian timing [32,35,96,97].
Hence, SJL possibly quantifies something more akin to shift work—changes in work (or sleep)
times with concurrent changes in the light-dark timing before a background of unchanged solar
day-night transitions.

3.4.2. Social Jetlag and Sleep Debt

Given the increasing interest in the relationship between SJL and health and disease, it is important
to define possible mechanisms behind these associations. Sleep as a marker of circadian phase or
system state has to be viewed as confounded by sleep homeostasis, since sleep times are not under
the sole control of the circadian system, but are heavily influenced by homeostatic aspects (sleep
depth/time awake). In the majority of cases, SJL arises both from differences in sleep timing between
work- and work-free days and from the effects of sleep debt accumulated on workdays (oversleep on
work-free days results in later MSF).

In an attempt to disentangle the effects of these two factors on SJL, Jankowski proposed an
alternative formula to assess SJL that corrects for sleep debt (Figure 6) [98]. He argued that both
MSW and MSF are influenced by sleep debt, which means that, e.g., in people with late chronotype
(the majority in industrialized societies), MSW is earlier and MSF later than would happen without
the homeostatic influences. Therefore, both should be corrected in order to assess the effects of SJL.
independent of sleep debt. A correction factor for sleep homeostatic influences on MSF has been used
right from the start in order to assess chronotype (MSFs.) [19]. Jankowski has suggested correcting
MSW (MSW4.) analogous to MSFs. and using both these corrected measures in the calculation of SJL
(Figure 6).

While uncorrected SJL describes the changes in actual sleep timing and thus actual mid-dark as a
measure for circadian misalignment, what does SJLs. reflect? Is this measure closer to the circadian
strain caused by the changing light-dark signal that is quantified by SJL? Or, does it even reflect the
extent to which the circadian system moves under the changing light-dark signal? The jury is certainly
still out. Interestingly, after mathematical simplification, SJLs. is the absolute difference between sleep
onset on free days and sleep onset on workdays (SO¢—SOy,). Do we expect sleep onset to be a good
indicator of circadian sleep phase—not influenced by sleep homeostasis but under circadian control,
potentially through the wake maintenance zone?
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Example illustrated

SD, = 6h SDyeek=7h
SDf = 10h — SJL =4h
S0O;-80,,=2h SJLg. =2h

MSF = SOt + 1/ SDy
MSFg, = SO; + 1 SD

week
MSF., MSF
work-free day A A LL
, SJL
D
LD Sl
MSW MSW_,
MSW = SO, + /5 SD,,

MSW,, = SO,, + /5 SD

week

SIL = MSF - MSW
SlLgg= MSF_ - MSW__ = SO;+ 1o SDeex - (SO, + o SDyee) = SO5 - SO,

Figure 6. Social jetlag computation. This schematic illustrates the calculations of social jetlag (SJL) [5]
and that for social jetlag sleep-corrected (SJLsc) as recently suggested by Jankowski [98]. Bars illustrate
sleep episodes, as well as their timing and duration, on work- and work-free days, and dots/triangles are
the respective midsleep times either including or excluding the dashed parts of the sleep episode. SJL
is based on uncorrected, actual midsleep times, thus representing the change of mid-darkness between
workdays and free days. SJLs. uses midsleep times that were corrected for a potential oversleep or
undersleep in an attempt to remove homeostatic confounders from the sleep schedule. The schematic
is drawn to scale and is based on the scenario given in the box assuming a late chronotype with early
work schedules in a week with five workdays and two work-free days. Abbreviations: SDygyeek,
sleep duration on workdays/on free days/as the daily average across a week; SO,y;, sleep onset on
workdays/on free days; MSF, midsleep on free days; MSW, midsleep on workdays; SJL, social jetlag;
XXsc, sleep corrected.

One way to test these two measures and their meaning is by exploiting our extensive MCTQ
database, looking at the special case of people that have SJL but show no sleep deprivation and correlate
their health and behavioral outcomes to their SJL.

In keeping with the complexity of the phenotype “sleep timing” as a biomarker for phase of
entrainment, one should consider conceptually extending the 2-Process-Model of sleep regulation
(circadian and homeostatic; [55]) to a 3-Process-Model that includes a social component. The common
denominator term social should cover any aspects influencing sleep timing to do with societal and
work schedules, but also human behavior—from late TV shows and page-turners to peer pressure via
social communication channels—that prevent people from sleeping as early as they could/should.
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3.4.3. Misunderstandings About Social Jetlag and Conundrums to be Solved

The association between SJL and a higher risk for disorders in multiple systems strongly suggests
that irregular sleep timing (or light—dark signal timing) is an important aspect of unhealthy lifestyles.
A common misconception, however, is that the health challenge comes from sleeping in on weekends.
Recommendations in the lay press go as far as telling people to get up as early on weekends as
during their work week. Although weekend recovery sleep is probably not sufficient for preventing
all the shortcomings caused by insufficient sleep over the week [99] and may also delay circadian
phase [22,91-94], it nonetheless seems to prevent the worst: a large cohort study recently found
that people with a short sleep duration during workdays have a higher mortality rate if they get no
catch-up sleep on weekends than if they do [100]. The study unfortunately did not assess associations
with sleep timing. In conclusion, it is pivotal to emphasize that SJL and its related outcomes are
rather a consequence of constraints imposed by social clocks on workdays than caused by free-day
recovery sleep.

Although multiple findings point to a relationship between SJL and health issues, there is still
no consensus about the associations reported. As recently suggested by a systematic review [101],
conflicting findings might be a consequence of methodological heterogeneity. Considering time-in-bed
as time-spent-asleep, for example, is a common confusion: four out of the 26 studies selected for
full-text reading in the review (~15%) used bedtime or time spent in bed to compute SJL. Additionally,
two other studies used MSF;. instead of MSF when computing SJL.

Different results might also be a consequence of varying sample characteristics, especially in
the case of multifactorial conditions. In fact, most studies investigating the associations between SJL
and health are cross-sectional. Further longitudinal studies are needed not only to confirm causal
associations but also to clarify under how much and for how long one needs to be exposed to SJL for
its consequences to show.

4. Outlook

From the beginning, the MCTQ has been accessible online, presenting the possibility to collect
data from more than 300,000 people all over the world (it has been translated into 13 languages). The
MCTQ has been widely used over the past 15 years across many different fields of research. The
questionnaire has been successful because it provides a quick, cost-effective, and accurate way of
measuring circadian features that have been correlated with several aspects of human health and
performance. The formulas developed in the framework of the MCTQ can be potentially extended
to other measurements. For instance, chronotype and SJL can also be assessed with actigraphy data
(e.g., [84]) and there are also efforts to extend them to other behaviors, as, for example, meal timing
(e.g., [102]).

The impact that research on chronotype has had on education and school policies is impressive.
Starting in the 1990s, several studies have now shown how high-school students are constantly sleep
deprived because of their late chronotype clashing with early school starting times and how this
negatively influences their health and performance [103]. Some schools have, as a consequence,
delayed their starting times.

Medical research focuses, for example, on optimizing therapies, by treating subjects at a time of
day that maximizes the positive and minimizes the negative side effects. This concept is referred to as
chronotherapy [104,105]. Despite the solid mechanistic basis, the concept is not broadly exploited in
ongoing clinical trials [106]. Correctly estimating chronotype using logistically feasible methods is
essential for chronotherapy efficacy.

Assessing an individual’s chronotype can also be implemented to optimize working schedules,
for instance, in shift-workers. Studies have shown that sleep improves (is longer) when schedules are
organized according to chronotype (e.g., early chronotypes are assigned to early shifts) [107]. Similarly,
research on chronotype and time of day can also be extended to any area of human performance (from
cognitive to physical) to optimize this.
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Analogously to chronotype, assessments of SJL provide a quantitative marker of circadian
misalignment that can be used, for instance, during health prevention campaigns to identify people at
risk of developing certain diseases.

The dimension of the MCTQ-based chronotype is time-of-day (of MSFs.), which—unlike a
score-based assessment—can be used as a reference for designing experiments, for performing analyses
(based on internal time rather than external time, [108]), or for performing diagnoses or applying
treatment. While external time (the Social Clock) is the same for everyone, internal time varies
substantially between individuals. For different chronotypes, 08:00 local time may correspond to
10:00 for the Biological Clock of early types and to 06:00 for that of late types, with all the circadian
consequences for cognitive performance, mood, or immune function, to name just a few. One way to
translate internal time to clock time is to use “hours after MSF.”. If, for example, a drug should be given
around wakeup, this corresponds to 05:00 for an early type (MSF;. = 1:00) and 10:00 for a late type
(MSFs. = 6:00). “Hours after MSF;.” also allows for a direct comparison between different individuals.

The success of circadian clock research was based on clear definitions, protocols, and formalisms
concerning the investigation of circadian clocks in the laboratory—mainly under constant conditions.
The success of translating chronobiological insights into the real world will also rely on the factors of
clear definitions, protocols, and formalisms—in this case, they will predominantly concern entrained
clocks. As in the early days of clock research, it will be crucial for these factors to evolve. Chronotyping
and assessing circadian misalignment are at the heart of real-life human chronobiology and their
refinement will contribute to the potential success of taking it to the next level.

Author Contributions: Conceptualization, T.R., LK.P, G.Z., and E.C.W,; writing—original draft preparation, T.R.,
LK.P, G.Z, and E.C.W.,; writing—review and editing, T.R., L.K.P, and E.C.W.; visualization, T.R., LK.P,, and
E.C.W.

Funding: This study was financed in part (L.K.P. fellowship) by the Coordenacao de Aperfeicoamento de Pessoal
de Nivel Superior—Brasil (CAPES) Finance Code 001 (A046/2013—CAPES/PVE) and the Deutscher Akademischer
Austauschdienst (PROBRAL 88881.144129/2017—CAPES/DAAD).

Conflicts of Interest: T.R. is the founder of the company Chronsulting UG and consults several other companies
(Vanda Pharmaceuticals, Chiesi GmbH, jetlite GmbH, Condor Instruments, Salzgitter AG); none of these activities
created conflicts with the content of this paper. LK.P, G.Z., and E.C.W. declare no conflicts of interest.

References

1. Williams, G.E. Geological constraints on the Precambrian history of Earth’s rotation and the Moon’s orbit.
Rev. Geophys. 2000, 38, 37-59. [CrossRef]

2. Roenneberg, T.; Daan, S.; Merrow, M. The art of entrainment. J. Biol. Rhythms 2003, 18, 183-194. [CrossRef]
[PubMed]

3.  Roenneberg, T.; Wirz-Justice, A.; Merrow, M. Life between clocks: Daily temporal patterns of human
chronotypes. J. Biol. Rhythms 2003, 18, 80-90. [CrossRef] [PubMed]

4. Wright, K.P,; McHill, A.W.; Birks, B.R.; Griffin, B.R.; Rusterholz, T.; Chinoy, E.D. Entrainment of the human
circadian clock to the natural light-dark cycle. Curr. Biol. 2013, 23, 1554-1558. [CrossRef] [PubMed]

5. Wittmann, M.; Dinich, J.; Merrow, M.; Roenneberg, T. Social jetlag: Misalignment of biological and social
time. Chronobiol. Int. 2006, 23, 497-509. [CrossRef] [PubMed]

6. Horne, J.A,; Ostberg, O. Individual differences in human circadian rhythms. Biol. Psychol. 1977, 5, 179-190.
[CrossRef]

7. Kandeger, A Selvi, Y;; Tanyer, D.K. The effects of individual circadian rhythm differences on insomnia,
impulsivity, and food addiction. Eat. Weight Disord. EWD 2019, 24, 47-55. [CrossRef]

8.  Randler, C. Morningness—-eveningness and satisfaction with life. Soc. Indic. Res. 2008, 86, 297-302. [CrossRef]

9. Horne, J.A,; Ostberg, O. A self-assessment questionnaire to determine morningness-eveningness in human
circadian thythms. Int. J. Chronobiol. 1976, 4, 97-110.

10. Ehret, C.F. The sense of time: Evidence for its molecular basis in the eukaryotic gene-action system. Adv.
Biol. Med. Phys. 1974, 15, 47-77.


http://dx.doi.org/10.1029/1999RG900016
http://dx.doi.org/10.1177/0748730403018003001
http://www.ncbi.nlm.nih.gov/pubmed/12828276
http://dx.doi.org/10.1177/0748730402239679
http://www.ncbi.nlm.nih.gov/pubmed/12568247
http://dx.doi.org/10.1016/j.cub.2013.06.039
http://www.ncbi.nlm.nih.gov/pubmed/23910656
http://dx.doi.org/10.1080/07420520500545979
http://www.ncbi.nlm.nih.gov/pubmed/16687322
http://dx.doi.org/10.1016/0301-0511(77)90001-1
http://dx.doi.org/10.1007/s40519-018-0518-x
http://dx.doi.org/10.1007/s11205-007-9139-x

Biology 2019, 8, 54 15 of 19

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Samis, H.V. (Ed.) Aging and Biological Rhythms (Advances in Experimental Medicine and Biology), 15th ed.;
Springer: New York, NY, USA, 1978; ISBN 9781475744620.

Pittendrigh, C.S. Temporal organization: Reflections of a Darwinian clock-watcher. Annu. Rev. Physiol. 1993,
55,17-54. [CrossRef] [PubMed]

Menaker, M. The search for principles of physiological organization in vertebrate circadian systems. In
Vertebrate Circadian Systems; Proceedings in Life Sciences; Aschoff, J., Daan, S., Groos, G.A., Eds.; Springer:
Berlin/Heidelberg, Germany, 1982; pp. 1-12. ISBN 9783642686511.

Menaker, M.; Moreira, L.F,; Tosini, G. Evolution of circadian organization in vertebrates. Braz. J. Med. Biol.
Res. 1997, 30, 305-313. [CrossRef] [PubMed]

Mohawk, J.A.; Green, C.B.; Takahashi, J.S. Central and peripheral circadian clocks in mammals. Annu. Rev.
Neurosci. 2012, 35, 445-462. [CrossRef] [PubMed]

Roenneberg, T.; Merrow, M. The circadian clock and human health. Curr. Biol. CB 2016, 26, R432-R443.
[CrossRef] [PubMed]

Lim, A.S.P; Chang, A.-M.; Shulman, ].M.; Raj, T.; Chibnik, L.B.; Cain, S.W.; Rothamel, K.; Benoist, C.;
Myers, A.].; Czeisler, C.A.; et al. A common polymorphism near PER1 and the timing of human behavioral
rhythms. Ann. Neurol. 2012, 72, 324-334. [CrossRef] [PubMed]

Pandi-Perumal, S.R.; Smits, M.; Spence, W.; Srinivasan, V.; Cardinali, D.P.; Lowe, A.D.; Kayumov, L. Dim light
melatonin onset (DLMO): A tool for the analysis of circadian phase in human sleep and chronobiological
disorders. Prog. Neuropsychopharmacol. Biol. Psychiatry 2007, 31, 1-11. [CrossRef] [PubMed]

Roenneberg, T.; Kuehnle, T,; Juda, M.; Kantermann, T.; Allebrandt, K.; Gordijn, M.; Merrow, M. Epidemiology
of the human circadian clock. Sleep Med. Rev. 2007, 11, 429-438. [CrossRef]

Terman, J.S.; Terman, M.; Lo, E.S.; Cooper, T.B. Circadian time of morning light administration and therapeutic
response in winter depression. Arch. Gen. Psychiatry Res. 2001, 58, 69-75. [CrossRef]

Juda, M,; Vetter, C.; Roenneberg, T. The Munich chronotype questionnaire for shift-workers (MCTQShift). .
Biol. Rhythms 2013, 28, 130-140. [CrossRef]

Ghotbi, N.; Pilz, L.K.; Winnebeck, E.; Vetter, C.; Zerbini, G.; Lenssen, D.; Frighetto, G.; Salamanca, M.; Costa, R.;
Montagnese, S.; et al. The uMCTQ—An ultra-short version of the Munich ChronoType Questionnaire. in
press.

Jones, C.R,; Campbell, S.S.; Zone, S.E.; Cooper, E; DeSano, A.; Murphy, PJ.; Jones, B.; Czajkowski, L.;
Ptacek, L.J. Familial advanced sleep-phase syndrome: A short-period circadian rhythm variant in humans.
Nat. Med. 1999, 5, 1062-1065. [CrossRef] [PubMed]

Jones, S.E.; Tyrrell, J.; Wood, A.R.; Beaumont, RN.; Ruth, K.S.; Tuke, M.A.; Yaghootkar, H.; Hu, Y,;
Teder-Laving, M.; Hayward, C.; et al. Genome-wide association analyses in 128,266 individuals identifies
new morningness and sleep duration loci. PLoS Genet. 2016, 12, €1006125. [CrossRef] [PubMed]

Xu, Y.; Padiath, Q.S.; Shapiro, R.E.; Jones, C.R.; Wu, S.C.; Saigoh, N.; Saigoh, K.; Ptacek, L.J.; Fu, Y.-H.
Functional consequences of a CKI6 mutation causing familial advanced sleep phase syndrome. Nature 2005,
434, 640. [CrossRef] [PubMed]

Beale, A.D.; Pedrazzoli, M.; da Silva, B.G.B.; Beijamini, F.; Duarte, N.E.; Egan, K.J.; Knutson, K.L.; von
Schantz, M.; Roden, L.C. Comparison between an African town and a neighbouring village shows delayed,
but not decreased, sleep during the early stages of urbanisation. Sci. Rep. 2017, 7, 5697. [CrossRef]
Moreno, C.R.C.; Vasconcelos, S.; Marqueze, E.C.; Lowden, A.; Middleton, B.; Fischer, EM.; Louzada, FM.;
Skene, D J. Sleep patterns in Amazon rubber tappers with and without electric light at home. Sci. Rep. 2015,
5,14074. [CrossRef]

Pilz, L.K.; Levandovski, R.; Oliveira, M.A.B.; Hidalgo, M.P,; Roenneberg, T. Sleep and light exposure across
different levels of urbanisation in Brazilian communities. Sci. Rep. 2018, 8, 11389. [CrossRef]

De la Iglesia, H.O.; Fernandez-Duque, E.; Golombek, D.A.; Lanza, N.; Dulffy, ].F.; Czeisler, C.A ; Valeggia, C.R.
Access to electric light is associated with shorter sleep duration in a traditionally hunter-gatherer community.
J. Biol. Rhythms 2015, 30, 342-350. [CrossRef]

Borisenkov, M.E,; Perminova, E.V.; Kosova, A.L. Chronotype, sleep length, and school achievement of 11-to
23-year-old students in northern European Russia. Chronobiol. Int. 2010, 27, 1259-1270. [CrossRef]
Carvalho, EG.; Hidalgo, M.P,; Levandovski, R. Differences in circadian patterns between rural and urban
populations: An epidemiological study in countryside. Chronobiol. Int. 2014, 31, 442-449. [CrossRef]


http://dx.doi.org/10.1146/annurev.ph.55.030193.000313
http://www.ncbi.nlm.nih.gov/pubmed/8466172
http://dx.doi.org/10.1590/S0100-879X1997000300003
http://www.ncbi.nlm.nih.gov/pubmed/9246228
http://dx.doi.org/10.1146/annurev-neuro-060909-153128
http://www.ncbi.nlm.nih.gov/pubmed/22483041
http://dx.doi.org/10.1016/j.cub.2016.04.011
http://www.ncbi.nlm.nih.gov/pubmed/27218855
http://dx.doi.org/10.1002/ana.23636
http://www.ncbi.nlm.nih.gov/pubmed/23034908
http://dx.doi.org/10.1016/j.pnpbp.2006.06.020
http://www.ncbi.nlm.nih.gov/pubmed/16884842
http://dx.doi.org/10.1016/j.smrv.2007.07.005
http://dx.doi.org/10.1001/archpsyc.58.1.69
http://dx.doi.org/10.1177/0748730412475041
http://dx.doi.org/10.1038/12502
http://www.ncbi.nlm.nih.gov/pubmed/10470086
http://dx.doi.org/10.1371/journal.pgen.1006125
http://www.ncbi.nlm.nih.gov/pubmed/27494321
http://dx.doi.org/10.1038/nature03453
http://www.ncbi.nlm.nih.gov/pubmed/15800623
http://dx.doi.org/10.1038/s41598-017-05712-3
http://dx.doi.org/10.1038/srep14074
http://dx.doi.org/10.1038/s41598-018-29494-4
http://dx.doi.org/10.1177/0748730415590702
http://dx.doi.org/10.3109/07420528.2010.487624
http://dx.doi.org/10.3109/07420528.2013.846350

Biology 2019, 8, 54 16 of 19

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Roenneberg, T.; Kumar, C.J.; Merrow, M. The human circadian clock entrains to sun time. Curr. Biol. CB
2007, 17, R44-R45. [CrossRef]

Haraszti, R.A.; Ella, K.; Gyongyosi, N.; Roenneberg, T.; Kaldi, K. Social jetlag negatively correlates with
academic performance in undergraduates. Chronobiol. Int. 2014, 31, 603-612. [CrossRef] [PubMed]
Allebrandt, K.V.,; Teder-Laving, M.; Kantermann, T.; Peters, A.; Campbell, H.; Rudan, I.; Wilson, J.F;
Metspalu, A.; Roenneberg, T. Chronotype and sleep duration: The influence of season of assessment.
Chronobiol. Int. 2014, 31, 731-740. [CrossRef] [PubMed]

Borisenkov, M.E. The pattern of entrainment of the human sleep-wake rhythm by the natural photoperiod in
the north. Chronobiol. Int. 2011, 28, 921-929. [CrossRef] [PubMed]

Kantermann, T.; Juda, M.; Merrow, M.; Roenneberg, T. The human circadian clock’s seasonal adjustment is
disrupted by daylight saving time. Curr. Biol. 2007, 17, 1996-2000. [CrossRef] [PubMed]

Fischer, D.; Lombardi, D.A.; Marucci-Wellman, H.; Roenneberg, T. Chronotypes in the US-influence of age
and sex. PLoS ONE 2017, 12, e0178782. [CrossRef] [PubMed]

Roenneberg, T.; Kuehnle, T.; Pramstaller, P.P.; Ricken, J.; Havel, M.; Guth, A.; Merrow, M. A marker for the
end of adolescence. Curr. Biol. 2004, 14, R1038-R1039. [CrossRef] [PubMed]

Roenneberg, T.; Keller, L.K.; Fischer, D.; Matera, J.L.; Vetter, C.; Winnebeck, E.C. Human activity and rest in
situ. Methods Enzymol. 2015, 552, 257-283.

Crowley, S.J.; Cain, S.W.; Burns, A.C.; Acebo, C.; Carskadon, M.A. Increased sensitivity of the circadian
system to light in early/mid-puberty. J. Clin. Endocrinol. Metab. 2015, 100, 4067—4073. [CrossRef]
Hagenauer, M.H.; Lee, T.M. The neuroendocrine control of the circadian system: Adolescent chronotype.
Front. Neuroendocrinol. 2012, 33, 211-229. [CrossRef]

Samson, D.R.; Crittenden, A.N.; Mabulla, I.A.; Mabulla, A.Z.P.; Nunn, C.L. Chronotype variation drives
night-time sentinel-like behaviour in hunter-gatherers. Proc. Biol. Sci. 2017, 284, 20170967. [CrossRef]
Kantermann, T.; Sung, H.; Burgess, H.]. Comparing the morningness-eveningness questionnaire and Munich
chronotype questionnaire to the dim light melatonin onset. J. Biol. Rhythms 2015, 30, 449-453. [CrossRef]
[PubMed]

Kitamura, S.; Hida, A.; Aritake, S.; Higuchi, S.; Enomoto, M.; Kato, M.; Vetter, C.; Roenneberg, T.; Mishima, K.
Validity of the Japanese version of the Munich chronotype questionnaire. Chronobiol. Int. 2014, 31, 845-850.
[CrossRef] [PubMed]

Facer-Childs, E.R.; Campos, B.M.; Middleton, B.; Skene, D.].; Bagshaw, A.P. Circadian phenotype impacts the
brain’s resting-state functional connectivity, attentional performance, and sleepiness. Sleep 2019, 42, zsz033.
[CrossRef] [PubMed]

Santisteban, J.A.; Brown, T.G.; Gruber, R. Association between the Munich chronotype questionnaire and
wrist actigraphy. Sleep Disord. 2018, 2018, 5646848. [CrossRef] [PubMed]

Kiihnle, T. Quantitative Analysis of Human Chronotypes. Ph.D. Thesis, Ludwig-Maximilians-Universitat
Miinchen, Miinchen, Germany, 2006.

Keijzer, H.; Smits, M.G.; Duffy, ].E; Curfs, L.M.G. Why the dim light melatonin onset (DLMO) should be
measured before treatment of patients with circadian rhythm sleep disorders. Sleep Med. Rev. 2014, 18,
333-339. [CrossRef] [PubMed]

Braun, R.; Kath, W.L.; Iwanaszko, M.; Kula-Eversole, E.; Abbott, S.M.; Reid, K.J.; Zee, P.C.; Allada, R.
Universal method for robust detection of circadian state from gene expression. Proc. Natl. Acad. Sci. USA
2018, 115, E9247-E9256. [CrossRef] [PubMed]

Laing, E.E.; Moller-Levet, C.S.; Poh, N.; Santhi, N.; Archer, S.N.; Dijk, D.-]. Blood transcriptome based
biomarkers for human circadian phase. eLife 2017, 6, €20214. [CrossRef] [PubMed]

Wittenbrink, N.; Ananthasubramaniam, B.; Miinch, M.; Koller, B.; Maier, B.; Weschke, C.; Bes, F,; de Zeeuw, J.;
Nowozin, C.; Wahnschaffe, A.; et al. High-accuracy determination of internal circadian time from a single
blood sample. J. Clin. Investig. 2018, 128, 3826-3839. [CrossRef]

Zavada, A.; Gordijn, M.C.M.; Beersma, D.G.M.; Daan, S.; Roenneberg, T. Comparison of the Munich
chronotype questionnaire with the Horne-Ostberg’s morningness-eveningness score. Chronobiol. Int. 2005,
22,267-278. [CrossRef]

Da Silva Sinha, V. Event-based time in three indigenous Amazonian and Xinguan cultures and languages.
Front. Psychol. 2019, 10, 454. [CrossRef]


http://dx.doi.org/10.1016/j.cub.2006.12.011
http://dx.doi.org/10.3109/07420528.2013.879164
http://www.ncbi.nlm.nih.gov/pubmed/24491157
http://dx.doi.org/10.3109/07420528.2014.901347
http://www.ncbi.nlm.nih.gov/pubmed/24679223
http://dx.doi.org/10.3109/07420528.2011.623978
http://www.ncbi.nlm.nih.gov/pubmed/22080737
http://dx.doi.org/10.1016/j.cub.2007.10.025
http://www.ncbi.nlm.nih.gov/pubmed/17964164
http://dx.doi.org/10.1371/journal.pone.0178782
http://www.ncbi.nlm.nih.gov/pubmed/28636610
http://dx.doi.org/10.1016/j.cub.2004.11.039
http://www.ncbi.nlm.nih.gov/pubmed/15620633
http://dx.doi.org/10.1210/jc.2015-2775
http://dx.doi.org/10.1016/j.yfrne.2012.04.003
http://dx.doi.org/10.1098/rspb.2017.0967
http://dx.doi.org/10.1177/0748730415597520
http://www.ncbi.nlm.nih.gov/pubmed/26243627
http://dx.doi.org/10.3109/07420528.2014.914035
http://www.ncbi.nlm.nih.gov/pubmed/24824747
http://dx.doi.org/10.1093/sleep/zsz033
http://www.ncbi.nlm.nih.gov/pubmed/30763951
http://dx.doi.org/10.1155/2018/5646848
http://www.ncbi.nlm.nih.gov/pubmed/29862086
http://dx.doi.org/10.1016/j.smrv.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24388969
http://dx.doi.org/10.1073/pnas.1800314115
http://www.ncbi.nlm.nih.gov/pubmed/30201705
http://dx.doi.org/10.7554/eLife.20214
http://www.ncbi.nlm.nih.gov/pubmed/28218891
http://dx.doi.org/10.1172/JCI120874
http://dx.doi.org/10.1081/CBI-200053536
http://dx.doi.org/10.3389/fpsyg.2019.00454

Biology 2019, 8, 54 17 of 19

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

Sinha, C.; Sinha, V.D.S,; Zinken, J.; Sampaio, W. When time is not space: The social and linguistic construction
of time intervals and temporal event relations in an Amazonian culture. Lang. Cogn. 2011, 3, 137-169.
[CrossRef]

Borbely, A.A. A two process model of sleep regulation. Hum. Neurobiol. 1982, 1, 195-204. [PubMed]
Steyer, R.; Ferring, D.; Schmitt, M.J. States and traits in psychological assessment. Eur. J. Psychol. Assess.
1992, 8, 79-98.

Gehrman, P.R.; Ghorai, A.; Goodman, M.; McCluskey, R.; Barilla, H.; Almasy, L.; Roenneberg, T.; Bucan, M.
Twin-based heritability of actimetry traits. Genes Brain Behav. 2019, 18, €12569. [CrossRef] [PubMed]
Facer-Childs, E.R.; Middleton, B.; Skene, D.].; Bagshaw, A.P. Resetting the late timing of “night owls” has a
positive impact on mental health and performance. Sleep Med. 2019, 60, 236-247. [CrossRef]

Nag, C.; Pradhan, R.K. Impact of lifestyle on circadian orientation and sleep behaviour. Sleep Biol. Rhythms
2012, 10, 94-99. [CrossRef]

Von Schantz, M.; Taporoski, T.P.,; Horimoto, A.R.V.R,; Duarte, N.E.; Vallada, H.; Krieger, J.E.; Pedrazzoli, M.;
Negrao, A.B.; Pereira, A.C. Distribution and heritability of diurnal preference (chronotype) in a rural Brazilian
family-based cohort, the Baependi study. Sci. Rep. 2015, 5, 9214. [CrossRef]

Zerbini, G.; Kantermann, T.; Merrow, M. Strategies to decrease social jetlag: Reducing evening blue light
advances sleep and melatonin. Eur. J. Neurosci. 2018. [CrossRef]

Anothaisintawee, T.; Lertrattananon, D.; Thamakaison, S.; Knutson, K.L.; Thakkinstian, A.; Reutrakul, S.
Later chronotype is associated with higher hemoglobin Alc in prediabetes patients. Chronobiol. Int. 2017, 34,
393-402. [CrossRef]

Randler, C.; Haun, J.; Schaal, S. Assessing the influence of sleep-wake variables on body mass index (BMI) in
adolescents. Eur. |. Psychol. 2013, 9, 339-347. [CrossRef]

Antypa, N.; Vogelzangs, N.; Meesters, Y.; Schoevers, R.; Penninx, B.W.J.H. Chronotype associations with
depression and anxiety disorders in a large cohort study. Depress. Anxiety 2016, 33, 75-83. [CrossRef]
[PubMed]

Levandovski, R.; Dantas, G.; Fernandes, L.C.; Caumo, W.; Torres, 1.; Roenneberg, T.; Hidalgo, M.P.L.;
Allebrandt, K.V. Depression scores associate with chronotype and social jetlag in a rural population.
Chronobiol. Int. 2011, 28, 771-778. [CrossRef] [PubMed]

Pilz, L.K; Keller, L.K.; Lenssen, D.; Roenneberg, T. Time to rethink sleep quality: PSQI scores reflect sleep
quality on workdays. Sleep 2018, 41, zsy029. [CrossRef] [PubMed]

Borbély, A.A.; Daan, S.; Wirz-Justice, A.; Deboer, T. The two-process model of sleep regulation: A reappraisal.
J. Sleep Res. 2016, 25, 131-143. [CrossRef] [PubMed]

Waterhouse, J.; Reilly, T.; Atkinson, G.; Edwards, B. Jet lag: Trends and coping strategies. Lancet Lond. Engl.
2007, 369, 1117-1129. [CrossRef]

Stokkan, K.-A.; Yamazaki, S.; Tei, H.; Sakaki, Y.; Menaker, M. Entrainment of the circadian clock in the liver
by feeding. Science 2001, 291, 490-493. [CrossRef] [PubMed]

Yamazaki, S.; Numano, R.; Abe, M.; Hida, A.; Takahashi, R.; Ueda, M.; Block, G.D.; Sakaki, Y.; Menaker, M.;
Tei, H. Resetting central and peripheral circadian oscillators in transgenic rats. Sciernice 2000, 288, 682-685.
[CrossRef] [PubMed]

Vetter, C. Circadian disruption: What do we actually mean? Eur. |. Neurosci. 2018. [CrossRef]

De Zeeuw, J.; Wisniewski, S.; Papakonstantinou, A.; Bes, F; Wahnschaffe, A.; Zaleska, M.; Kunz, D.; Miinch, M.
The alerting effect of the wake maintenance zone during 40 hours of sleep deprivation. Sci. Rep. 2018, 8,
11012. [CrossRef]

Silva, C.M.; Mota, M.C.; Miranda, M.T.; Paim, S.L.; Waterhouse, ].; Crispim, C.A. Chronotype, social jetlag
and sleep debt are associated with dietary intake among Brazilian undergraduate students. Chronobiol. Int.
2016, 33, 740-748. [CrossRef]

Randler, C.; Vollmer, C.; Kalb, N.; Itzek-Greulich, H. Breakpoints of time in bed, midpoint of sleep, and social
jetlag from infancy to early adulthood. Sleep Med. 2019, 57, 80-86. [CrossRef] [PubMed]

Roenneberg, T.; Allebrandt, K.V.; Merrow, M.; Vetter, C. Social jetlag and obesity. Curr. Biol. CB 2012, 22,
939-943. [CrossRef] [PubMed]

Almoosawi, S.; Palla, L.; Walshe, I.; Vingeliene, S.; Ellis, ].G. Long sleep duration and social jetlag are
associated inversely with a healthy dietary pattern in adults: Results from the UK national diet and nutrition
survey rolling programme Y1-4. Nutrients 2018, 10, 1131. [CrossRef] [PubMed]


http://dx.doi.org/10.1515/langcog.2011.006
http://www.ncbi.nlm.nih.gov/pubmed/7185792
http://dx.doi.org/10.1111/gbb.12569
http://www.ncbi.nlm.nih.gov/pubmed/30916437
http://dx.doi.org/10.1016/j.sleep.2019.05.001
http://dx.doi.org/10.1111/j.1479-8425.2011.00529.x
http://dx.doi.org/10.1038/srep09214
http://dx.doi.org/10.1111/ejn.14293
http://dx.doi.org/10.1080/07420528.2017.1279624
http://dx.doi.org/10.5964/ejop.v9i2.558
http://dx.doi.org/10.1002/da.22422
http://www.ncbi.nlm.nih.gov/pubmed/26367018
http://dx.doi.org/10.3109/07420528.2011.602445
http://www.ncbi.nlm.nih.gov/pubmed/21895489
http://dx.doi.org/10.1093/sleep/zsy029
http://www.ncbi.nlm.nih.gov/pubmed/29420828
http://dx.doi.org/10.1111/jsr.12371
http://www.ncbi.nlm.nih.gov/pubmed/26762182
http://dx.doi.org/10.1016/S0140-6736(07)60529-7
http://dx.doi.org/10.1126/science.291.5503.490
http://www.ncbi.nlm.nih.gov/pubmed/11161204
http://dx.doi.org/10.1126/science.288.5466.682
http://www.ncbi.nlm.nih.gov/pubmed/10784453
http://dx.doi.org/10.1111/ejn.14255
http://dx.doi.org/10.1038/s41598-018-29380-z
http://dx.doi.org/10.3109/07420528.2016.1167712
http://dx.doi.org/10.1016/j.sleep.2019.01.023
http://www.ncbi.nlm.nih.gov/pubmed/30921684
http://dx.doi.org/10.1016/j.cub.2012.03.038
http://www.ncbi.nlm.nih.gov/pubmed/22578422
http://dx.doi.org/10.3390/nu10091131
http://www.ncbi.nlm.nih.gov/pubmed/30134567

Biology 2019, 8, 54 18 of 19

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Diaz-Morales, J.E; Escribano, C. Social jetlag, academic achievement and cognitive performance:
Understanding gender/sex differences. Chronobiol. Int. 2015, 32, 822-831. [CrossRef] [PubMed]

Randler, C.; Vollmer, C. Aggression in young adults—A matter of short sleep and social jetlag? Psychol. Rep.
2013, 113, 754-765. [CrossRef] [PubMed]

Alves, M.S.; Andrade, R.Z;; Silva, G.C.; Mota, M.C.; Resende, S.G.; Teixeira, K.R.; Gongalves, B.E,; Crispim, C.A.
Social jetlag among night workers is negatively associated with the frequency of moderate or vigorous
physical activity and with energy expenditure related to physical activity. J. Biol. Rhythms 2017, 32, 83-93.
[CrossRef]

Koopman, A.D.M.; Rauh, S.P; van ‘t Riet, E.; Groeneveld, L.; van der Heijden, A.A_; Elders, P].; Dekker, ].M.;
Nijpels, G.; Beulens, ].W.; Rutters, F. The association between social jetlag, the metabolic syndrome, and
type 2 diabetes mellitus in the general population: The new Hoorn study. J. Biol. Rhythms 2017, 32, 359-368.
[CrossRef]

Malone, S.K.; Zemel, B.; Compher, C.; Souders, M.; Chittams, J.; Thompson, A.L.; Pack, A.; Lipman, T.H.
Social jetlag, chronotype, and body mass index in 14 to 17 year old adolescents. Chronobiol. Int. 2016, 33,
1255-1266. [CrossRef]

Parsons, M.J.; Moffitt, T.E.; Gregory, A.M.; Goldman-Mellor, S.; Nolan, PM.; Poulton, R.; Caspi, A. Social
jetlag, obesity and metabolic disorder: Investigation in a cohort study. Int. ]. Obes. 2015, 39, 842-848.
[CrossRef]

Rutters, F.; Lemmens, S.G.; Adam, T.C.; Bremmer, M.A.; Elders, P.J.; Nijpels, G.; Dekker, ]. M. Is social jetlag
associated with an adverse endocrine, behavioral, and cardiovascular risk profile? J. Biol. Rhythms 2014, 29,
377-383. [CrossRef]

Wong, PM.; Hasler, B.P; Kamarck, TW.; Muldoon, M.F,; Manuck, S.B. Social jetlag, chronotype, and
cardiometabolic risk. J. Clin. Endocrinol. Metab. 2015, 100, 4612-4620. [CrossRef] [PubMed]

Borisenkov, MLE,; Petrova, N.B.; Timonin, V.D.; Fradkova, L.I.; Kolomeichuk, S.N.; Kosova, A.L,;
Kasyanova, O.N. Sleep characteristics, chronotype and winter depression in 10-20-year-olds in northern
European Russia. J. Sleep Res. 2015, 24, 288-295. [CrossRef] [PubMed]

Polugrudov, A.S.; Panev, A.S.; Smirnov, V.V,; Paderin, N.M.; Borisenkov, M.E; Popov, S.V. Wrist temperature
and cortisol awakening response in humans with social jetlag in the North. Chronobiol. Int. 2016, 33, 802-809.
[CrossRef] [PubMed]

Schimitt, R.; Levandovski, R.; Hidalgo, M.P.L. Relations between social rthythm, sleep phase, and minor
psychiatric symptoms in healthy workers. Biol. Rhythm Res. 2013, 44, 403-409. [CrossRef]

Sheaves, B.; Porcheret, K.; Tsanas, A.; Espie, C.A.; Foster, R.G.; Freeman, D.; Harrison, PJ.; Wulff, K,;
Goodwin, G.M. Insomnia, nightmares, and chronotype as markers of risk for severe mental illness: Results
from a student population. Sleep 2016, 39, 173-181. [CrossRef] [PubMed]

De Souza, C.M.; Hidalgo, M.P.L. Midpoint of sleep on school days is associated with depression among
adolescents. Chronobiol. Int. 2014, 31, 199-205. [CrossRef] [PubMed]

Knapen, S.E.; Riemersma-van der Lek, R.F.; Antypa, N.; Meesters, Y.; Penninx, B.W.J.H.; Schoevers, R.A.
Social jetlag and depression status: Results obtained from the Netherlands study of depression and anxiety.
Chronobiol. Int. 2018, 35, 1-7. [CrossRef]

Burgess, H.J.; Eastman, C.I. A late wake time phase delays the human dim light melatonin rhythm. Neurosci.
Lett. 2006, 395, 191-195. [CrossRef]

Crowley, S.J.; Carskadon, M.A. Modifications to weekend recovery sleep delay circadian phase in older
adolescents. Chronobiol. Int. 2010, 27, 1469-1492. [CrossRef]

Stothard, E.R.; McHill, A.W.; Depner, C.M.; Birks, B.R.; Moehlman, T.M.; Ritchie, HK.; Guzzetti, J.R.;
Chinoy, E.D.; LeBourgeois, M.K.; Axelsson, J.; et al. Circadian entrainment to the natural light-dark cycle
across seasons and the weekend. Curr. Biol. 2017, 27, 508-513. [CrossRef]

Vondrasova-Jelinkova, D.; Hajek, L; Illnerova, H. Adjustment of the human melatonin and cortisol rhythms
to shortening of the natural summer photoperiod. Brain Res 1999, 816, 249-253. [CrossRef]

Zerbini, G. Conflicted Clocks: Social Jetlag, Entrainment and the Role of Chronotype: From Physiology
to Academic Performance; From Students to Working Adults. Ph.D. Thesis, University of Groningen,
Groningen, The Netherlands, 2017.


http://dx.doi.org/10.3109/07420528.2015.1041599
http://www.ncbi.nlm.nih.gov/pubmed/26061587
http://dx.doi.org/10.2466/16.02.PR0.113x31z7
http://www.ncbi.nlm.nih.gov/pubmed/24693810
http://dx.doi.org/10.1177/0748730416682110
http://dx.doi.org/10.1177/0748730417713572
http://dx.doi.org/10.1080/07420528.2016.1196697
http://dx.doi.org/10.1038/ijo.2014.201
http://dx.doi.org/10.1177/0748730414550199
http://dx.doi.org/10.1210/jc.2015-2923
http://www.ncbi.nlm.nih.gov/pubmed/26580236
http://dx.doi.org/10.1111/jsr.12266
http://www.ncbi.nlm.nih.gov/pubmed/25431234
http://dx.doi.org/10.3109/07420528.2016.1168829
http://www.ncbi.nlm.nih.gov/pubmed/27101215
http://dx.doi.org/10.1080/09291016.2012.692256
http://dx.doi.org/10.5665/sleep.5342
http://www.ncbi.nlm.nih.gov/pubmed/26350467
http://dx.doi.org/10.3109/07420528.2013.838575
http://www.ncbi.nlm.nih.gov/pubmed/24156519
http://dx.doi.org/10.1080/07420528.2017.1374966
http://dx.doi.org/10.1016/j.neulet.2005.10.082
http://dx.doi.org/10.3109/07420528.2010.503293
http://dx.doi.org/10.1016/j.cub.2016.12.041
http://dx.doi.org/10.1016/S0006-8993(98)01189-5

Biology 2019, 8, 54 19 of 19

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Hadlow, N.; Brown, S.; Wardrop, R.; Conradie, J.; Henley, D. Where in the world? Latitude, longitude and
season contribute to the complex co-ordinates determining cortisol levels. Clin. Endocrinol. (Oxf.) 2018, 89,
299-307. [CrossRef] [PubMed]

Randler, C. Differences in sleep and circadian preference between Eastern and Western German adolescents.
Chronobiol. Int. 2008, 25, 565-575. [CrossRef] [PubMed]

Jankowski, K.S. Social jet lag: Sleep-corrected formula. Chronobiol. Int. 2017, 34, 531-535. [CrossRef]
[PubMed]

Depner, C.M.; Melanson, E.L.; Eckel, R.H.; Snell-Bergeon, ].K.; Perreault, L.; Bergman, B.C.; Higgins, ].A.;
Guerin, M.K; Stothard, E.R.; Morton, S.J.; et al. Ad libitum weekend recovery sleep fails to prevent metabolic
dysregulation during a repeating pattern of insufficient sleep and weekend recovery sleep. Curr. Biol. 2019,
29,957-967. [CrossRef] [PubMed]

Akerstedt, T.; Ghilotti, F; Grotta, A.; Zhao, H.; Adami, H.-O.; Trolle-Lagerros, Y.; Bellocco, R. Sleep duration
and mortality—Does weekend sleep matter? J. Sleep Res. 2019, 28, e12712. [CrossRef]

Beauvalet, J.C.; Quiles, C.L.; de Oliveira, M.A.B.; llgenfritz, C.A.V.; Hidalgo, M.P.L.; Tonon, A.C. Social jetlag
in health and behavioral research: A systematic review. ChronoPhysiol. Ther. 2017, 7, 19-31. [CrossRef]
Gill, S.; Panda, S. A smartphone app reveals erratic diurnal eating patterns in humans that can be modulated
for health benefits. Cell Metab. 2015, 22, 789-798. [CrossRef]

Zerbini, G.; Merrow, M. Time to learn: How chronotype impacts education. PsyCh J. 2017, 6, 263-276.
[CrossRef]

Lévi, E. Circadian chronotherapy for human cancers. Lancet Oncol. 2001, 2, 307-315. [CrossRef]

Peeples, L. Medicine’s secret ingredient—It’s in the timing. Nature 2018, 556, 290-293. [CrossRef] [PubMed]
Selfridge, ].M.; Gotoh, T.; Schiffhauer, S.; Liu, J.; Stauffer, P.E.; Li, A.; Capelluto, D.G.S.; Finkielstein, C.V.
Chronotherapy: Intuitive, sound, founded ... but not broadly applied. Drugs 2016, 76, 1507-1521. [CrossRef]
Vetter, C.; Fischer, D.; Matera, J.L.; Roenneberg, T. Aligning work and circadian time in shift workers improves
sleep and reduces circadian disruption. Curr. Biol. CB 2015, 25, 907-911. [CrossRef] [PubMed]

Van der Vinne, V.; Zerbini, G.; Siersema, A ; Pieper, A.; Merrow, M.; Hut, R.A.; Roenneberg, T.; Kantermann, T.
Timing of examinations affects school performance differently in early and late chronotypes. J. Biol. Rhythms
2015, 30, 53-60. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/cen.13754
http://www.ncbi.nlm.nih.gov/pubmed/29846966
http://dx.doi.org/10.1080/07420520802257794
http://www.ncbi.nlm.nih.gov/pubmed/18622816
http://dx.doi.org/10.1080/07420528.2017.1299162
http://www.ncbi.nlm.nih.gov/pubmed/28318321
http://dx.doi.org/10.1016/j.cub.2019.01.069
http://www.ncbi.nlm.nih.gov/pubmed/30827911
http://dx.doi.org/10.1111/jsr.12712
http://dx.doi.org/10.2147/CPT.S108750
http://dx.doi.org/10.1016/j.cmet.2015.09.005
http://dx.doi.org/10.1002/pchj.178
http://dx.doi.org/10.1016/S1470-2045(00)00326-0
http://dx.doi.org/10.1038/d41586-018-04600-8
http://www.ncbi.nlm.nih.gov/pubmed/29666501
http://dx.doi.org/10.1007/s40265-016-0646-4
http://dx.doi.org/10.1016/j.cub.2015.01.064
http://www.ncbi.nlm.nih.gov/pubmed/25772446
http://dx.doi.org/10.1177/0748730414564786
http://www.ncbi.nlm.nih.gov/pubmed/25537752
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

