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SUMMARY

SUMMARY

Young adults appear at high risk for an erratic meal pattern, as their delayed circadian
phenotype (chronotype) potentially conflicts with social obligations. Consequently, they
may eat against their inner clock, which deteriorates glucose homeostasis. Due to
individual differences in chronotype, the circadian rhythm of glucose and hunger
homeostasis may vary. Thus, depending on daytime and glycemic index of a meal, this
could lead to differences in pronounced glucose dips (i.e. levels below baseline), which

may affect hunger sensations.

Thus, the overall aim of this thesis was to examine the relevance of chronotype for meal

timing, glycemic response, and hunger sensations among young university students.

This thesis covers three analyses based on data from the Chronotype and Nutrition
Study, which collected data on chronotype and meal timing among 18-25 year-old
students before and during the COVID-19 pandemic related lockdown (analysis I). From
this cohort, those with the earliest and latest chronotype participated in a subsequent
controlled cross-over nutrition trial. Participants consumed a high Gl meal (Gl=72) at 7
a.m. or 8 p.m., representing a misalignment for late and early chronotypes, respectively.
Glycemic response was measured using continuous glucose monitoring (analysis Il)
and subjective hunger was rated on a labelled magnitude satiety scale before each

snack/meal (analysis lll).

Analysis | (n= 317 cross-sectional, n= 156 prospective analysis) revealed that both a
later chronotype and a higher social jetlag were associated with an erratic meal pattern
(temporal differences in sleep/ meal timing between work- and work-free days),
suggesting a more erratic meal pattern, which diminished during the lockdown. In
analysis Il (n= 45), persons with an early chronotype showed the expected higher
glycemic responses to a high GI meal when consumed in the evening, while responses
were similar in late chronotypes suggesting misalignment to an early breakfast. A
secondary analysis of the nutritional trial (analysis Ill; n= 45) revealed more pronounced
glucose dips after medium Gl meals. Hunger increased throughout the day, irrespective
of chronotype, yet glucose dips did not predict subsequent subjective hunger among

both chronotype groups.

In conclusion, students, notably those with late chronotype, are vulnerable for a more

erratic meal pattern and for a deterioration in glucose homeostasis when eating against
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their inner clock. Whilst glucose dips may also occur among students, this study does

not confirm a relevance of glucose dips for subjective hunger.

Practical recommendations include maintaining consistent meal timings aligned with the
inner clock throughout the week. This could be promoted via flexible breaks for eating
occasions and more flexibility regarding external obligations, e.g. flexible university
schedules.

\
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Junge Erwachsene haben ein erhdhtes Risiko fir einen unregelmafigen
Essenrhythmus, da ihr zirkadian bedingter spater Phanotyp (Chronotyp) mit sozialen
Verpflichtungen kollidieren kann. Dadurch essen sie méglicherweise gegen ihre innere
Uhr, was die Glukosehomostase beeintrachtigen kann. Aufgrund individueller
Unterschiede im Chronotyp, kann der zirkadiane Rhythmus der Glukose- und
Hungerhomdostase variieren. Folglich kdnnte dies je nach Tageszeit und glykédmischen
Index (GI) einer Mahlzeit zu unterschiedlich ausgepragten Glukosedips (Glukosewerte

unterhalb eines Ausgangsniveaus) flihren, die das Hungergefihl beeinflussen kénnten.

Daher war es Ziel dieser Arbeit, die Relevanz des Chronotyps fur das Mahlzeitentiming,

die Glukoseantwort und das Hungergefiihl bei jungen Studierende zu untersuchen.

Diese Arbeit umfasst drei Analysen, die auf den Daten der Chronotype and Nutrition
basieren, welche Chronotyp und Mahlzeitentiming bei Studierenden im Alter von 18-25
Jahren vor und wahrend des COVID-19 bedingten Lockdowns erhoben hat (Analyse I).
Aus dieser Kohorte nahmen anschlielend jene mit dem frihesten und spéatesten
Chronotyp an einer kontrollierten cross-over Ernahrungsstudie teil, in der sie eine
Mahlzeit mit hohem GI um 7:00 Uhr oder 20:00 Uhr verzehrten, wodurch spéate bzw.
frihe Chronotypen gegen ihre innere Uhr essen. Die Glukoseantwort wurde mittels
kontinuierlicher Glukosemessung (Analyse Il) und das Hungergeflihl anhand einer

Sattigungsskala gemessen (Analyse lII).

In Analyse | (Querschnitts- und prospektive Analyse: n= 317 bzw. n= 156) waren ein
spaterer Chronotyp und ein hoherer sozialer Jetlag mit einem unregelmafligen
Mahlzeitentiming zwischen Arbeits- und arbeitsfreien Tagen assoziiert, das v.a. bei
Studierenden mit spaterem Chronotyp wahrend des Lockdowns abnahm. In Analyse Il
(n= 45) zeigten Studierende mit frihem Chronotyp abends die erwartete hdhere
Glukoseantwort auf eine Mahlzeit mit hohem GI, wahrend die Glukoseantworten bei
jenen mit spatem Chronotyp ahnlich waren. Dies weist darauf hin, dass sie das
Frihstick gegen ihre innere Uhr verzehrten. Eine Sekundaranalyse der
Erndhrungsstudie (Analyse lll; n= 45) ergab, dass Glukosedips nach Mahlzeiten mit
mittlerem Gl ausgepragter waren. Bei frGhen und spaten Chronotypen nahm das
Hungerfihl im Tagesverlauf zu; die Glukosedips waren jedoch nicht mit dem

Hungergeflhl assoziiert.

VI
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Zusammenfassend sind Studierende, v.a. jene mit spatem Chronotyp, anfallig flr einen
unregelmafigen Essensrhythmus sowie flr eine beeintrachtigte Glukoseantwort, wenn
sie gegen ihre innere Uhr essen. Obwohl Glukosedips auch bei Studierenden auftreten,

waren sie nicht relevant fur das Hungergefhl.

Im Alltag sollten Mahlzeiten am besten immer zu den gleichen Tageszeiten wahrend der
gesamten Woche und im Einklang mit der inneren Uhr verzehrt werden. Dies kdnnte
durch flexible Essenspausen und eine hoéhere Flexibilitat bei externen Verpflichtungen,

z.B. den universitaren Stundenplanen, ermdglicht werden.

VI
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INTRODUCTION

1. INTRODUCTION

The global increase of Type 2 Diabetes (T2D) and obesity prevalence is a major public
health concern [2,3], with a growing impact on younger adults [4-6]. Circadian
misalignment, i.e. living against the inner clock, has emerged as a novel risk factor [7,8],
particularly relevant for young adults due to their delayed circadian phenotype
(chronotype) [9]. Thus, social schedules, which changed during COVID-19 related
lockdown, may interfere with their late chronotype, potentially causing young adults to
eat against their inner clock [10], which adversely affects glucose metabolism [11,12].
Moreover, eating late in the evening — characteristic among persons with late chronotype
— conflicts with the diurnal deterioration of glucose tolerance [12,13] and may induce
circadian misalignment among those with early chronotype. Thus, evening consumption
of carbohydrates particularly with a high glycemic index (Gl), i.e., causing high blood

glucose levels, appears to be detrimental to glucose metabolism [14].

Furthermore, eating late in the evening coincides with the diurnal increase of hunger [15]
and may contribute to the rising prevalence of obesity observed between 20 and 30 years
of age [16]. Thus, factors affecting hunger are of particular interest, among which reactive
hypoglycemia (glucose levels below baseline) has recently been revived [17]. As both
hunger and glucose homeostasis are regulated by circadian rhythms [12,14,15,18],

these rhythms likely are likely to differ among individuals with early and late chronotype.

This thesis examines the relevance of chronotype for meal timing (before and during the
COVID-19- related lockdown), glycemic response when consuming a carbohydrate-rich
high Gl meal at socially scheduled daytimes, and subjective hunger among young and

healthy university students®. Due to the study population, the studies cited in this thesis

3 ChatgGPT was used to improve and check for language and readability of this thesis. ChatGPT
was not used for the original articles.
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primarily consider healthy adults unless otherwise stated. Given the cumulative nature
of this thesis, detailed descriptions of statistical analyses, results, and related
discussions are provided in the original articles (OA) in appendices B-D. A glossary of

chronobiology-related terms used in this thesis can be found in the appendix A.
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2. THEORETICAL BACKGROUND

2.1 Architecture and organization of the circadian system

The physiological processes of most organisms follow an endogenous rhythm [8]. This
is structured in self-sustaining cycles (periods) lasting approximately 24 hours and
termed “circadian” rhythm. The term derives from the Latin phrase “circa diem”, meaning
“about a day” [19]. Circadian rhythms are generated by a hierarchical, multi-oscillatory
network: the “central clock” (also termed central pacemaker/master clock) is located in
the suprachiasmatic nucleus (SNC) and synchronizes with peripheral clocks in other
brain areas and peripheral tissues of e.g. pancreas, liver, pineal gland, and muscle or
adipose tissue, Figure 1 [8,20]. The central clock comprises neurons in the SNC in the
hypothalamus and is synchronized (entrained) predominantly by light. When light enters
the eyes, photoreceptors in the retina transfer the signal to the neurons of the SCN and
changes the rhythm of their clock gene expression [19]. SCN neurons transmit this
rhythmic change through neurochemical transmitters to other areas of the brain, and
through the autonomic nervous system, hormonal signals, and/or modulation of body
temperature to other peripheral clocks [19,21]. All circadian clocks are thereby
synchronized to the natural diurnal light-dark cycle brought about by the Earth’s rotation
[20].

The central clock synchronizes the rhythms of peripheral clocks by a transcriptional-
translational negative feedback loop [22,23]. It involves the expression of transcription
factors coined “clock genes”, which initiate the expression of other clock genes. These,
in turn, inhibit their own expression by repressing their transcription factors. In
consequence, their gene products are degraded and a new transcriptional cycle is
initiated. In this way, the negative feedback loop generates a self-sustained rhythm of
the peripheral clocks, which repeats itself approximately every 24 hours, to maintain the

rhythm synchronized by the central clock, and thereby provides feedback to the central
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clock [24]. This complex circadian coordination is vital for optimal function of

physiological and metabolic processes, thereby maintaining metabolic health [25].

M synchronizing

peripheral clocks

@)

Figure 1: Architecture of the circadian system.

Light activates the central clock in the hypothalamic
suprachiasmatic nucleus (SCN) via the retina. The signal is
forwarded to peripheral clocks located in the cells of all tissues.
Modified from [1,8].

2.1.1. Circadian misalignment

Light, food consumption, and physical activity are considered time cues because they
set phases [1,8]. Phases are the “timing” of a rhythm relative to a minimum and maximum
of hormonal levels, within the circadian rhythms of both the central and peripheral clocks,
thus entrain (i.e. synchronize) the circadian system, Figure 2. Based on the light-dark
cycle, the central clock structures the circadian rhythm into day and night phases through
the secretion of melatonin, i.e. low/ high levels induce the circadian day/ night,
respectively. Thus, wakefulness, food consumption, and all activities are scheduled to
the circadian day, while sleep, fasting, and resting occur mainly during the circadian night

— a rhythm to which peripheral clocks are synchronized.
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However, the rhythms between the central and peripheral clocks get out of
synchronization when environmental and/or behavioral cycles change, which is termed
circadian misalignment [8]. This is typical for travel associated jetlag, when the central
clock is not yet aligned to the environmental light-dark cycle of the new time zone [26].
While melatonin levels remain high during the environmental day and signal the circadian
night, they are low during the environmental night signaling the circadian day [8].
Roenneberg assumes that it takes the circadian system about 1 day for each time zone,

i.e. 1 hour, to adjust with the new environmental light-dark rhythm [26].

Period

Circadian rhythm (e.g. melatonin)

4p'm 12am. 8am. 4pm. 12am. 8am. 4pm.
Time of the day

Figure 2: Structure of circadian rhythm.

A diurnal rhythm has a cycle length (period) of approximately
~24 hours, after which it repeats itself. A period is structured
in phases, which is the time relative to a minimum or
maximum. Modified from [1].

Peripheral clock rhythms are less robust compared to the central clock. Hence, when
consuming food during the circadian night it only synchronizes the peripheral clocks
without affecting the central clock [20]. This leads to phase-shift of the peripheral clocks
so that they anticipate food intake at the newly set mealtime [27], whereas the central
clock remains synchronized to the circadian day-night rhythm [8,20,28]. It is

hypothesized that the central clock rhythm may not realign the rhythm of the peripheral
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clocks set by food intake, nor does it realign the rhythm of the peripheral clocks [19,29].

However, the underlying mechanisms still need to be fully understood.

2.1.2. Markers of the circadian rhythm

Melatonin, cortisol, and core body temperature are regulated by the central clock, thus
act as internal time cues as they distribute signals of the central clock to peripheral
tissues, thereby synchronizing the peripheral clocks [7,20]. Therefore, they are used as
circadian phase markers in research. Melatonin is the most reliable phase marker due
to its robust circadian rhythm to behavioral influences, such as sleep, activity, and stress
that affect core body temperature and cortisol levels, hence mask their circadian rhythm
[7,30]. As this thesis focuses rather on melatonin, cortisol and core body temperature
will not be reviewed. Under dim light (< 50 lux), the SCN activates the secretion of
melatonin from the pineal gland, i.e. 1-2 hours before habitual sleep onset, while bright
light stops the secretion [30,31]. Melatonin peaks in the first half of the sleep phase ~3-

4 a.m., diminishes to baseline levels at dawn, and remains low during the circadian day.

In summary, the circadian system is a complex network of peripheral clocks that follow
circadian rhythms regulated through the central clock. These clocks are sensitive to
environmental and behavioral changes, potentially inducing circadian misalignment,
which has emerged as risk factor for diabetes mellitus, obesity, metabolic syndrome, and

cardiovascular diseases in the past decade [25].

2.2 Methods to estimate the circadian phenotype
Although light is the main time cue for circadian rhythms, individuals entrain differently
to the same environmental light-dark cycle [26]. Thus, some individuals exhibit a more

advanced or delayed diurnal rhythm in relation to the local time, resulting in different
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circadian phenotypes, i.e. chronotypes, ranging from early chronotypes, so called “larks”,
to intermediate types, and late chronotypes, so called “larks” [32]. Individual differences
in the diurnal rhythm are reflected by temporal difference in melatonin onset, hence, Dim-
Light Melatonin Onset (DLMO) is the most reliable method to assess chronotype [33].
Other methods include accelerometer [34], and questionnaires [35]. DLMO is examined
by frequent measures of melatonin levels in blood or saliva under dim-light conditions (<
50 lux) 1-2 hours before habitual sleep onset [31]. As DLMO is laborious and expensive,
questionnaires validated to correlate with DLMO were developed for estimating

chronotype in epidemiologic settings [35].

Yet, the Munich Chronotype Questionnaire (MCTQ) [9], Horne-Ostberg Morningness-
Eveningness Questionnaire (MEQ) [36], and Composite Scale of Morningness (CSM)
[37] are most commonly used [35]. The MEQ, and CSM reflect the individuals’
psychological preferences in diurnal rhythms related to behavior, such as the daytime
preferences for sleep/wake [38]. The questions are answered along scales of degree,
and based on the cumulative score of all questions, individuals are categorized as
morning, intermediate, or evening persons.

In contrast, the MCTQ queries the actual sleep and wake times to estimate midpoint of
sleep (MSF) separately for work- and work-free days [9]. However, persons may adapt
their sleep and wake time based on their environment, e.g. by school or work, but may
have similar behavioral preferences on how to act on ideal circumstances, e.g. during
work-free days [38]. Therefore, the MCTQ corrects the MSF for sleep deficit (MSFsc) —
usually accumulated during workdays and compensated by sleeping-in on work-free
days [26]. The distribution of chronotype according to their habitual sleep-onset and
wake-up timing is illustrated in Figure 3 based on the MCTQ database.
Morningness/eveningness will subsequently be referred to in this thesis as early/ late

chronotype, respectively.
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Figure 3: Distribution of chronotype based on the MCTQ database. The chronotype is defined as midpoint
of sleep (MSFsc) on work- and workfree days corrected for sleep depth. Modified from [26].

2.2.1. Determinants affecting chronotype

Roenneberg [26] suggests that chronotype is a biological construct as it is influenced by
genetics, age, and sex. Genome-wide association studies have identified gene loci
associated with chronotype and genetic variants located close to clock genes, which are
assumed to be responsible for the inter-individual differences in chronotype [26,39—43].
Moreover, chronotype-associated gene loci correlate with sleep timing, e.g. individuals
carrying a high number of morningness related gene loci show earlier sleep timing than
those carrying less of these variants [40]. Chronotype also changes in individuals during
lifetime: At childhood, individuals have an early chronotype with becoming progressively
later during adolescence reaching their biologically latest chronotype at the age of 20
years [44]. From then forward, individuals become progressively earlier chronotypes
again. Moreover, chronotype differs by sex [44,45] due to differences in the intrinsic

circadian period [46]. Young women experience their biological latest chronotype earlier
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than men (at 20 vs. 21 years, respectively). However, men tend to have later chronotype
until the age of 50 years, after which differences in chronotype between men and women
decrease with age.

However, chronotype is also affected by environmental light [47]. In contrast to artificial
light, daylight has a stronger synchronizing effect, owing to differences in light intensities
(indoor light < 400 lux vs. mid-daytime light outdoors >10.000 lux). Consequently, greater
exposure to outdoor light, and less artificial light advances DLMO, while higher exposure
to artificial light and spending most time indoors delays DLMO [48]. Thus, the distribution
of early and late chronotypes varies between rural areas and larger cities within the same
time zone [47,49]. Moreover, it was observed that increasing exposure to outdoor light
in the morning and reducing light exposure in the evening for four weeks advanced

DLMO and MSF<. by 2 hours [50].

2.2.2. The conflict between the circadian and social clock

Social obligations, such as school or university schedules, conflict with an individual’s
chronotype, i.e. when an alarm clock is needed to wake up at a given time [9]. Sleep
onset typically remains aligned with chronotype, resulting in sleep depth accumulating
during workdays and being compensated for by sleeping-in on work-free days, when
individuals are presumably able to live aligned with their inner clock. The temporal
difference in the MSF between work- and work-free days is termed social jetlag,
indicating circadian misalignment akin to the travel associated jetlag (see 2.1.1) [51].
Young adults (18-25 years old) are most vulnerable to social jetlag due to their
biologically latest chronotype conflicting with early school/university starting times. Social
commitments, such as late lectures at university, may also cause those young adults
with early chronotype to stay up later than they prefer to. The high vulnerability to social

jetlag is concerning as it is linked to increased body mass index (BMI) [562,53], waist
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circumference, glycated hemoglobin (HbA1c) [53], insulin resistance [54], and a two-fold

increased risk of both pre-diabetes and T2D [55].

Taken together, the chronotype differs between individuals due to various determinants,
and is biologically most delayed among young adults, which may conflict with social
schedules. This may result in a more pronounced social jetlag, which is associated with

adverse metabolic outcomes.

2.3 Meal timing by chronotype

Considering that differences in sleep-wake timing are most pronounced between
individuals with early and late chronotypes (see Figure 3), it can be assumed that those
with early chronotype also consume their first and last eating occasions at earlier
daytimes compared to those with late chronotype. Moreover, their high vulnerability to
social jetlag (see 2.2.2) may also affect their preferred meal timing. Thus, this chapter
focuses on the timing of early and late eating occasions and potential misalignment

among persons with early and late chronotype (for overview see Table 1).

Among 19-year-old students, those consuming breakfast regularly and earlier in the
morning (< 7 a.m.) were more likely persons with an early chronotype, while those who
either skipped breakfast or consumed it later (>8:00 a.m.) were late chronotypes [56].
Another study among 3.304 students at similar age reported that those in the earliest
chronotype quintile were more likely to consume breakfast daily and at earlier daytimes
than students in the late quintile (6:35 a.m. vs. 9:19 a.m. (Q1 vs. Q5)) [57]. Moreover,
students with late chronotype had dinner at later daytimes than those with early
chronotype, whilst another study reported similar dinner timing [58]. Notably, late
chronotype was associated with later dinner timing among students who skipped

breakfast >5 times/week in that study. A recently published study among 42-year-old
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adults also observed that late chronotypes engaged in late-night snacking more
frequently than early chronotypes (3 vs. 2 times/week) [59]. This observation is
supported by Yang and Tucker, who noticed a much higher snacking frequency after

dinner (5 times/week) among 28 year old adults [60].

As hypothesized, meal timing differs between work- and work-free days. Middle-aged
men consumed their first meal >1 hour later on work-free days, which was more
pronounced among those with early compared to late chronotypes [61]. In contrast,
studies among 20-year-old students observed a more pronounced delay of the first and,
to a lesser extent, last eating occasion among those with later chronotype on work-free
days [10,62]. Additionally, higher eating jetlag, i.e., difference in the eating midpoint
between work- and work-free days, was associated with later chronotype and greater

social jetlag [10].

2.4 Meal timing and associated metabolic risks

The studies mentioned above suggest that individuals with late chronotype tend to have
eating patterns associated with adverse metabolic outcomes. Firstly, they more
frequently skip breakfast, linked to an increased risk for T2D and obesity [63-66], while
late-night eating is associated with similar risks [67,68]. Given that these eating patterns
are commonly observed among late chronotypes (see Table 1), it is plausible that they
exhibit higher fasting blood glucose levels, HbA1c, and a higher risk for T2D compared
to earlier chronotypes according to a meta-analysis of 37 cross-sectional studies [69].
Secondly, young students, notably those with late chronotype, tend to shift their
breakfast to earlier times in the morning on workdays [10,62]. Eating shortly before or
after the circadian sleep phase (e.g. late dinner among early chronotypes or early
breakfast among late chronotypes) may entail metabolic consequences such as an

increased risk of being overweight [10,70-72], elevated blood pressure, and decreased
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insulin sensitivity [73,74], and having T2D [75], Thirdly, an early breakfast and late
dinner/ snacking extend the eating duration, thereby reducing the fasting duration
[10,76], presenting another metabolic burden. A prolonged eating duration (e.g. beyond
12 hours) was associated with obesity [76—78], likely due to a higher calorie intake
throughout the day [79,80]. Furthermore, gluconeogenesis is stimulated beyond the
eating duration, which decreases glycogen synthesis and promotes the use of glycogen
instead of fat stores [28,81]. Additionally, a short fasting period reduces autophagy,
which is important to enhance B-cell function. Therefore, prolonged eating duration
elevates fasting and postprandial levels of both glucose and insulin, thereby increasing

the risk of T2D.

In summary, persons with early and late chronotype differ in their meal timing in addition
to sleep-wake rhythm. Moreover, those with late chronotype are vulnerable for eating
patterns detrimental to metabolic health, such as eating against the inner clock on

workdays, leading to eating jetlag.
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2.5 Impact of the COVID-19 pandemic related lockdown on the
individual’s sleep and meal pattern

In early 2020, the sudden global outbreak of the COVID-19 pandemic caused many
countries to implement restrictive measures e.g. closing educational institutions,
restaurants, and prohibiting social gatherings during subsequent lockdown period(s)
[82]. Some countries, such as France, imposed complete home confinement, allowing
individuals to leave their house only for necessary activities like medical appointments
or grocery shopping. Consequently, individuals relocated their work/ studies, and leisure
activities to their homes [83]. The subsequent studies illustrate how this affected daily

eating and sleeping patterns.

In fact, the COVID-19 related restrictions have enabled individuals to align their daily
activities to their circadian rhythm on both work- and work-free days [82,84,85], resulting
in reduced social jetlag [85,86]. This positive change was most pronounced among
young adults [87,88] with late chronotype [85,86]. This was also observed among
university students due to the closure of universities, leading to online lectures and
seminars [82,89], which lasted in Germany during both summer and winter term
2020/2021 [90]. This resulted in students consuming breakfast and dinner at later
daytimes, with breakfast being most delayed by ~1 hour [91]. Additionally, students
appeared to have more time to consume breakfast more regularly [91-93], as lack of
time is the main driver for breakfast skipping among young adults [93,94]. Moreover,
meal timings may have become more regular because social commitments that
influenced preferred eating times (e.g. late dinner with friends) [62] were prohibited [82],
potentially contributing to reduced eating jetlag, see Figure 4.

To date, only one study examined meal timing on work- and work-free days before and
during the lockdown and reported fairly constant mealtimes, resulting in comparable

eating jetlag among 47-year-old participants [95]. Yet, most studies have reported
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changes in dietary patterns, such as higher daily energy intake [96], driven by an
increased snacking frequency [97,98], particularly of high energy-dense snacks [96,97],

and sweets during COVID-19 related lockdown period [98].

Taken together, university students had reduced social jetlag, yet it remains to be
determined whether they also aligned their meal timings with their inner clock, potentially

resulting in in decreased eating jetlag during COVID-19 related lockdown.

D
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O) j 3
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Figure 4: Impact of the COVID-19 related lockdown on the sleep- and eating rhythm among students.
Before the lockdown, social obligations caused young students to live against their inner clock, resulting in
social and eating jetlag [10,26]. During the lockdown, imposed restrictive measurements, e.g., closing
universities and prohibition of social gatherings, may have enabled students to align daily schedules with

their inner clock, thereby reducing social jetlag and presumably eating jetlag [82,84]. Figure owned by Bianca
Stutz.
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2.6 Temporal regulation of glucose homeostasis

Circadian rhythms of both glucose and insulin levels are well established [99,100].
Glucose tolerance decreases throughout the circadian day, driven by the circadian
regulated decrease of insulin sensitivity and B-cell responsiveness to glucose, as
reviewed in detail by Mason and Stenvers [8,21]. This results in a higher glucose
response to a meal consumed in the circadian evening compared to the identical meal

in the circadian morning [12,101], which is consistent with the diurnal differences
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reported by meta-analyses of randomized controlled trials [102,103]. The underlying
mechanisms of diurnal differences in glucose tolerance are crucial as chronically high
glucose levels can lead to T2D [104,105]. High glucose levels may arise from reduced
insulin sensitivity, for which overweight or obesity combined with high adipose fat mass
are common risk factors, leading to compensatory hyperinsulinemia. Over time,
pancreatic B-cells may be unable to compensate adequately for high glucose levels,

leading to insufficient insulin secretion, and thus T2D [106].

Among discussed mechanisms, circadian regulated melatonin secretion may contribute
to the diurnal decrease in glucose tolerance. Garaulet hypothesizes that the concurrence
of high melatonin levels and food consumption, i.e. close to or during the circadian night,
leads to postprandial high glucose levels [107]. This hypothesis is supported by the
observation that bright light exposure during dinner resulted in lower melatonin levels
and lower postprandial glucose levels compared to dim light exposure [108]. It is
suggested that melatonin inhibits glucose-stimulated insulin secretion through binding to
melatonin-receptors in the pancreatic B-cells [107,109]. However, observations on
unaffected insulin levels irrespective of circulating melatonin levels argues against this
pathway [108,110]. Thus, another underlying mechanism may be the decrease in

peripheral insulin sensitivity induced by melatonin [110-112].

Other hormones potentially contributing to the diurnal rhythm of glucose tolerance are
the incretins glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic
polypeptide (GIP), as these decrease throughout the day [113,114]. The proposed
interrelation between these incretins and glucose homeostasis stems from the
observation that incretin and insulin levels were lower, whilst glucose levels were higher,
following the consumption of an identical meal in the late afternoon compared to the

morning [115]. Both incretins are postprandially secreted by the small intestine and affect
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glucose homeostasis by inhibiting glucagon secretion and stimulating insulin secretion
of pancreatic a- and f3-cells, respectively [116].

Gil-Lozano suggests that the diurnal rhythm of GLP-1 and GIP secretion may be also
regulated by melatonin [110]. In their study, they observed higher postprandial GLP-1
and insulin levels when melatonin levels were lower at night, induced by bright light
exposure, than when melatonin levels were higher in response to dim light exposure.
However, as glucose levels were high under both light exposures, the authors support

the above-mentioned mechanism of melatonin decreasing peripheral insulin sensitivity.

Corresponding to glucose tolerance, insulin sensitivity of muscles and subcutaneous
(but not visceral) adipose tissue decreases throughout the day [1]. Zhao assumes that
impaired translocation of the insulin-stimulated glucose transporter (GLUT 4) to the cell
surface may reduce glucose clearance at later daytimes [117], noting higher insulin-
independent glucose uptake in the morning compared to evening [118]. Furthermore,
Stenvers [21] and Poggiogalle [1] discuss the impact of cortisol on circadian glucose and
insulin rhythm, as cortisol reduces insulin signaling and secretion. However, Morris
questions the impact as they observed that the circadian rhythm of cortisol was inverse

to that of glucose [12].

Taken together, glucose homeostasis displays a circadian rhythm, which is potentially
affected by circadian-regulated melatonin. This raises the question whether the diurnal
rhythm of glucose homeostasis differs among persons with early and late chronotype

due to their individual melatonin rhythm.
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2.1.1. The impact of carbohydrate quality and content on
glycemic response

In line with the diurnal deterioration of glucose homeostasis as mentioned above, a
higher glucose response following a high carbohydrate load in the evening compared to
the morning as observed among healthy persons seems plausible [119]. These findings
are underlined by a recent meta-analysis of eight intervention studies [103]. However, it
is worth mentioning that both carbohydrate content and quality are relevant factors in
predicting glucose and insulin response [120,121].

Carbohydrate quality is characterized by the glycemic index (Gl), i.e., the glycemic
potency to raise blood glucose levels [120,121]. The Gl is determined using standardized
procedure [122]. In brief, the Gl is determined as the 2-hour postprandial glucose
response, i.e., the incremental area under the curve (iIAUC) ignoring glucose levels
beyond baseline levels, to a food item consisting of 50 g available (digestible)
carbohydrates in relation to 50 g glucose, which is defined by a Gl of 100. Non-digestible
carbohydrates, e.g. fiber, sugar alcohols, or inulin, are not digested or absorbed in the
small intestine. The GI reflects the glycemic potency per gram carbohydrates,
irrespective of the consumed amount. According to the ISO standard, the Gl is defined
as low (= 55), medium (<70), and high (= 70) and depends on various factors, such as
ratio of starch to sugar, food structure (e.g. solid or liquid), and — to some extent — dietary
fiber [123,124]. Food processing, such as refinement of grains, is another influencing
factor, hence, the Gl of processed foods, such as cereals and cereal products, can vary
widely, ranging from high to medium and low. Legumes, fruits, dairy products, and pasta
are consistently reported as low Gl foods.

Furthermore, the concept of glycemic load (GL) was developed to account for both the
quality and quantity of carbohydrates consumed [120,123]. The GL is crucial in
determining the dietary Gl of meals [125] and is calculated as the sum of Gl values of

each food divided by the sum of their available carbohydrates*100 [123]. The dietary Gl,
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in contrast to the food’s Gl, is categorized as low (< 45), medium (< 60), and high (= 60)
[126]. As diets high in Gl or GL increase glycemia, they are strongly considered as causal
factors contributing to the incidence of T2D, hence, foods low in Gl and GL are preferable

[127].

2.1.1.1. Diurnal differences in glycemic and insulin response
according to meal Gl and GL

Consequently, given the diurnal decline in glucose homeostasis (see 2.1.1) large
amounts of carbohydrates particularly with a high Gl may need to be avoided in the
evening. Gibbs [128], Haldar [129], Leung [13], and Morgan [14] investigated diurnal
differences in glycemic and insulin responses to high or low Gl meal consumption among
healthy individuals, see Table 2. All authors observed a higher glucose response in the
evening compared to the morning after both high and low Gl meals. Gibbs observed
more pronounced glucose peaks in the evening compared to morning after high Gl meal
consumption [128]. Additionally, Morgan reported that the diurnal difference in glucose
response were enhanced by a high GL [14]. The findings on insulin response are less
consistent. Morgan observed similar insulin levels in response to a meal consisting of
both high Gl and GL in the morning and evening [14], supported by the findings of Gibbs
[128]. In contrast, Haldar noted higher insulin response in the evening compared to
morning, irrespective of high or low Gl [129]. Leung, who only served low Gl meals,
reported that insulin levels were higher in the evening compared to morning but similar
after meal consumption in the evening and at midnight [13]. Low Gl meals also caused

delayed insulin peak both in the evening and at midnight night but not in the morning.

In summary, diurnal deterioration of glucose response is enhanced by a meal with both

high Gl and GL. The diurnal differences in insulin response seem unrelated to meal GI.
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2.1.1.2. Impact of Gl on reactive hypoglycemia and hunger

Foods with high Gl rapidly increase blood glucose levels, which then decline steeply, as
the rapid blood glucose rise induces hyperinsulinemia and suppresses glucagon
secretion [130]. As this physiological state maintains, even though glucose has already
been absorbed, blood glucose levels fall rapidly even beyond baseline levels within 2-
hours after food consumption, a condition termed “reactive hypoglycemia”, see Figure
5. According to the “glucostatic theory”, low glucose levels signal biological lack of
energy, which is enhanced by both suppressed gluconeogenesis and lipolysis [131—
134]. This induces the secretion of counter-regulatory hormones, which stimulate the
feeling of hunger and promote food intake. Consequently, consumption of high Gl foods
can lead to higher daily energy intake, thereby increasing the risk for overweight, as

reviewed [132,134].

w===| OW Gl food
HIGH Gl food

Blood glucose levels

Baseline

t 1:00 2:00

) Time (hours)
Food consumpticn

Figure 5: Consumption of high Gl foods can cause reactive hypoglycemia. Compared to
foods with low GI (< 55), food items with high Gl (= 70) [126] cause a steep increase of blood
glucose levels inducing hyperinsulinemia and suppression of glucagon secretion [130]. As this
maintains although glucose has already been absorbed, glucose levels decrease rapidly and
can fall beyond baseline levels, termed “reactive hypoglycemia”. Modified from University of
Sydney [135].

The glucostatic theory is, however, controversially discussed because results from

subsequent studies have not consistently support this theory [136—139]. Lately, Mayer’'s
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theory regained interest, when the impact of glucose on hunger was investigated among
1.070 healthy participants of the PREDICT study [17]. Among different glucose
parameters examined, only glucose dips occurring 2-3 hours after breakfast were
associated with subjective hunger feeling and subsequent food intake. The researchers
further report that the associations were most pronounced after the consumption of an
oral glucose tolerance test solution, that is defined by a Gl of 100. In contrast, a meta-
analysis of nine randomized cross-over studies reported no differences between high
and low Gl meals consumed for breakfast on subsequent energy intake [140]. Thus, the

impact of the Gl as predictor of subjective hunger still remains controversial [141-143].

In summary, high Gl meals were observed to predict subjective hunger by inducing
glucose dips. Considering the reviewed literature of chapter 2.6, the daytime when
consuming a high Gl meal may lead to diurnal differences in reactive hypoglycemia,
potentially also in subjective hunger, due to the diurnal deterioration of glucose
metabolism. Yet, the diurnal effect of high Gl meal consumption on subjective hunger

and glucose response has not been investigated by chronotype.

2.7 Temporal regulation of hunger and related hormones

Given the fact that glucose metabolism affects subjective hunger as mentioned above,
the metabolic control of hunger appears crucial for regulating food consumption, and,
consequently, preventing obesity [144]. As this thesis focuses on subjective hunger, it
has to be differentiated from appetite, as often used synonymously. While hunger signals
energy status, appetite is a psychological stimulus occurring irrespective of energy status
[145]. Appetite is the desire to eat certain food and describes the sensory sensation for
food attributes, e.g. sweet or salty [146]. This chapter will briefly address hunger

regulation, and focus on the diurnal variation of hunger, which may differ by chronotype.
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2.1.2. Physiological regulation of hunger

From a physiological point of view, hunger is the homeostatic drive to eat [144]. It signals
lack of energy, indicated by e.g. an empty stomach, to the regulatory centers of energy
intake in the hypothalamus [7,24,147]. This signal is reinforced by ghrelin secreted in the
stomach and metabolic signals, such as low blood glucose levels, which contribute to
the stimulation of hunger and initiate the eating process by stimulating neurons in the
hypothalamus [147]. During the eating process, satiation increases by both physical
distension of the stomach and blood osmotic load, which induces meal termination.
Satiety (fullness) finally stops the eating process and is regulated by the gut hormones,
such as GLP-1. These gut hormones also activate neurons in the hypothalamus, which
induce satiety through of further hormonal signals. Insulin, leptin, GLP-1, glucose, and
amino acids regulate the post-absorptive phase of long-term satiety [24,147]. This cycle

is termed satiety cascade [145].

2.1.3. Temporal rhythm of hunger and related hormones

A circadian rhythm of subjective hunger is well established among healthy individuals,
as it increases throughout the day and decreases during the night irrespective of food
intake [7,15,18,27]. Thus, a circadian regulation of hunger related hormones is discussed
as the underlying mechanisms. Among these, a diurnal increase of ghrelin levels that
has been observed throughout the day and a decrease during the night, Table 3, [148].
Moreover, postprandial ghrelin levels were higher in response to identical meals
consumed in the circadian evening than morning [149,150]. The circadian regulation of
ghrelin is emphasized by the observation that ghrelin-responsive neurons in the brain
receive direct synaptic signals from the central clock [24]. There are conflicting reports
regarding circadian regulation of leptin. While Shea observed a circadian peak at 7 a.m.

and trough at 3 p.m. [100], Rynders did not observe circadian differences although both
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studies used a constant routine protocol [148]. Thus, it is assumed that leptin secretion
may be affected by sleep-wake/ eating-fasting rather than in a circadian manner
[148,149]. Regarding satiety hormone peptide YY, a decrease across circadian daytime
and increase across circadian night was observed [148]. While evidence for a circadian
rhythm of GLP-1 is lacking [7], a decrease of GLP-1 levels throughout the day was
described previously (see 2.6).

Furthermore, subjective hunger and related hormones show rhythmic patterns in
anticipation of food at expected daytimes [137,151], a behavioral cycle driven by

peripheral clocks in the brain that are regulated by the central clock [23,24].

Table 3: Diurnal differences of subjective hunger and related hormone levels.

Subjective hunger and related

hormones Morning Evening
Subjective hunger l 1
Ghrelin 1 1
Leptin ! i
Peptide YY 1 l
GLP 1 1 !

Abbreviations: GLP-1, Glucagon-like-peptide.
1: high levels; |: low levels

2.5.2.1 Diurnal rhythm of hunger by chronotype

Given the circadian regulation of hunger and related hormones (2.1.3) and differences
in meal timing (2.3), subjective hunger may vary across the day by chronotype. Persons
with late chronotype may experience greater hunger at later daytimes, as they consume
main daily calories later in the day compared to early chronotypes [152].

To date, three studies have examined the relationship between chronotype and hunger
by daytime with all performed in a young study population aged 18-25 years, Table 4
[1563—155]. In the cross-sectional study of Young, a later chronotype was associated with

increased subjective hunger in the evening while earlier chronotype was related with
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higher hunger in the morning [154]. In intervention studies, i) hunger was examined
before and after wakefulness for one night [155], and ii) fullness to test meal in the
morning and late afternoon [153]. In the study of Beaulieu, participants with early and
late chronotype consumed a standardized meal between 8-10 a.m. or 4-6 p.m. [153]
Perceived fullness to test meal was higher among early than late chronotype but
independent of meal timing. Reiter compared hunger and snack intake before and after
one night of complete wakefulness among early and late chronotypes [155]. There was
no association between chronotype and hunger or snack consumption nor an interaction

between chronotype and these outcomes.

In summary, the circadian rhythm of hunger seems unrelated to chronotype. However,
subjective hunger may differ in response to a meal consumed in the morning or evening
among persons with early or late chronotype considering that glucose homeostasis,
which affects subjective hunger (see 2.1.1.2), is circadian regulated. For instance, those
with early chronotype may have higher glucose tolerance in the morning, leading to fast

decline in glucose levels even below baseline, hence increases hunger
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2.8 Methodological approaches to examine circadian rhythms
As outlined in 2.1.1, external (environmental (light/dark) and behavioral (sleep-wake,
eating/fasting)) cycles affect circadian rhythm, hence, they must be tightly controlled to
measure their impact on the circadian rhythms of biological and psychological
parameters [1,7,8]. Thus, the following study protocols were developed and are referred
to in chapters 2.9 and 2.10. Owing their robust rhythm, circadian markers (see 2.1.2) are

measured simultaneously to interpret the circadian rhythm on studied parameters.

The circadian alignment/misalignment protocol and forced desynchrony (FD)
protocol both shift external cycles thereby investigating their impact on circadian phases
of studied parameters, Figure 6a) and b), respectively [1]. In the circadian
alignment/misalignment protocol, external cycles are first aligned with the diurnal
rhythm and then abruptly shifted by 12 hours, so participants sleep during the daytime
and are awake during the nighttime, Figure 6a) i+ii). This enables to measure the
relative impact of the circadian system versus external cycles. During the FD protocol,
participants stay in dim light (~2 lux) during the wake phase. The external cycles are
shifted across a recurrent advanced (< 24 hours) or delayed (> 24 hours) circadian “day”,
while maintaining a 1:2 sleep-wakefulness ratio in terms of time [1,8]. As the circadian
system cannot synchronize to these short/ long “days” in dim light conditions, it follows
its endogenous rhythm. This separates the impact of the circadian system from
environmental and behavioral effects on the investigated parameters, allowing to
measure the parameters’ response to the impact of external cycles across all circadian
phases [8]. In contrast to the FD protocol, the circadian alignment/misalignment
protocol maintains a 24-hour period and wakefulness occurs under varied light
conditions (90-450 lux) [1]. Of note, both protocols allow to study the impact of
environmental and behavioral cycles when misaligned but also when aligned to the

endogenous circadian rhythm [1,8].
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The impact of external cycles can also be assessed by comparing levels of biological
and psychological parameters during a constant routine protocol before and after
circadian misalignment [156]. The constant routine protocol assesses the contribution
of the circadian system on the diurnal rhythm of biological and psychological parameters
as it eliminates, holds constant, or equally distributes all external factors over at least
one circadian cycle (= 24-hour) [7], Figure 6 c¢).To this end, participants stay consistently
awake for = 24 hours in a semi-recumbent position under constant dim light (< 8 lux),
and thermoneutral ambient temperature [1,7]. Energy intake is maintained through
hourly isocaloric snacks or continuous infusion. Under these conditions, it is considered
that the rhythm of a parameter is exclusively generated by the endogenous circadian

system [1].
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a) i) Circadian alignment protocol
450

Lightidark (TSR co 'ux [~ ] 90 lux ]
Sleep/wake Wakefullnes J
J
J

Eating/fasting | [BF ] (S] [ D]
Rest/activity | Constant body posture
1 L i i I 1 1 [
Clock time (hours) 5 3 % E TE 19 53

a) ii) Circadianmisalignment protocol

Light/dark | 90 lux 0 lux
Sleep/wake | Wakefullnes Daytime sleep
Eating/fasting [ [S] [D ] [(BF] )
Rest/activity | Constant body posture ]

Clock time (hours) '23 3 7 11 15 19 23

b) Forced Desynchrony Protocol

» Combination of light/dark, sleep/wake, rest/activity, and feeding/fasting cycles

Day 1 (T (57 [L ] [D | 5]
bay2 (T (57 ] [T ]

Day3 | (s]
Day 4 | (D ] [S]
Day5 | [L ] (D ] =

pay6 [ TBF] [ [D |
Day 7 (N 7] [
Y .. __as

Clock time (hours) '23 3 7 1'1

c) Constantroutine protocol

Light/dark

Sleep/wake | Constant wakefulness ]
Eating/fasting | Every 1-2 hours: isocaloric snacks or continous glucose infusion ]
Rest/activity | Constant body posture ]
Clock time (hours) 1 1 1 1 1 L1 1 L é

~

S5 95 1§ 23 3 R T

Figure 6: Study protocols to determine circadian rhythms of physiological and psychological
parameters in humans. a) Constant routine protocol is used to measure the circadian contribution on the
rhythm of parameters when environmental and behavioral cycles are kept constant, while the circadian
alignment/ misalignment protocols, and the Forced Desynchrony Protocol (b i) + b) ii), c), respectively) shift
theses cycles to examine the effects of environmental and behavioral cycles on circadian rhythms. Adapted
from [1]. Abbreviations: BF, breakfast, L, lunch, D, dinner, S, snack.
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2.9 Impact of circadian misalignment on glucose and insulin
metabolism

Given the fact that young adults tend to live against their inner clock [10,26], they are
exposed to a high risk for adverse glucose homeostasis [53,157] and T2D [55].
Therefore, this chapter focuses on the impact circadian misalignment on both glucose
and insulin metabolism, which was investigated with the use of the protocols mentioned
above (see 2.8). Two of the studies reviewed [158,159] have been included in a recent

meta-analysis, which, however, only focused on insulin sensitivity as outcome [160].

To date, mainly Scheer’s research group has focused on circadian misalignment among
young (~27 years-old), healthy participants using the FD [11,156] or the circadian
alignment/ circadian misalignment protocol (see 2.8) [12,159], Table 5. Except for their
first study, the same test meals were served, and participants consumed the food items
from high to low Gl within these meals [12,156,159].

In their first study, Scheer examined the effects when progressively shifting behavioral
rhythms through all circadian phases using a 28-hour FD protocol. Compared to
circadian alignment, postprandial and 24-hour levels of glucose and insulin were higher
in response to misalignment (fourth day when sleep and meal timing was shifted by 12
hours). In a subsequent study, they aimed to investigate the impacts of circadian phases
(circadian morning vs. evening) and of circadian misalignment separately on glucose
tolerance [12]. Thus, they used the circadian alignment/ misalignment protocol in a cross-
over design. Compared to circadian alignment, postprandial (average of two identical
meals consumed at 7 a.m. and 7 p.m.) glucose peak and area under the curve (AUC)
were higher in response to circadian misalignment. Moreover, compared to circadian
alignment, both AUC and secretion rate of late-phase insulin (30-120 min. after meal
consumption) were postprandially higher as well as both 24-hour glucose and insulin

AUC in the misalignment condition. Based on the same study, Qian (2018) found B-cell
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function was unaffected — indicative of early-phase insulin secretion — and insulin
sensitivity reduced — indicative of higher late-phase insulin levels.

Based on these findings, i.e., circadian misalignment deteriorates glucose and insulin
metabolism, the researchers aimed to examine whether it is preferable to avoid eating
during the circadian night even when being awake and restrict eating to the circadian
day when sleeping [156]. Thus, a 28-hour FD protocol was combined with an inversed
sleep-wake-rhythm. Indeed, restricting food consumption to the circadian day (for which
participants were awakened while sleeping) did not affect postprandial and 28-hour
levels of glucose and insulin. However, food consumption during the circadian night and
fasting during the circadian day caused higher glucose and lower early-phase insulin
(timespan from meal initiation to 30 min. postprandial) levels postprandially, and inversed
glucose rhythm. Of note, circadian rhythms of melatonin and cortisol remained robust,
although peaks and nadirs being flattened [11], irrespective of shifts in behavioral cycles
in these studies [12,156].

Unlike these studies, Gonnissen delayed (“day’= 27 hours) and advanced (“day’= d 21
hours) the circadian phase for three days [151]. Although this study includes a short
sleep duration (7 hours sleep during 21 hours) sleep deprivation was prevented by
keeping a constant 1:2 sleep-wake ratio in terms of time. Compared to control (24-hour
day), postprandial and mean (all measurements pre/ post meal consumption) glucose
levels were higher but insulin levels did not change in response to phase delay. In
contrast, mean and postprandial insulin levels were higher, but glucose levels were
unchanged in response to phase advance. Additionally, compared to the first day of
phase advance, postprandial glucose and insulin levels differed by mealtime in response
to the third day, However, such comparison is not reported for phase delay and the
authors also do not describe composition of tests meals. Furthermore, postprandial

levels were based on only one measurement after each meal. As similar macronutrient
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compositions can provoke different glucose excursions measured at the same time point
[161], reliability of postprandial results remains controversial.

Of note, circadian rhythms of melatonin and cortisol remained robust, although peaks
and nadirs being flattened [11], irrespective of shifts in behavioral cycles in these studies

[12,151,156].

In summary, circadian misalignment impairs glucose tolerance by decreasing insulin
sensitivity and/or insulin secretion, Figure 7. This raises the question of whether this also
affects persons with late chronotype when they consume an early breakfast and, vice

versa, when those with early chronotype consume a late dinner.

T

Circadian misalignment f -« -

T :

Robust circadian
rhythm of centrally J

| insulin sensitivity | B-cell function

regulated hormones

| Glucosetolerance (= == = = = = =-

Figure 7: Impact of circadian misalignment on glucose and insulin metabolism.
Circadian misalignment, i.e. misalignment between the central pacemaker and
behavioral/environmental rhythms [8], decreases glucose tolerance by reduced insulin
sensitivity and/or by reduced -cell function (see 2.8). Study results summarized in 2.8
suggest that this may be caused by the robust circadian rhythm of centrally regulated
melatonin or cortisol. Figure owned by Bianca Stutz.
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2.10 Impact of circadian misalignment on subjective hunger
and related hormones

Given the circadian regulation of subjective hunger and related hormones (see 2.1.3),
the association between circadian misalignment, indicated by social jetlag, and higher
ghrelin levels (hunger hormone) seems plausible [162]. This may explain the link
between social jetlag and obesity [52,163]. This chapter reviews studies, among which
Gonnissen [151] was previously reviewed (see 2.9) as they also examined glucose
metabolism, investigating the impact of circadian misalignment on subjective hunger and

related hormones.

Gonnissen [151] investigated subjective hunger, satiety, and related hormones pre-/post
breakfast, lunch, and dinner during phase advance and phase delay, Table 6. Compared
to 24-hours (control), mean hunger and satiety ratings were similar in response to both
advanced and delayed phases. Compared to control, mean hunger and satiety ratings
were similar in response to both advanced and delayed phases. No further meal-
(breakfast, lunch, dinner) or time-specific (pre-/post meal) data were not provided. GLP1,
ghrelin, and leptin levels shifted within advanced and delayed meal timings, underlining
their meal related regulation. Moreover, compared to control, only mean GLP-1 levels
were lower in response to phase delay the other hormones investigated were similar in
response to phase advance. Qian determined subjective hunger and ghrelin level
response to identical meals with estimated Gl food items when following circadian
alignment and misalignment protocol (based on [12] study (see Table 5)) [150].
Compared to circadian alignment, hunger and fullness ratings were unchanged but
postprandial ghrelin levels were higher — irrespective of meal consumption in the
circadian morning vs. evening — in response to misalignment. Additionally, the circadian
differences of postprandial hunger, i.e. increased hunger in the morning compared to

evening, were robust but less pronounced in response to misalignment.
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In addition to circadian regulation, Gonnissen [151] and another study of McHill [164],
which considered sleep restriction, noted a meal dependency of subjective hunger and
fullness. Building upon these findings and drawing from his own observations, Isherwood
speculated that hunger sensations and related hormones display a characteristic meal

pattern in anticipation to food irrespective of circadian misalignment [137].

In summary, the circadian rhythm of hunger feelings and related hormones is unaffected
by circadian misalignment, hence, it remains to be determined whether diurnal
differences in subjective hunger are affected by circadian misalignment and among early

and late chronotypes.
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211 Conclusive considerations

Young adults are vulnerable to discrepancies between their inner clock and socially
determined schedules due to their biologically delayed chronotype, leading to
phenomena termed social jetlag and eating jetlag. The COVID-19 pandemic related
lockdowns allowed individuals to align daily schedules with their inner clock. Yet, it
remains to be determined whether this affected eating jetlag and how chronotype relates

to potential changes on social jetlag and eating jetlag.

Furthermore, glucose tolerance deteriorates throughout the day. Additionally, circadian
misalignment, indicated by social and eating jetlag, adversely affects glucose
homeostasis. Thus, consumption of carbohydrate-rich meals with high Gl appears
problematic, particularly when consumed late in the evening or against the inner clock.
It is unknown whether the consumption of an early breakfast entails circadian
misalignment for individuals with late chronotype, whilst this could also be attributed to

persons with early chronotype when consuming dinner late in the evening.

Moreover, hunger is circadian regulated and increases throughout the day, however,
irrespective of chronotype according to literature. Of note, consumption of high Gl foods
can lead to a rapid decline in glucose levels, even below baseline (glucose dips), thereby
potentially increasing subjective hunger after consumption. Thus, glucose dips after a
high Gl meal may be more or less pronounced when consumed in alignment or against
the inner clock, potentially leading to varying levels of subjective hunger. It remains to be
determined whether subjective hunger differs in response to a high GI meal consumed
in the morning or evening among persons with early or late chronotype considering the

circadian rhythm of glucose tolerance.

Therefore, the interrelations between meal timing, Gl, and hunger among persons with

early or late chronotype are yet to be stablished.
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3. AIMS AND RESEARCH QUESTIONS

In this thesis, three aims were formulated to fill in the research gaps outlined above,
thereby examining the relevance of chronotype for meal timing, glycemic response, and

hunger among young students.

AIM 1: Examine the associations of chronotype and social jetlag with eating jetlag

and their changes during the 15t COVID-19 pandemic related lockdown.

Research questions:

1.1 Is chronotype and/or social jetlag associated with erratic meal pattern reflected
by eating jetlag before the COVID-19 pandemic?

1.2 Are chronotype, estimated before the COVID-19 pandemic, and/or changes in
social jetlag during the lockdown associated with concurrent changes in eating
jetlag?

1.3 Do students with later chronotype and/or those with larger changes in social jetlag
between the time before and during the lockdown have greater changes in eating

jetlag?

AIM 2: To investigate the glycemic response to a high Gl meal consumed in the

morning or in the evening in two samples of students either with early or late

chronotype.

Research question:

2. Does the 2-hour postprandial and 24-hour glycemic response to a
carbohydrate-rich meal from higher Gl sources consumed early in the morning
(7 a.m.) or late in the evening (8 p.m.) differ in two samples of students with

either early or late chronotype?
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AIM 3: To assess diurnal glucose dips after medium and high Gl meal

consumption and their association with the feeling of hunger among young adults

with early and late chronotype.

3.1 To describe the diurnal profile of hunger and glycemia when a high or medium Gl
meal was served as breakfast and on a day when the identical high or medium
Gl meal was served as dinner among persons with either early or late chronotype.

Research questions:

3.2  Are glucose parameters including glucose dips different following a high Gl vs.

medium Gl meal among persons with either early or late chronotype?

3.3 Are glucose parameters including glucose dips different between breakfast vs.

dinner among persons with either early or late chronotype?

3.4 Is there an association between glucose parameters including and the feeling of

hunger following breakfast*?

All aims were based on data from the Chronotype and Nutrition (ChroNu) study
described in chapter 4. The research aims were addressed in three original articles, each
providing detailed information on the methods and statistical analyses, and can be found
in the appendices (see

Table 7).

Table 7: Research aims assessed by analysis I-lll.

Aim  Analysis Location

1 I: Meal timing according to chronotype Appendix B

2 II: Glycemic response by early and late chronotype Appendix C

3 lll: Glycemic response and hunger by early and late Appendix D
chronotype

4 Hunger/fullness was not inquired after dinner.
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4. GENERAL METHODOLOGY

The research questions were examined on the basis of data from the ChroNu study that
was conducted from September 2019 to December 2022. The ChroNu study aimed i) to
characterize students aged 18-25 years from Paderborn University according to their
chronotype (study 1) and ii) to select those with the earliest and latest chronotype for
participation in the controlled nutrition trial (study 3). Additionally, a follow-up of the
screening was conducted during the 1%t COVID-19 pandemic related lockdown in
Germany (study 2). An overview of the ChroNu study is shown in Figure 8. The ChroNu
study was approved by the Ethics Committee of Paderborn University and all participants
signed written informed consent prior to participation in each study. This chapter provides

an overview on the study design of the ChroNu study.

Study 1: Screening
- Questionnaires: inclusion criteria, personal data, general characteristics, general daily routine, physical activity, nutrition,
determination of chronotype
- Anthropometric measurements

|

Study 2: Follow-Up during COVID-19 related lockdown
Online questionnaires (identical to screening)

Study 3: Controlled nutritional trial
Invitation of eligible participants with the earliest and latest chronotype of the screening cohort

|

Randomisation (stratified by chronotype) |

Arm 1: | Arm 2:

Earlier chronotypes (n= 10) i Earlier chronotypes (n= 10)
Later chronotypes (n= 10) l 1 Later chronotypes (n= 10)
Observational run-in Observational run-in
Day 1 Anthropometric measurements, questionnaires Anthropometric measurements, questionnaires 5
Handing over: Accelerometer, CGM, diary Handing over: Accelerometer, CGM, diary 2
¥ ¥ g
Day 2 | Accelerometer, CGM, diary \ | Accelerometer, CGM, diary | E
¥ ¥
Day 3 \ Accelerometer, CGM, diary ‘ ‘ Accelerometer, CGM, diary |
¥ ¥
Run-in day Run-in day
Day 4| - Blood sampling - Blood sampling ®
- Continuation of accelerometer, CGM, diary - Continyption of accelerometer, CGM, diary 2
\ £
Day 5 Carbohydrates with high Gl for breakfast Carbohydrates with high Gl for dinner 2
+ v s
Day 6 Wash-out day Wash-out day ‘E
¥ 4 o
Day 7 Carbohydrates with high Gl for dinner Carbohydrates with high Gl for breakfast
L4 4
- Anthropometric measurements - Anthropometric measurements
Day 8| | . Return: CGM, accelerometer, diary - Return: CGM, accelerometer, diary

Figure 8: ChroNu Study overview.
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4.1. Screening (study 1) and Follow-up (study 2)

For the screening, body size was measured using an ultrasonic measuring station (seca
287 dp) from SECA and waist circumference was measured midway between the lowest
rib and the iliac crest. Body composition was obtained with the use of Bioimpedance
Analysis (mMBCA 515, SECA). Afterwards, participants filled in online questionnaires via
REDCap [165], which referred to the previous month, on the timing of their daily routine,
meal/snack consumption, physical activity, and sleep/wake pattern separately for work-
and free days to account for chronotype specific differences. The chronotype was
defined according to the participants” MSFs. using the MCTQ [9]. Social jetlag and eating
jetlag were calculated as the temporal difference between midpoint of sleep or eating
midpoint on workdays and work free days [9,10]. The screening was conducted from

September 2019 to January 2020.

From June to July 2020, all participants were re-contacted via e-mail and asked to fill in
the same online-questionnaires as assessed during screening to capture potential
changes in meal and sleep patterns during the 15t COVID-19 related lockdown in
Germany (study 2). The lockdown started in mid-March 2020 and all cultural and
educational institutions — including schools and universities — were closed while
pharmacies, post offices, and grocery stores remained open [82]. When the follow-up
during the COVID-19 related lockdown was conducted, certain restrictions e.g. closing
fitness clubs and restaurants had already been eased locally while universities were still

closed until autumn 2020 [166].

Data of study 1 was used to determine the association of chronotype and social jetlag
with eating jetlag before the 15t COVID-19 related lockdown. Potential changes during
the lockdown were examined based on study 1 & 2 (see OA1, Appendix B). Descriptive
data are presented in sex-specific tertiles of chronotype. For analyses of chronotype and

outcome variables, MSF¢. before the lockdown was used as continuous variable.
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4.2. Controlled nutrition trial (study 3)

The controlled nutrition trial was conducted to determine the glycemic response to a high
Gl meal consumed early in the morning (7 a.m.) and late in the evening (8 p.m.) among
two samples with early and late chronotype. The early and late meal timing is supposed
to interfere with the circadian rhythm of students with late and early chronotype,
respectively (for details, see OA2, Appendix B). Random assignment of participants to
arm 1 (high Gl meal morning/evening) or 2 (high GI meal evening/morning) was stratified
by sex and chronotype and conducted externally (University of Bergen). Researchers
were blinded to the participants” chronotype only since the study involved provision of

meals/snacks.

4.2.1. Study schedule

Therefore, eligible participants with the earliest and latest chronotype based on their
MSFs. were selected from the screening cohort (study 1) and invited for participation,
Figure 8. The trial started with a 3-day observational run-in phase followed by four days
of the controlled nutrition trial. On day 1, participants filled-in online questionnaires via
REDCap [165] and anthropometric measurements were conducted as described in 4.2.
Furthermore, they received a continuous glucose monitoring device (CGM) (G6,
Dexcom) to record their glycemic response. The CGM measures subcutaneous
interstitial glucose concentrations continuously and sends a mean glucose value every
5 minutes to a receiver via Bluetooth [167]. During the trial (days 4-8), the receiver was
blinded to the participants. Additionally, participants received an accelerometer (E4
wristband, Empatica SR, Italy) to objectively monitor their sleep-wake times and thus

corroborate their chronotype.

During the observational run-in, participants were asked to maintain their daily routines

and sleep/wake rhythm. On day 3, participants were asked to abstain from food/drinks
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after 10 p.m. to ensure a 210 hour fasting period. In the morning of run-in (day 4), fasting
blood samples were collected and participants received breakfast and mid-morning
snack. Participants returned to the study center for a freshly prepared warm lunch and
received an afternoon snack, dinner, breakfast, and midmorning snack for consumption
at home until lunch next day. This procedure continued until day 7 when participants
received their afternoon snack and dinner. On day 8, participants returned the devices
and anthropometric measurements were conducted. During the controlled trial,
participants were instructed to consume food/snacks at predefined times and to abstain
from any other foods/drinks than provided. Furthermore, participants were asked to
record their timing of sleep and meal/snack consumption, and daily activities in a diary

throughout the trial.

4.2.2. Assessment of hunger

To determine the association between glycemic response and the diurnal feeling of
hunger/fullness (see OA3), which is a secondary analysis of the controlled nutrition trial,
participants were further inquired to mark their feeling of hunger/fullness on a labelled
magnitude satiety (LMS) scale [168] in their diary before consuming every meal/snack,
Figure 9. The scale is subdivided by 11 descriptive phrases and anchored at the end by
“Greatest imaginable hunger” (score=-9,5 cm) and at the top by “Greatest imaginable
fullness” (score=+9,5 cm). The distances on the scale were measured from the midpoint
(“neither hunger nor full”’, which denotes a value of 0 cm) in centimeters. For this study

aim, the scale was freely translated into German.
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Figure 9: Labelled magnitude scale to assess subjective hunger/fullness. (a) German translation of the
scale from [168]. Distances measured from the center (neither hunger nor full) to the marking of subjective
hunger/fullness. (b) Negative values denote a feeling of hunger with a maximum score of -9.5 cm (“greatest
imaginable hunger”). Positive values with a maximum score of +9.5 cm (“greatest imaginable fullness”)
indicate feeling of fullness (“greatest imaginable fullness”). Neither hungry nor full is denoted 0 cm.

4.2.3. Meals and snacks

All meals/snacks had medium Gl (Gl 46-59) except for the high Gl meal with estimated
Gl of 72 consumed in the morning (7 a.m.) or evening (8 p.m.) separated by one wash-
out day (day 6). On the intervention days (days 5+7), high Gl meal provided the largest
proportion of available carbohydrates while on the run-in/wash-out days lunch was the
meal with the highest proportion. The estimation of the foods” Gl was performed
according to a procedure described previously [169]. In brief, preference was given to
food items with a published GI [123,170] and when more than one Gl value was available

a mean Gl was assigned.

To maintain body weight, participants followed an isocaloric diet and avoided vigorous
physical activities. The macronutrient distribution (daily consumed energy in %; En%)
was similar on all study days. The diets of the intervention and the run-in/wash-out days
were designed to comply with the recommendations of the German Nutrition Society,
containing 53 En% from available carbohydrates, 14 En% from protein, 30 En% from fat,

and 3 En% from dietary fiber [171].
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5. ORIGINAL ARTICLES

OA1: Associations of chronotype and social jetlag with eating jetlag and
their changes among German students during the first COVID-19 lockdown.

The Chronotype and Nutrition study.
Stutz B%, Buyken AE, Schadow AM, Jankovic N, Alexy U, Krueger B.

Appetite 2023; 180:106333; doi.org/10.1016/j.appet.2022.106333

Due to their biologically later chronotype, young students are vulnerable to a discrepant
sleeping pattern between work- and free days, coined “social jetlag” (SJL). This study
examined whether a later chronotype and/or a larger SJL are related to an analogous
discrepancy in meal timing (eating jetlag (EJL)) and whether chronotype and/or changes
in SJL during the first COVID-19 related lockdown in Germany associated with changes
in EJL. Baseline data were collected from September-January 2019-20 among 317
students (58% females) aged 18 — 25 years of which a total of 156 students (67%
females) completed an online follow-up survey in June-July 2020 (i.e. the 15t lockdown).
Data were collected on daily routines, timing of meals/snacks, and physical activity.
Chronotype was determined using the Munich ChronoType Questionnaire; SJL and EJL
correspond to the difference in midpoint of sleep/eating duration between work- and free
days. Multivariable linear regression revealed that students with a later chronotype or a
larger SJL experienced a larger EJL (Padjusted=0.0124 and pagjustea<0.0001, respectively).
A later chronotype at baseline and reductions in SJL during lockdown were associated
with concurrent reductions in EJL (Padjustea=0.027 and pPadjusted<0.0001). In conclusion,
students with a later chronotype exhibit a more erratic meal pattern, which associates
with SJL. During lockdown, flexible daily schedules allowed students to align the meal

timing with their inner clock.

5 Contribution of B. Stutz: Planning and conduction of screening (together with Kriiger), data
assessment, statistical analysis (together with by A.E. Buyken), interpretation of study results
(together with co-authors) and drafting of the original draft (supervised by A.E. Buyken).
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OA2: Glycemic response to meals with a high glycemic index differs
between morning and evening — a randomized controlled trial among

students with earlier or later chronotype.

Stutz B®, Krueger B, Goletzke J, Jankovic N, Alexy U, Herder C, Dierkes J, Berg-
Beckhoff G, Jakobsmeyer R, Reinsberger C, Buyken AE.

European Journal of Nutrition 2024, under production

PURPOSE

Glycemic response to the same meal depends on daytime and alignment of consumption
with the inner clock, which has not been examined by individual chronotype yet. This
study examined whether the 2-h postprandial and 24-h glycemic response to a meal with
high glycemic index (Gl) differ when consumed early or late in the day among students

with early or late chronotype.

METHODS

From a screening of 327 students aged 18-25 years, those with early (n=22) or late
(n=23) chronotype participated in a 7-day randomized controlled cross-over intervention
study. After a 3-day observational phase, standardized meals were provided on run-
in/'washout (days 4 and 6) and intervention (days 5 and 7), on which participants received
a high Gl meal (GI=72) in the morning (7 a.m.) or in the evening (8 p.m.). All other meals
had a medium GI. Continuous glucose monitoring was used to measure 2-h postprandial

and 24-h glycemic responses and their variability.

RESULTS

Among students with early chronotype 2-h postprandial glucose responses to the high
Gl meal were higher in the evening than in the morning (IAUC: 234 (£92) vs. 195 (£91)
(mmol/L) x min, p=0.042). Likewise, mean and lowest 2-h postprandial glucose values
were higher when the high GI meal was consumed in the evening (p<0.001; p=0.017).
24-h glycemic responses were similar irrespective of mealtime. Participants with late

chronotype consuming a high Gl meal in the morning or evening showed similar 2-h

6 Contribution of B. Stutz: selection of eligible participants (together with B. Kriiger, A. E. Buyken),
conduction of the trial (planning, coordination, data collection (together with B. Kriger)),
development of diet, preparation of meals/snack; conduction of statistical analysis (together with
G. Berg-Beckhoff, K. Bolzenius, A.E. Buyken) interpretation of study results (with co-authors) and
drafting of the original draft (supervised by A.E. Buyken).
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postprandial (IAUC: 211 (£110) vs. 207 (£95) (mmol/L) x min, p=0.9) and 24-h glycemic

responses at both daytimes.

CONCLUSIONS

Diurnal differences in response to a high Gl meal are confined to those young adults with
early chronotype, whilst those with a late chronotype seem vulnerable to both very early
and late high Gl meals. Registered at clinicaltrials.gov (NCT04298645; 22/01/2020).
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OA3: Association between glucose dips and the feeling of hunger in a
dietary intervention study among students with earlier and later
chronotype- a secondary analysis of a randomized cross-over

nutrition trial

Stutz B™*, Goletzke J*, Krueger B, Jankovic N, Alexy N, Herder C, R.
Jakobsmeyer, C. Reinsberger, Buyken AE.
*shared first authorship

Under review

Meals with high glycaemic index (GIl) can cause hypoglycemia, thus increasing
postprandial hunger. Since the circadian rhythm differs intra-individually, we describe
glucose dips after high/medium Gl breakfast/dinner consumption among students with
earlier and later chronotype and examine their relation to the feeling of hunger. This is a
secondary analysis of a randomized cross-over nutrition trial among 18-25-year-old
students with earlier (n=22) or later (n=23) chronotype. Glucose dips were calculated as
the difference between the lowest glucose value recorded 2-3 hours postprandially and
baseline and presented as percentage of average baseline level. Associations between

glucose dips and the feeling of hunger were analyzed using multilevel linear models.

Glucose dips occurred more frequently after a medium Gl meal among both chronotype
groups (p=0.03). For earlier chronotypes, glucose dip values were lower after breakfast
than after dinner (-4.9 % vs. 5.5 %, p=0.001). Hunger increases throughout the day
among both chronotypes but glucose dips were not related to the feeling of hunger
following breakfast. Interestingly, medium Gl was associated with lower glucose dip
values 2-3 hours postprandially, particularly in the morning among earlier chronotypes.
These glucose dips did not predict hunger after breakfast irrespective of meal Gl and

chronotype.

7 Contribution of BS: selection of eligible participants (together with B. Kriiger, A. E. Buyken),
conduction of the trial (planning, coordination, data collection (together with B. Kriger)),
development of diet, preparation of meals/snack, interpretation of study results (with co-authors)
and drafting of the original draft (together with J. Goletzke and supervised by A.E. Buyken).
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6. DISCUSSION

In this section, a comprehensive discussion and overall interpretation of the original
research results will be conducted, particularly emphasizing the practical relevance of
the findings in the context of public health nutrition. Detailed discussions of the underlying
mechanisms of research results can be found in the subsequent articles (Appendix B-
D). Methodological considerations regarding selected outcomes for all OAs are

discussed to emphasize challenges to be considered in future studies.

6.1 Synopsis of research results

The overall aim of this thesis was to investigate the relevance of chronotype for meal
timing, glycemic response and hunger sensations among 18-25-year-old students of
Paderborn University. The results of each research objective are placed in the context
of existing knowledge in which also presents additional research questions that emerge
from these results. The first research aim was to examine the associations between
chronotype and social jetlag with eating jetlag before the COVID-19 related lockdown,
and prospective changes during the lockdown (see chapter 3). The findings of this study
underline that students exhibited discrepancies in meal timing between work-, and
workfree days before the COVID-19 related lockdown, leading to eating jetlag (OA1)
[172], Figure 10. As anticipated, eating jetlag was more pronounced among those with
later chronotype, as they also showed greater social jetlag also associated with eating
jetlag. The phenomenon of eating jetlag was mainly driven by late-night snacking and
breakfast, that was either skipped, possibly due to dinner consumption and snacking late
in the evening or consumed earlier in the morning on workdays compared to free days.
While this was most pronounced among students with later chronotype, almost 74% of
the study population consumed breakfast against their inner clock on workdays. During

the lockdown, there was a significant decrease in eating jetlag notably among students
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with later chronotype, who also experienced the greatest reductions in social jetlag.
Similarly, the decrease in social jetlag was linked to reduction in eating jetlag, Figure 10.
Of note, eating jetlag predominantly decreased due to fewer students skipping breakfast
and delayed breakfast timing on workdays. These changes were again most pronounced

among those with later chronotype.
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Figure 10: Alignment of sleep- and eating rhythm with the inner clock during the COVID-19 related
lockdown. While university students consistently slept and ate against their inner clock due to daily
schedules before the lockdown, resulting in social jetlag and eating jetlag [10,26], closure of university and
(social) restrictions related to the COVID-19 pandemic [82] enabled students to align their sleep and eating
pattern with their circadian rhythm, resulting in reduced social jetlag related to decreased eating jetlag (see
OA1). Figure owned by Bianca Stutz.
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Based on these findings, glycemic response to a meal consumed at socially scheduled
daytimes, potentially interfering with circadian rhythmicity, was separately investigated
in two groups of students with either early or late chronotype. The findings from research
aim 2, which determined the glycemic response to a high GI meal consumed in the
morning or in the evening among students with early or late chronotype, are concerning.
They indicate that consuming carbohydrate-rich high GI meal against the inner clock
causes adverse 2-hour postprandial glycemic responses, i.e. meal consumption at 7 a.m.
for late chronotypes and at 8 p.m. for early chronotypes (OA2). Notably, diurnal

differences in postprandial glycemia, i.e. a higher glucose response to the evening meal
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compared to morning, were only observed among students with early chronotype, but
not among those with late chronotype.

Students with late chronotype showed similar high 2-hour postprandial and 24-hour
glycemic responses to morning and evening high Gl meals. This was somewhat
unexpected as late chronotypes were assumed to tolerate meals consumed in the
evening compared to morning due to their delayed circadian rhythm. Thus, individuals
with late chronotype may bear a double metabolic burden: consuming high-Gl meals
early in the morning exposes them to circadian misalignment, as confirmed by high
melatonin levels at ~7 a.m., while late evening meals (or snacks (OA1)) interfere with
diurnal deterioration of glucose metabolism (OA2). Noteworthy, melatonin levels,
regulated by the master clock and assumed to decrease glucose tolerance [107],
correlated with higher 2-hour postprandial glycemic response following the high Gl meal
consumption in the morning. Yet, it remains to be clarified whether a diurnal difference
in glycemic response between morning and evening is evident when a high Gl meal is
consumed later in the morning (e.g. 11 a.m.) compared to the evening.

Students with early chronotype showed the expected decline in glucose homeostasis
throughout the day [12,13]. Importantly, the elevated mean and 24-hour glucose levels
highlight the prolonged impact of consuming a high Gl meal late in the evening on
glucose homeostasis (OA2). In addition to the diurnal decline, meal consumption at 8
p.m. may have induced some degree of circadian misalignment, as it was scheduled
close to habitual sleep onset, and hence potentially interfered with DLMO of early
chronotypes.

While high postprandial glucose levels, as observed in research aim 2, can result in
reactive hypoglycemia after high Gl meals [132], it seems contradictory that glucose dips
after medium Gl meal were more pronounced compared to high Gl meals — irrespective
of consumption time and chronotype (OA3). However, even low Gl food items were

observed to induce reactive hypoglycemia following glucose spikes, which seems to
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depend on the food structure (i.e. liquid vs. solid), and sugar components [126]. Glucose
dips were observed after a medium Gl breakfast among students with early chronotype.
However, these were not related to subjective hunger following breakfast — irrespective
of meal Gl or chronotype. Thus, glucose dips may have been insufficiently physiologically
low to elicit hunger feelings among the young and healthy study population (OA3). Of
note, the hunger feeling increased throughout the day — irrespective of breakfast Gl —
among both early and late chronotypes. This may be problematic, particularly for
students with late chronotype who habitually have a delayed sleep onset in the evening
[26]. Consequently, the latter are more susceptible to increased late-night snacking, as
underlined by findings of research aim 1 (OA1), potentially adversely affecting glycemic
response (OA2). Moreover, participants with late chronotype felt full before their
midmorning snack, likely scheduled close to the end of their biological night, when
circulating levels of ghrelin are low [7]. This may explain the high frequency of breakfast
skipping among persons with late chronotype, as observed before the COVID-19 related
lockdown in relation to research aim 1 (OA1).

Considering all findings, students, particularly those with late chronotype, exhibited
eating jetlag, primarily caused by frequent shifts in breakfast timing on workdays against
their inner clock (OA1). Such circadian misalignment causes adverse glucose response
(OA2). Additionally, students with early or late chronotype experienced an adverse
glycemic response to food consumption at 8 p.m. (OA2), for which students with late
chronotype may be vulnerable due to habitual late dinner timing and increased snacking

potentially enhanced by circadian regulated increase of subjective hunger (OA3).
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6.2 Considerations arising from the findings of this thesis
This section focuses on potential recommendations of the thesis’ findings and addresses

selected research questions and hypotheses mentioned in Table 8.

6.2.1. How can consistent eating patterns be enabled among
students?

Given the assumption that eating jetlag disrupts metabolic rhythmicity [20,77], thereby
increasing the risk of adverse cardiometabolic health effects, including higher BMI
[10,74], increased body fat [173], higher HbA1c, and elevated blood pressure [74], it
underscores the significance of maintaining consistent mealtimes throughout the week
[172], as observed during the COVID-19 related lockdown (OA1). This is of great
importance now that social dynamics have returned to their pre-pandemic state, again
affecting sleep timing, notably among persons with late chronotype [174], and hence,
potentially meal timing.

Compared to other meals, breakfast is consumed less regularly or against the inner clock
(OA1), with both adversely affecting glycemia [11,12,63,64], among students with later
chronotype on workdays. Thus, allowing flexible breaks at university may enable
students to consume breakfast at the same time as on work free days. Universities could
also offer low to medium Gl foods in the morning to encourage students to opt for a late
breakfast without risking high postprandial glucose levels.

A further option may be a mix of remote/online and in-person courses, enabling students
to study partly online from home. Our findings (OA1) and those of others emphasize
[82,86,89,175] that remote study enabled students to align their schedules with their
inner clock during the COVID-19- pandemic related lockdown period (s). Although
returning to in-persons classes [176] meets the preference among students, many favor
a combination of online and in-person classes according to a survey in the UK [177]. The

implementation of hybrid teaching could alleviate the need for students to attend classes
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early in the morning or late evening, and in-person classes could be scheduled towards
the middle of the day. This may enable young students to better align their meal patterns
(particularly breakfast) with their chronotype and contribute to maintaining metabolic

health (OA1).

6.2.2. Meal timing by chronotype — what can be advised?

Our findings indicate that nutrition recommendations should differ by chronotype. For
students with early chronotype, advising an early breakfast and avoiding food
consumption at 8:00 p.m. or later would better align with their circadian rhythm to
maintain glycemic health.

For students with late chronotype, the situation appears more complex, as both meals
consumed at 7:00 a.m. and 8:00 p.m. caused similar adverse glycemic responses (see
0). This raises a question regarding an optimal eating window throughout the day for this
population, which also appears of narrow time-range. Students with late chronotype may
adopt a 16:8 fasting-eating rhythm, e.g. scheduling their eating window to late daytimes
from 11 a.m. — 7 p.m. However, such a late eating window does not seem to improve or
maintain glucose homeostasis compared to an early eating window (i.e. early morning
until early afternoon) [178,179]. In fact, Allison observed adverse effects on glucose
homeostasis following a late (12 a.m. — 11 p.m.) compared to earlier (8 a.m. —7 p.m.)
window [73]. Studies on TRE have not yet considered chronotype, with only one study
protocol currently addressing this aspect (ChronoFast trial) [180].

To date, studies examining chronotype-adjusted nutrition interventions are scarce and
primarily focused on weight loss [181-183]. Marzi [183] and Munoz [181] shifted main
energy intake to an earlier eating window (until lunch) among both persons with early
and late chronotype, while persons with late chronotype still consumed more of their daily

calories in the later eating window compared to those with early chronotype. Munoz
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observed decreased fasting insulin levels and Mazri reported improved insulin resistance
among both groups with energy distribution adjusted to the chronotype. Only Mazri
considered meal timing, i.e., last energy intake at least 1 hour before sleep time, and
additionally noticed an advanced sleep timing and reduced social jetlag among late
chronotypes [183]. Strojiny only examined the impact of the same fixed meal timing
schedule for both early and late chronotypes (breakfast at 7:30 a.m. and dinner at 5
p.m.), however, they do not inform about diurnal energy distribution. In their study, only
those with early chronotype had a greater decrease in HbA1c [182].

The above mentioned studies examined that a chronotype-adjusted diet may have
positive effects on glycemia in healthy overweight/ obese middle-aged adults. However,
the metabolic response to meal timing among persons with different chronotypes are
less explored. According to our observations, eating dinner late in the evening causes
high postprandial glucose levels among persons with early chronotype (see Table 8),
potentially due to the diurnal deterioration of glucose homeostasis while simultaneously
presenting some degree of circadian misalignment. For those with late chronotype,
consuming a meal early in the morning also induces circadian misalignment due to their
high melatonin levels (OA2). Thus, it remains to be determined when students should
actually eat to avoid circadian misalignment. Observational studies suggest eating close
to the circadian phase, either too early in the morning or too late in the evening, increases
the risk of being overweight and [10,184] decreases insulin sensitivity, and elevates
blood pressure [74]. Rather than focusing on the clock time of meal consumption,
subsequent studies highlight the relationship to melatonin rhythm, however, again only
focusing on body weight. For instance, consuming a high number of daily calories close
to DLMO has been found associated with increased body fat and BMI [184]. [185]
reported similar observations, but only among those with the latest DLMO, i.e. persons
with latest chronotype. A later study of McHill suggests avoiding high carbohydrate intake

in the late afternoon as well as main daily energy intake at 7 p.m. to maintain body weight
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[186]. These studies strongly suggest that the timing of the last daily eating occasion and
main energy intake need to be considered in relation to the individual circadian phase,
which is hardly feasible in daily practice.

Another approach may be to recommend timing of the first and last meal in relation to
sleep timing, as suggested by Xiao [71]. Xiao observed that consuming the main energy
intake and carbohydrates two hours before bedtime increased the likelihood of being
overweight/obese only in individuals with late chronotype. Conversely, main energy
intake two hours after waking decreased the likelihood of being overweight/ obese only
in early chronotypes. In practice, this implies that students need to know their chronotype
or their MSF according to the findings of Zeron-Rugerio [187], i.e. scheduling the last

eating occasion not later than 6 hours before MSF.

Hence, advising consistent alignment of the first eating occasion with timing on work-
free days throughout the week may be a feasible approach to avoid interference of food
consumption with high melatonin levels, while the timing of the last eating occasion

needs further investigation.

6.2.2.1. Risk of adverse glucose levels due to melatonin
intake

Considering the assumed adverse impact of melatonin on glycemic response [107], as
supported by our results (OA2), the increasing trend of melatonin-containing supplement
intake may be concerning [188]. In recent years, such supplements have been
increasingly used to address insomnia without the use of prescription in certain countries
[189]. In the European Union, supplements containing melatonin a maximum
concentration of 1 mg can be freely purchased [190], whilst there are no regulations in
the United States [191]. The intake of melatonin, either by prescription or as supplement,

has particularly increased students, which use melatonin during and after exam periods,
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[192,193], e.g. to advance sleep onset or improve sleep quality [194]. Of note, sleep
onset has been found to be advanced by maximum 30 minutes [195]. According to a
recent cross-sectional Spanish study among 6798 students 21% of students consumed
melatonin and was the second most consumed psychoactive drug [193]. However,
melatonin dosage can be easily exceeded due to is its convenient availability (e.g. fruit
gums, sprays), which is concerning considering that an exogenous dose below 1 mg has
been found to be as effective as higher concentrations of melatonin [195]. Moreover,
wrong timing of exogenous melatonin can disrupt circadian rhythms [196]. Thus, the
intake of exogenous melatonin should be considered with caution, and it is advisable to

avoid simultaneous food consumption to prevent glucose spikes [107].

6.2.3. Is it possible to reduce diurnal increase in hunger?

Since glucose dips were not associated with subjective hunger (see Table 8), they
appear negligible for subjective hunger among young and healthy students. However,
the diurnal increase of hunger observed among both chronotype groups (OA3) may be
concerning, considering the rising prevalence of obesity observed between 20 and 30
years of age [16]. Notably students with late chronotype seem more susceptible for
increased energy intake in the evening due to later sleep onset than earlier chronotypes
[26]. However, irrespective of chronotype, particularly exam periods may be critical as
students extend their study hours into the late night [197], potentially resulting in
increased energy intake through late-night snacking [80] due to increased hunger [15].
Additionally, sleep deprivation (< 7 hours sleep) [198], which is in general highly
prevalent among students [199], may pose another risk for obesity [200]. It is
hypothesized that increased hunger and energy intake resulting from sleep deprivation

are due to an increase in energy expenditure and altered levels in hunger-related
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hormones [7,80]. It thus seems plausible that sleep deprivation leads to a higher eating

frequency, however, also a higher energy intake in the evening was reported [80,201].

Of note, sleep can be interrelated with circadian misalignment (see 2.2.2), the latter of
which does not affect the circadian rhythm in hunger and related hormones under
adequate sleep duration (see 2.10). However, studies controlling for sleep deprivation
while investigating circadian misalignment also observed that hunger and related
hormones ghrelin and leptin display an unchanged circadian rhythm [18,164,202,203].
On the other hand, in a study with unlimited access to food, an excessive caloric amount
consumption (~4000 kcal/ 24 hours) following both conditions of circadian alignment and
misalignment with sleep restriction was observed [204]. Moreover, compared to the
aligned condition, more calories were consumed after 7 p.m. in response to misalignment
and sleep restriction. Therefore, while the circadian rhythm of hunger sensations and
related hormones is unaffected by both circadian misalignment and sleep restriction,

hunger sensations appear overall elevated under sleep deprivation.

It remains to be determined whether subjective hunger may be reduced to prevent
increased energy intake in the evening. Yet, only few studies investigated influences on
diurnal hunger rhythm [27,205,206]. Among these, Jakobowicz [205] and Ruddick-
Collins [206] suggest that consuming main daily energy intake in the morning reduces
subjective hunger throughout the day, as observed in persons with overweight/obesity
and with/without metabolic syndrome. Given the fact that this is characteristic for persons
with early chronotype [61,207] it may be speculated that they are less hungry in the
evening compared to the morning. On the other hand, Wehrens [27] observed that
circadian rhythm of subjective hunger remained robust irrespective of whether shifting
breakfast, lunch, and dinner to earlier or later times of the day. In line, another study did
not observe any differences in subjective hunger and related hormones as well as energy

intake throughout the day when having the first eating occasion (consisting of 2700 kcal
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of daily caloric intake) in the morning [208]. Consequently, eating patterns seem to have
a minor, if any, effect on hunger sensations [209]. Furthermore, we observed that
subjective hunger increased among both early and late chronotype groups throughout
the day although meals and snacks were i.) balanced in energy intake accounting for
sex and BMI, ii.) consumed regularly throughout the day, and iii.) most of daily energy

intake was consumed until the afternoon (OA2).

Considering the robust circadian rhythm of hunger, it remains to be clarified what can be
advised to eat in the evening, particularly when students stay-up late to study, e.g. during
exam period [197]. Recommending consumption of low Gl carbohydrates appears
promising for promoting satiety [142] while preventing glucose peaks in the evening

[14,129].
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6.3 Methodological considerations

This chapter discusses the study design and population used to examine the research

aims, and the methods applied to measure the respective research aim outcomes.

6.3.1  Study design

All research aims (see chapter 3) were investigated within a closed cohort, meaning
participants were recruited only once and subsequently contacted for participation in the
online survey during the COVID-19 related lockdown (see 4.2) and the nutrition trial (see

4.2.1). The study design of the research aims will be reviewed in the following.
6.3.1.1. Research aim 1

The associations of chronotype and social jetlag with eating jetlag before and during the
COVID-19 related lockdown were examined by observational prospective study design
(OA1). This design allowed to determine causation, in contrast to cross-sectional studies,
as the exposure (e.g. social jetlag) precedes the outcome (eating jetlag) [210,211].
Hence changes in exposure are independent of outcome. Furthermore, due to the lower
risk of recall bias in the prospective design, we were able to conduct a more detailed
comparison of changes in eating jetlag compared to a retrospective study design, which
relies on self-perceived changes, as used by many during COVID-19 lockdown

[92,95,212-215].

6.3.1.2. Research aim 2

To determine the glycemic response to a meal consumed in the morning and evening
among two chronotype groups, a cross-over design appeared most feasible in practice
(see OA2). Firstly, as participants in both chronotype groups received the same
interventions (high Gl in the morning & high Gl in the evening), but in a randomized order
(morning x evening/ evening x morning), they acted as their own control [216,217].

Consequently, intervention effects are compared within a person, which removes inter-
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individual variability, as occurs in between-group comparisons, balances distribution of
covariates, and reduces confounding. Thus, if we would have aimed to compare
glycemic response in the morning and evening between early and late chronotype
groups, this would have quadrupled the sample sizes in each group to achieve statistical
power, necessitating screening a significantly larger sample (approximately 1200
students) [218]. In contrast to a parallel design, we had to consider an adequate wash-
out period between interventions (i.e., one day) to avoid carry-over effects from the first
into the second intervention, ensuring analysis of the impact of both interventions
separately [216,219].

A parallel study design would not have been the right approach for our research aim as
participants would have been allocated to only one intervention [210,211,217], e.g. high
Gl in the morning or in the evening. Comparing intervention effects between groups can
pose a high risk of confounding (see 6.3.2), e.g. when participant characteristics vary
between groups and sample size is not sufficient irrespective of randomization [210].
Thus, according to Wellek, a parallel design would have required a study population six
times larger than that needed for a cross-over study to achieve the same intervention

effects according to [216].

As our study aimed to investigate diurnal differences of glucose response to socially
scheduled meals by chronotype, we did not control for sleep-wake or light-dark rhythms,
which are known to affect glucose metabolism [8,21]. Thus, we cannot conclusively
determine whether these diurnal differences result from such external influences or
whether they are exclusively generated by the circadian system. On the other hand,
Morris [12] demonstrated that the diurnal rhythm in glucose tolerance is robustly
regulated by the circadian system irrespective of external influences. Nevertheless,
studies using the constant routine or FD protocol (see 2.8) may verify whether persons

with early and late chronotype differ in their circadian rhythm of glucose homeostasis.
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6.3.1.3. Research aim 3

The association between glucose dips and the feeling of hunger was a secondary
analysis of the randomized cross-over nutrition trial (OA3). Consequently, this analysis
was based on observational and explorative data and may have lacked statistical power
to detect significant associations. Nevertheless, the study design was appropriate to
assess hunger sensations, given the variability in subjective perception both between
individuals and interventions, as it enables analysis within a person [145,209,220]. Of
note, day-to-day variations in the subjective perception of hunger and effects of external
stimuli can confound correlations [146,220]. Thus, identical test meals need to be
consumed in duplicate on different test days for repeated measures to compare the
subjective estimations of hunger/fullness in response to the meals within the same
participant [17,145], which was not conducted in our study. Furthermore, to examine
diurnal differences, data on subjective hunger/fuliness feelings should have been
collected before breakfast/dinner (e.g. -15 min), at the time of consumption, and in
regular intervals after meal consumption (e.g. 30 min. intervals over a 240 min.
timespan). This would have provided data on minimum and maximum hunger feelings in
relation to glucose data. This approach was limited due to the secondary nature of this
study, as we only collected data just before meal/snack consumption. This also resulted

in lack of data collection regarding hunger and fullness sensations after dinner.

6.3.2 Statistical considerations

For analysis | and Il (OA1 & OA2), confounding of the cause-effect relationship between
exposure and outcome had to be considered [211]. A confounder is causal to the
outcome independent of the exposure and is further associated with the exposure even

in absence of the outcome. To avoid random confounding, we evaluated the
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confounders’ aetiology in the exposure-outcome association before analysis, including
only variables that either improved the exposure’s regression coefficient [221], or
significantly predicted the outcome [222]. Furthermore, the relation between exposure
and outcome can be enhanced or mitigated, termed interactions [211]. Consequently,
we separated our analysis in research aim 1, as we observed sex-differences in the
association of social jetlag and eating jetlag at screening (OA1). Due to the cross-over
design we performed multilevel linear regression (proc mixed models) considering the
dependence between repeated measures, e.g. glucose parameters morning vs. evening,
within a person and to account for variations between measures within the person for

both research aims 2 & 3 [223].

6.3.3 Study population

Our study population is well-defined and comprises of healthy university students aged
18-25 years with defined chronotype, and normal body weight. Consequently, our results
may not extend to older, less healthy, or obese people as well as persons other than
students. As expected, the majority of the cohort were women, as often observed in
health studies [224]. The controlled nutrition study was conducted with participants
based on the earliest and latest chronotype within the screened cohort. Compared to the
literature, the study sample, on which the results of this thesis are based on, comprises
individuals with moderately early or late chronotype rather than persons with extreme

early and late MSFs. (< 1:00 a.m. and > 6 a.m., respectively), (OA2) [26].

6.3.4 Methodological Assesments

6.3.4.1 Assessment of chronobiologic predictor
Chronotype was estimated based on the participants’ MSFs. using the MCTQ (see 4.1)

[26]. Other commonly used questionnaires, such as the MEQ and CSM (see 2.2), were
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not suitable for our purpose, as these do not inquire about sleep and wake times, but
daytime preferences for sleep (see 2.2). Consequently, we could not have estimated the
students’ social jetlag [26], indicating circadian misalignment and a predictor for eating
jetlag (OA1). Moreover, the MEQ determines chronotype based on pre-defined scores
and as such, individual categorization within the study group is not intended [36]. As in
previous studies, this may have led to an uneven distribution among chronotype groups
for research aim 1, as in previous studies [58,225]. Furthermore, as we aimed to
schedule the high GI meal against the inner clock (research aim 2), we had to select
participants with the current earliest and latest MSFs. within the screened cohort (see
4.2). During the controlled nutrition trial, we confirmed participants’ chronotype using
both sleep times records in a diary and an accelerometer (see 4.2), due to the potential
for over- or underestimation of self-reported sleep and wake times [226,227]. Moreover,
parallel recording was reported to demonstrate good correlation, provide more accurate
values [50,228-230], and associate with DLMO [34]. Indeed, MSF. calculated based on
data recorded by accelerometry and diary entries show quite good agreement with a

mean difference of 09:54 m:ss, i.e., 0,7% (see Appendix Table 2).

6.3.4.2 Psychological disturbances as potential predictor for
erratic eating patterns

During the 15t COVID-19 related lockdown, we observed decreased snacking frequency
among students in contrast to most studies but reporting negative impacts on eating
behaviors, such as loss of eating control [213,231-234] and increased snacking
frequency [97,98]. These discrepancies may stem from differences in country and the
time of survey administration [235]. These studies focused on the early stage of
pandemic restrictions (March — May 2020), characterized by mandatory self-isolation at
home and high uncertainty [82], potentially increasing vulnerability to emotional eating

[236,237]. In contrast, we collected data when social restrictions had already been eased
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locally [166], potentially resulting in reduced psychological distress [238] and thus
decreased snacking frequency. Though we did not measure psychological distress as to
not overload the questionnaire, the following sections highlight the psychological impact

on regular eating patterns during the COVID-19 related lockdown.

Loss of eating control, food craving, or increased snacking are reactions to negative or
positive emotions and not to a biological lack of energy [145] and are termed emotional/
stress eating [235]. Stress is the individual’s perception of being overwhelmed or able to
master a challenging situation. This largely depends on coping skills and trait-like
characteristics, such as self-esteem [235,239]. Students, in general, constitute a highly
vulnerable group to psychological distress [240], with depression and anxiety affecting
almost one-fifth of students [241]. This is attributed to adapting to new environments,
dealing with academic pressure, and/or financial problems [242]. As these
circumstances have worsened since the outbreak of the COVID-19 pandemic [243,244],
an increase in anxiety and depression, stress [237,239,245], and/or insomnia (i.e. sleep
disturbances) [91,246], which are often interrelated [239,247,248], was observed among
students. Consequently, this led to increased emotional eating behaviors
[234,235,239,244]. Of note, psychological disturbances are often associated with lower
resilience and negative coping strategies, such as denial and avoidance of challenging
situations [249,250]. As emotional eating can increase daily energy intake, it potentially

increases the risk for obesity [235], Figure 11.

6.3.4.2.1 Predictors of psychological disturbances among
students during COVID-19 related lockdown

During COVID-19 related lockdown predictors associated with psychological
disturbances among students have predominantly arisen from cross-sectional studies

and are: younger age [234,251-253], being in the first semesters, or being
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undergraduates [234,254,255], female sex [234,237,238,245,246,256], financial
[243,244,257], academic [257,258], and family problems [255,257], as well as feelings
of loneliness [259-261].

Graduate students appear to experience less psychological distress. This may be
attributed to their potentially enhanced coping skills, which are crucial for mental health
[256,262], as well as their better self-estimation of academic achievements, and an
increased self-efficacy in their studies [239]. Consequently, they may exhibit greater
resilience compared to younger and undergraduate students [234,251,263].
Furthermore, students predisposed to psychological disturbances [245] and facing
academic challenges prior to the lockdown experienced enhanced disturbances during
lockdown [257,258]. Students reported increased stress as they felt overloaded with
work, the latter of which was greatly affected by the shift from in-person to distance
learning as many students struggled to adapt to this new format [255].

During COVID-19 related lockdown, adults with late chronotype showed lower resilience
[174,264], increased insomnia, and more depressive symptoms than those with early
chronotype, irrespective of education status [264,265]. According to a cross-sectional
study among 19.267 adults from 12 countries, those with late chronotype reported more
mental health issues and lower well-being [266]. Additionally, analysis of four
international cohorts indicated those with late chronotype were more likely to be
emotional eaters before lockdown [267]. It is also plausible that young students with late
chronotype may have experienced more lockdown-associated psychological

disturbances, leading to increased emotional eating.
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1 Psychological
disturbances:

el hd
+ Stress eating

+ Insomnia
|

Predispositions: I
» Personality traits (susceptibility to |

stress, coping skills, resilience) -
* 1 Psychological disturbances

Predictors among students:
*  Young age

Female sex

Early academic semester/ undergraduate
+ Financial, academic, and family problems

Loneliness

Late chronotype

COVID-19-pandemic
related restrictions

Figure 11: COVID-19-pandemic related restrictions increased psychological disturbances leading to
emotional eating, thereby increasing the risk for obesity. Among students, predictors were associated
with increased psychological disturbances, enhanced by the individuals’ predispositions [235,239,248]. Vice
versa, psychological disturbances, such as depression and insomnia, are associated with adverse
personality traits, i.e. low resilience, and coping skills [249,250]. Figure owned by Bianca Stutz.

In summary, students are a highly vulnerable group to psychological distress, which
increased during the COVID-19 related lockdown, leading to an increase of habits related
to emotional eating. Thus, assessing psychological distress may have provided us more
insight into whether less psychological distress among our study population contributed

to the development of more regular eating habits.

6.3.4.3 Outcome measurements

6.3.4.3.1 Eating jetlag — Definition of meals and snacks

For research aim 1, participants reported consumption and timing of breakfast, lunch,
and dinner (see OA1). However, the conventional three meals-a-day pattern is often
absent, with more than three daily eating occasions/ events common [76,77]. Hence, the
terms eating occasions/ events appear more appropriate to characterize students’ eating
patterns. Consequently, we also included snacks in our analysis of eating jetlag, and our

findings emphasize the significance of snacks in relation to eating jetlag. Additionally,
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the terms eating occasions/ events provide an objective approach, recognizing that
individuals define meals differently depending on their sociocultural background [268].
Furthermore, inquiring on the timing of eating occasions relative to the individual
circadian phase appears to be equally important for metabolic health as examining meal
consumption or skipping (research aim 2). Given the absence of three meals-a-day
pattern [76,77], participants may have found it challenging to differentiate between meals
and snacks, such as mistaking breakfast for midmorning snacks, leading to biased
categorization of breakfast skipping. This highlights the lack of a clear distinction in
research [269,270], yet meals and snacks are either i) subjectively defined by
participants, ii) pre-defined by researchers, or iii) retrospectively classified [268]. In our
study, we inquired about snacks consumed between meals without further definition,
potentially leading to heterogeneous interpretations of snacking [268], which may have
biased findings on eating jetlag. Objective approaches, e.g. retrospective classifications,
wherein researchers classify participants’ eating occasions after data collection, appear
to be the less biased approach. Retrospective classifications include 24-hour dietary
recalls, dietary records, or food diaries [270,271], and new technologies, such as digital
food diaries using mobile phone apps [59], which allow participants to take photos of
consumed meals and snacks [76,77], may provide more precise data. However, as these
methods are expensive and time consuming, they were less suitable for our study.

Consequently, the risk of bias may be tolerated in epidemiological settings [271].

6.3.4.3.2 Glycemic response

The controlled nutrition trial primarily aimed to compare diurnal differences of
postprandial glucose levels in response to the intervention meal (research aim 2), as
high glucose values are crucial for T2D risk [272]. Thus, parameters, such as iIAUChnet

and AUC, have not been applicable as they also consider the area beyond baseline
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in contrast to iIAUC [273]. However, AUC values do not identify glucose fluctuations, i.e.,
glycemic variability, which is found to be more deleterious for cardiovascular health than
consistently high glucose levels even, in healthy individuals [272,274]. Since the
availability of CGMs, measures of glycemic variability have regained interest, leading to
development of new parameters, such as continuous overall net glycemic action
(CONGA) [275]. However, many measures of glycemic variability correlate with each
other [276], likely due to their consideration of mean glucose levels [277]. Hence,
different measures of glycemic variability may not necessarily provide distinct or
substantially different information [275]. Consequently, we examined conservative
variables (mean, standard deviation, highest, and lowest glucose value), except for 24-
hour mean amplitude of glucose excursion (MAGE), i.e. excursions >1.0 standard
deviation of mean glucose level [277]. Given debate regarding the significance of glucose
excursions >1.0 standard deviation for metabolic health compared to postprandial
excursions, e.g. iIAUC, MAGE may not have provided additional information for 24-hour

glycemia.

6.3.4.3.3 Assessment of subjective hunger

For research aim 3, we collected data on hunger using LMS scale before participants
consumed any meal/snack (see 4.2.2). This scale belongs to the labeled magnitude
scales, anchored by the greatest feelings of hunger/fullness, and subdivided by
perceptions describing different intensities [220]. Since the semantic meaning of the
descriptions and the intensity of hunger/fuliness differs inter-individually, participants
should be trained in using the scale to ensure that all agree on the descriptors’ semantic
meaning and express the same perceptions [278]. However, as we saw a clear trend of
hunger increasing throughout the day, training may have only improved precision of

recordings. Given that labeled magnitude scales are often tailored for specific study
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purposes, such as the LMS scale used from Zalifah (2008) to measure perceived satiety
(LMS scale), a universal scale is lacking [168,220,279]. Compared to the LMS, the VAS
is anchored by the greatest feeling of hunger/fullness without further descriptions along
the scale [145]. Thus, the VAS does not present the risk of participants’ responses
clustering around the descriptors on the scale [279]. On the other hand, it is argued that
the LMS scale is easier to use due to the descriptors along the scale than VAS, as
observed in a previous study. The main advantage of VAS is its reproducibility and
validity with identical meals [146], potentially contributing to higher reliability of our

findings.

6.3.4.3.4 Measurement of hormones

In the controlled nutrition trial, we did not measure appetite or satiety hormones, e.g.
ghrelin, GLP-1, and leptin, which also exhibit a circadian rhythm [20]. This omission
limited interpretation of our findings in relation to the participants” circadian rhythmicity
at the time of intervention. Importantly, we measured melatonin in a subsequent analysis
(OA1) from fasting plasma samples collected sequentially on day 4, starting with the first
participant at 7 a.m. and concluding with the last participant in the row by ~7:30 a.m.
(OA2). Such temporal differences in blood collection can result in high variation in the
measured melatonin levels. Hence, it is best to measure melatonin repeatedly at the
same daytime in each participant and within the study group [280]. Additionally,
melatonin levels vary significantly between individuals. Therefore, melatonin should be
measured only at critical thresholds when secretion increases, as determined by DLMO,
or decreases, such as 1-2 hours after wake-up [31]. Currently used test methods, such
as radioimmunoassay and enzyme-linked immunosorbent assay kits, measure
melatonin levels both in saliva and plasma, but vary in detection sensitivity, particularly

detection of low melatonin levels during the daytime [280]. Plasma melatonin is preferred
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for assessing total levels and inferring pineal gland production, due its binding to
proteins. Saliva, on the other hand, contains unbound melatonin, i.e. 30% of total plasma
melatonin, and is useful for detecting concentrations changes.

To determine whether intervention meals were consumed against the inner clock,
participants could have collected saliva samples at home, e.g., every 30 minutes for 1-2
hours when consuming the intervention meals in the morning and evening [280].

Unfortunately, melatonin measurement was not considered in our study planning.
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7. CONCLUSION AND OUTLOOK

In conclusion, students, notably those with late chronotype, are vulnerable for a more
erratic meal pattern and for adverse glucose response when eating against their inner
clock. Whilst glucose dips also occurred, we cannot confirm a relevance of glucose dips
for subjective hunger. Of note, hunger increased throughout the day, irrespective of

chronotype. Based on these findings, some aspects require further investigation.

Firstly, longitudinal research is needed to investigate the impact of erratic meal patterns
during young adulthood for the development of cardiometabolic diseases, such as T2D
or obesity. In this context, future studies should explore the feasibility of implementing
more flexible study formats, e.g. a combination of online and in-person courses at
universities. Additionally, it is crucial to determine whether such a flexible study
environment enables students to align better with their inner lock, as seen during COVID-
19 related lockdown.

Our findings reveal that the diurnal rhythm of glucose metabolism differs among persons
with early and late chronotype. Thus, future studies must consider the participants’
chronotype to interpret findings without selection bias. We speculate that previous
intervention studies, often scheduling study visits in the early morning, may have
inadvertently enrolled persons with early or intermediate chronotypes rather than
persons with late chronotype.

Moreover, as we examined diurnal differences of glucose response by chronotype,
studies controlling for behavioral and environmental cycles may verify whether these
differences are exclusively generated by the circadian system [8,21]. Furthermore,
studies using the FD protocol (see 2.8) may provide more insight on the optimal eating
window particularly for persons with late chronotype, who seem to face a dual risk of
adverse glycemic response when eating early in the morning and late in the evening. Of

note, while epidemiological studies indicate a higher risk of adverse health impacts
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among individuals with late chronotype compared to those with early chronotype
[69,281], the circadian rhythms of metabolic responses need more investigations.

Furthermore, strategies are necessary to compensate for increased hunger in the
evening, thereby preventing glucose peaks and weight gain. This is relevant for young
students, notably those with late chronotype, as they may stay up late to study, e.g.

during exam periods, and thus are vulnerable to increased late-night snacking.
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Glossary of chronobiology related terms

Appendix Table 1: Glossary of chronobiology related terms.

Behavioral Sleep-wake, fasting-eating, rest/exercise cycles.

rhythm

Chronotype Circadian phenotype, which differs between individuals.

Circadian Defines the circadian phase during which melatonin levels are low

day/night (day) or high (night).

Circadian Endogenous generated diurnal rhythm that repeats itself every

rhythm ~24-hours. This rhythm is self-sustaining irrespective of
environmental or behavioral influences.

Constant Experimental protocol removing the rhythm of environmental and

Routine behavioral influences to measure circadian rhythms of biological

protocol parameters. This is enabled by keeping environmental and
behavioral influences constant over = 24 hours.

Cycle See period

Diurnal (or Circadian, environmental and behavioral rhythms drive diurnal

daily day- rhythms of biological and physiological parameters and repeat

night) rhythm

itself every ~24-hours. The diurnal rhythm of the circadian system
is reflected by cyclic phases of circulating melatonin, which are
affected by light.

Entrainment

Synchronization of a rhythm to behavioral or environmental cues
(e.g. synchronization of the circadian rhythm to day-night rhythm).

Environmental

Light-dark/ day- and night cycles.

rhythm
Forced Experimental protocol disentangling the circadian rhythm from
Desynchrony | behavioral and environmental rhythms (e.g. light-dark/ sleep-wake/

(FD) protocol

eating-fasting cycles) to measure biological parameters in
response behavioral/ environmental rhythms across all circadian
phases. This allows to separately determine the effects of
circadian/ behavioral and/or environmental rhythms as well as
circadian alignment/ misalignment.

Misalignment

Differences in phases between two rhythms, i.e. misalignment

(or between environmental (light-day/day-night), behavioral (eating-

desynchrony) | fasting/sleep-wake cycle) and the circadian rhythm, e.g. light
exposure during the circadian night.

Period Cycle length: time it takes a rhythm to repeat itself (~ 24-hours).

Phase A period is structured in phases, which is the time relative to a key
point within a cycle (e.g. minimum, maximum).

Time cue An external cue (e.g. light, sleep, food consumption) that entrains

(synchronizes) the phase of a circadian rhythm.

References: [1,8,26]
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ARTICLEINFO ABSTRACT

Keywords: Due to their biologically later chronotype, young shadents are vulnerable to 2 diocrepans dlesping pattem be-
Eating jetlag tween work- and fres duaym, coined socis] jedag (SJL). This study examined whether a later chronotype andfar 2
EMMIanm larger GJL are related to an analogos discrepancy in meal timing defined 2= cating jedag (BIL) and whether
mm"‘ﬂ:s chronotype and/or changes in /L during the fisst COVID-19 related lockdown in Gesmany associased with
r—— changes in E/L. Baseline data were collectad from September 2019 Januarsy 2020 among 317 students (53%

farmales) aged 18-25 years of which a total of 156 students (67% females) complated an online follow-up surrey
in Jume-July 2020 (1at lockdown). Data were collected on daily routines, timing of meals ‘macks, and physical
activity. Chronotype was determined using the Munich ChronoType Quesrtonnaire; SJL and BIL comregpond to
the difference in the daily midpoint of clesp,/sating duration between work- and fres daym. Multivariable linear
regresgion revealsd that studentz with a later chronotype or a larger SJL experienced a larger EIL (putpmsa =
0.0124 and pajesnt= 000001). A lxter chronotype at baseline and reductions in 5L during lockdown amociated
with conourrent reductions in BIL {paeses = 0.027 and patjuset< 0.00011 In conchsion, shudents with a later
chronotype exhibit 2 more erratic meal pattemn which agcociates with SJL. Dhring lockdown, fexible daily
schadhles allowed shsdents to align the meal tming with their inner clock.

1. Introduction

The relevance of the eating pattern on the individual's circadian
thythm has been highly diseuszed lately: meal Gming was found to differ
between work- and free days resulting in an “eating jetlag™ (EJL) — alzo
called “metabolic jetlag” - reflecting the extent to which an individual is
earing against the own circadian shythm (Gill & Panda, 2015; Makarem
et al, 2021; Thomas et al, 2020; Zerén-Rugerio et al , 2019). A recent
study reports that individually preferred eating times commenly differ
largely from the actual meal timing in daily life of students (Veronda &
Irish, 2021). Of note, EJL seems to be most proncumeed among those
with a later diumal phenotype — i.e. chronotype — as reported by a study
among Spanish and Mexican students (Zeron-Rugerio et al, 2019).
Although the associated metabolic rdske stll have to be fully elucidated,
recent studies indicated that food consumption shortly before or after

Abbreviations: SJL, social jetlag; BIL, eating jetlag.
* Correcponding author.
E-mail address: anstte bundiengiumi-paderbom. de (AR Buyhen).

hittpe:/ /doiorg/10.1016,j.appet 2022 106333

the own circadian sleep phase (e.g. late night snacking among earlier
chranotypes or early breakfast among later chronotypes) may entail
metabolic consequences such as an imcreased misk for overweight
(MeHill & Wright, 2017; Zerdn-Rugerio et al., 2019), decreased insulin
sen=itivity, and elevated blood pressure (Allizon et al | 2021; Makarem
etal, 2021).

Students are particularly vulnerable o live against their inner clock
since humans experience their latest chronotype at the age of 20-21
vears (Roenneberg et al, 2004) amd university commonly startz at
relativaly early times of the day. Thiz further results in a phenomenon
coined “social jedag” (SJL), likewise defined as the difference in the
midpoint of sleep between work- and free days. Later chronotypes are
maore likely to have a larger SJL (Roennsbearg et al., 2019, yet — while
plausible — associations between chronogpe and/or SJL amd EJL remain
to be esmblished.

Beceived 29 December 2021; Baceived in revized form 18 Avgust 3022 Accepted 28 September 2022
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H. Sy of al

The exponential outhreak of COVID-19 has caused sudden sark
changes in every day’s life: many countrie: imposed restrictive mea-
zures, e.g. closing education institutions, restaurants, and fimess centres
obliging citizens to isolate themselves at home (Stafford, 20200
Consequently, leisure activites, studying, and working were relocated
to the individual’s home, which has in fact enabled many individuals to
adjust daily work and social schedules to their circadian rhythm,
resulting in a reduced SJL particularly among young adults (Forman
et al, 2020; Swafford, 2020). Changes in dietary pattemns due to
COVID-19 related lockdown have alto been deseribed, yet primarily
with respect to 2 more pronounced consumption of macks (Alfawaz
et al, 2021; Deschazaux-Tanguy et al, 2021; Gallo et al, 2020), con-
fectionaries (Huber et al., 2021), and sweets (Deschazawe-Tanguy et al.,
2020} It remaine to be clarifiad whether more erratic meal timings as
reflectad by larger ElLs were also reduced during the lockdown in the
particularly wulnerable group of student: amd how chronotype or
changes in SJL ware azsociated with changes in EJL.

Therefore, we aimed to azsess the azzociation of chronotype and SJL
with the extent of erratic meal patterns reflected by EJL in a sample of
students aged 18-25 vears before the COVID-19 pandamic. Secondly, we
examinad whether chronotype at basaline and /or changes in SJL during
lockdown were related to concurrent changes in EJL. We hypothesized
that students adjusted their dietary habitz on workdays to those on free
dayz, which would result in a reduced EJL In line with thiz, we expected
greater changes in EJL among studentz with a later chronotype at
baseline and /or thoze with larger changes in SJL between baseline and
lockdowm

2, Methods
2 1. ChroMNu study

The ChroNu {(Chronotype and Nutrition) study is a cohort study that
commenced at Paderborn University (Germany) in Saptember 2019.
Thiz study aimed to collect data on the dming of students’ daily routines,
meal consumption and physical activities as well az their circadian
phenotype during their studies. Participants were recruited through
posterz, fivers, and online advertizement (e.g. social media). Eligibility
criteria considered healthy students aged 18-25 years and being fluent
in German from all faculties of Paderbom University. Students enrolled
in study courses of the rezearch group, reqularly working shifts ac night
or having travelled = 1-tdme zone in the past three months (McHil &
Wright, 2017) were excluded, as were those being pregnant or lactating,
taking anfidepreszamnts, hypnotic and/or sedative medication From
September 2019 to January 2020 students were interviewed for aligi-
bility in person by the study team and azked to fll in questonnaires
online via the data capture tool RedCap at the study centre. During the
Izt COVID-19 pandemic lockdown, all paricipants were re-contacted
wia e-mail and asked to fill in the same guestionnaires online om
BadiCap as assessed at baseline. All questionnaires referred to the past
four weeks. In Germany, education instmtions (incduding universities
and schools) amd eulural instoutions were closed mid-March 2020
except for grocery stores, pharmacies, and post offfces which remained
holds only were allowed to meet in public and private (Staller & Fan-
dier, 2020). From Jume to July 2020 - when the follow-up was
condueted online- certain restriction measures had already been easzed
locally like opening restaurants, bars, and Amess centres (Mitmel-
deutscher Bundfunk, 2020) but univerzities remained closed umil
aummn 2021, Data were collected and managed using RedCap online
dama capture tools hosted at Paderborn University (Harriz et al., 2009).
Informed consent was obtained from all participants in written form at
the baseline vizit and online prior to the survey. The study was approved
by the Ethics Committee of Paderbom University and registered at clinic
altriaks gov (NCT04302922).
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22 Study population

In total, 327 soudents (55% females) were included in the baseline
recruitment, yet seven persons were excluded based on the eligibiliny
criteria (n==: regular night work, o= 1: taking antideprezzants). Reports
on eating duradon <4 h on workdays, i.e shorter than the shortest
period of time-restricted eating (4:20 h) (Clenfuegos et al., 20200 were
considered implansible (m=3). Hence, the analyziz was performed in 317
students. During the COVID-19 pandemic lockdown, 192 online survey
entries were recorded. OFf thoze, 27 surveys were incomplete, four par-
ticipants filled in the survey twice, and two further entries did not match
with the baseline [Diz. Three participants got further excluded due to the
eligibility criteria (n=2 regular night worl; n=1: taking antidepres-
santz), thus resuldng in 156 partcipants included in the follow-up
analyszis.

2.3 Chronotype and SJL

The chronotype was assessed by the Munich ChronoType Question-
naire (MCT()) (Foenneberg et al, 2003). In bref, the MCT() inquires
sleep time separately for work- and free dayz Pree days refer to days
when neither snudying nor working is scheduled, while workdays refer
to those days on which students either study and/or work. The indi-
vidual chronotype is caleulated as the midpoint of sleep (MSF) betwesn
sleep-onset and sleep-offret and corrected for accumulated zleep debe
during workdays (MSF,.). &L represents the actual temporal difference
between the midpoint of sleep on workdays and free dayz (Foennsberg
et al, 2019).

2 4 Charecteristics on eating pattan

Habitual consumption (yes/no) and tming of breakfast, lunch, din-
ner and snacks were separately nquired for work and free days. Skip-
ping breakfast/Tunch/dinner was defined as no consumption of the
corresponding meal Meals and snacks were defined individually by the
participants. EJL was calculated as previously suggested by Zerdn-
Bugerio (Zeron-Rugerio et al., 2019). Briefly, EJL deseribes the temparal
difference between the midpoint of eating on workidayz and free days.
The daily eating midpoint iz calculated based on the timing of the frst
and the last meal. Furthermore, the jetlag for each meal was assesed az
the temporal difference in the midpoint of the comesponding meal be-
tween work- and free days. One participant reported identical timing for
breakfast and lunch on work- and free dayz (8:30 am and 11:00 am,
respectively). In thiz ease, meal timing was considered for breakfast
only.

The definition of EIL by Zerdn-Rugerio only considers main meals
(Zeron-Rugerio et al, 2019), but since snacks may be consumed in place
of meals (e.g. skipping breakfast n favour of snacking later) or after the
last meal, ie., late night snacking among later chronotypes (Xiao et al,
2019), we considered whether macks were consumed (yes/no) in the
moming (S:00-11:30 am), aftemoon (13:30-18:000), and at night
(= 19:00) to estimate the eating midpoint and thus determine a toal EJL
also accounting for snacking. To this end, we defined snack dme as the
midpaoint in the above given time frames (e.g., 10:15 am for moming
mnack consumed batween 900 am and 11:30 am ). If nack at night (i
e. snack after 19:00) was reported, we caleulated an individual midpoint
between 19:00 and the time when getting ready to sleep as obtained
from the MCTQ (“When are you ready to fall aslesp? ") (Roenneberg et al,
2003). Henee, we focused on the analysis of the total BEJL, yet also report
data on the main meal EJL (Zeron-Rugerio et al , 2019) for comparative
purposes in sensidvity analyses. We further estimated the duradon of
nightly fasting as the timespan between the last meal/znack amd frse
meal/snack.
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Table 1
General charactariztics stratifiad by cex-cpecific tertiles of chronotype at baseline (n=317.
Chmnotype
n Tl (M=105) TZ [(n=1d7) T2 (h=105)
Sex (females, n (%)) 1823 &1 (59) a2 (58) BO {57)
Age {}‘:ﬂtlr 7 22 (20.0;, 23.0) 22 (20.0; 24.0) 21 (20.0; 2300
Ermi.ing{n{"lh,l]‘ a1 i (] 12{11) 12{12)
Dﬂ}'l-if-lﬂ.ﬂiﬂ 14 I.I.I'Ii.\'HH'l}' (m] 37 403 5 4 (3 5) 404; &)
Start at universiry (homam) am 51 [0 10:50) 112 (%15 10) 1023 (930 11:135
End at university (homm) s 15:48 (15:03; 1231) 1508 (14:5Z 1 Godk) 1536 {14:33; 1630)
Average travel time to university and back during week (humm) n7 D40 (Dc20; 1:20) 80 (D223; 1:20) 030 (0e20x 1:00)
Job (n (%&H)* 1% TO LT T2 G (53]
Living form {n (%))
Sh.l\cdlpnrmt 153 AL (44) &% (4E) 55 (52)
Single apartment ol 1302 20 (1% 4 (23]
Other (with parents/partner/ows family) 110 Ak (44) 328 (3] 25 (28]
Sereen time >4 h'day (humm)
Workdays 165 &E (44) il 58] 55 {56)
Free days 1310 32 {30 3% (3E) 559 {56)
Phiysical metivity (n (%))°
ngh =5 d.l}'im] BB 26 (25) 23 (25 19{14)
Lo [<2 days/week) 112 28 (27 2 (36) 45 {43)
Exercise intensity (n (%))
ng;h [=2 h/week) 1E4 To (BT 55 (51) 59 (56)
Low (=1 hewesk) 5 13013 17 (18) 21 (20
Exercise on workdays (n (%))
Early (Boli-14:00) k] 38 (36) 3438 23 (23)
Late [>74:00) i st g7 (8= <0 {84 HE {84)
Exercise on free days (n (%))
[-'A:}y [ Bk 1 4a0HT) 141 &0 {57 A% (41 3 (34)
Lage (27 4:000) e 1} o [E1) TU{T4) 83 (7%
Abbreviation: T, testile: n, sample size.
. lhnnhng {wea/mol.
& Job (yes/no).

 Phyical activity: svery activity resulting in oweating or heavily breathing.
o Bxercize: regular training sessiona. Diata are frequencies, or mediang (01, Q30

2.5 Daily activities

Data on smoking (yez, no, sometimes) was ngquired. Furthermore,
with respect to the stadent”s schedule at university start and end times of
attended lecturez on the corresponding weekdays were inguired at
bazeline; in the online survey, students were azked to report the schedule
af attended online classe:. Average travel time to and from university
was queried at bazeline only. At baseline and follow-up, participants
were asked whether they had a job (vez/no) and whether they lived in in
a flatcharing commumity, single apartment, with parents, partner, or
their own family. Similarly, participanes were azked at both dme points
on their daily active screen tme (computer, TV, smartphones, excluding
e-books) separately for work- and free days (=6 h/day, 4-6 h/day, 34
h/day, 1-2 hy/day, 30-60 min/day, <30 min/days, not at all, I do not
Imow). Data on physical activity (7, 6,5, 4, 3. 2, 1 or 0 dayi(z),/'week) and
exercize (no exercize, < 1 h/week, 1-2h/week, 24 hy'weel, =4 h/weak)
were eollected using the German health questionnaire adapted from the
German Health Interview and Examination Survey for Adults (Frug
et al., 2013). Whereas questions on exercize referred to regular training
zesgions, questions on physical activity considered all activities associ-
ated with breathing heavily or sweating. We further gqueried the tme
frames in which exercize was usually performed separately for work-
and free days: moming (6:00 am-11:00 am) noon (11:00 a
m-—14:00), aftemncon (14:00-18:00), evening (18:00-21:00), and for at
night (21:00-6:00 am ).

2.0, Stistical amalyses
Potential confounders considered in the analyses were defined as
follows: Smoling was categarized in smokers (ves or sometimes) and

non-rmokers (no). Average sart and end times of attended lectures were
caleulated by adding up all data given for the respective dayz and
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dividing them by the number of days on which lectures were attended.
Trawel time forth and back to university were added up to obtain total
ravel tme. If participants did not actend lectures or were studying
entirely from home, timing of attended lectures and total travel time
were set to Zero. In the follow-up, ravel dme was not aszessed and thus
baseline data were set to negative values to describe for changes in the
follow-up. Living form was grouped in flat-sharing community, single
aparment, and other (living with parents/parmer/own family). High
scTeen time was categorized as screen time -4 h/day (ves/no). Days of
phyzical activity ware categorized as high (> 5 days./week) or low (<2
dayz/week) and intensity of exercise as high (=2 h/weak) and low (<1
h/week), respectively. Timing of exercize was grouped in “early™
combining time frames in the moming and middays (6:00 am —11:00 a
m, 11:00 am-14:00) and “late” summarizing time frames in the af-
ternocon, evening, and at night (14:00-18:00, 18:00-21:00, 21:00-6:00
am.). Data on snacking in the moming or evening on work- and free
dayz were summarized because smacking habitz did not differ signifi-
cantly betwean work- and free days.

Dreszcriptive data are presented as medians (1, 3} for continuous
variables and percentages for categorical variables in sex-specific tertiles
of chronotype (MSFec). Changes in categorical variables were deter-
mined az changes in category (baseline minus follow-upl), i.e., a negative
value indicate a decrease in the respectwve category. The hypotheses
underlying the following amalyzes (see inooduction) were specified
before carrying out the statistical analysis according to a pre-specified
analytic plan: 1) Association of chronotype or SJL (exposure variables)
with total EIL (outrome) at baseline, and 2) Association of the chro-
notype at baseline or changes in SJL (exposure variables) during lock-
dowm with conewrent changes in total EJL (outcome). Chronotype at
baseline (rather than changes in chronotype) was related to changes in
total EJL zince chronotype iz considered a biclogical construct (Roen-
neberg et al, 2019) and it was assumed that this would remain stable
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T2 (m=107} T2 (=105)

22dS (2230 23:15)
23:15 [ 2300, 2955

13:00 (1230, 13:00)
1.3:00 [ 1 3208, 14:00)

14500 [ 18230, 149:30)
1500 [ 1830, 1%30)

13:45 (13220; 14:20)
14:30 [ 1 4208, 15:00)

13:00 (1 120y 14:15)

4235 (422 4:50) 5:35 (Gedik bclO)

E3:50 (2150, 24:00)
1230 {24:00; 1:00)

2AOH) (Z3:30; 1:060)
1:35 (1:00; 218}

F20 (7200, 8:00)
GHD (B3, haS)
107 {Cedi; 1:35)

H:00 [7:30; S00)
100 (930 10045)
1:35 (k57 2100

Bzl 2 (755 B:55)
Vil=00 (=00 10:00)

8:30 (815 %30}
1100 {1007 11:15)

13:00 (1230; 13:15)
1230 [(13:008 14:00)

13200 (12:30; 13:30)
140 {12:00; 155040)

1500 (18:30; 20:00)
1530 (1%:00; 2000
=30 {1:00; 00}
20 (000 1:00)
il {— De3 Q:30)

1930 (19:00; 20:00)
1930 {19:00; 2000)
1:30 (1208 245)
100 (ie0iy;, 200)
e (- 1:06%; Dodd)

V22 (1345, 15:22)
15:00 (14:22; 15:45)
037 (el 1:12)
Ce37 (ool 1:00)

15215 (14:07; 16200)
16216 (15:07; 17:00)
1:00 {0:11; 1:52)
e40 (- (D4, 1228)

35 (33) 31 (30
27 (25) a5(24)
B 7} 7(7)

17 (16) 39(37)
41 [38) 34 (32)
35 (33) 6T (b4)

13:30 (1200; 14:45) 1300 (12:00; 14:15)

B. Soow et gl
Table 2
Circadian characteriztics, meal intake, and meal timing by sex-specific tertiles of chronotype at bagelins (n=317).
Chranotype
1] TI (n=TR5)
MEFse (homam) n7z 235 [2:10; 350
Time when falling asleep (h:mm)

‘Workdays nz

Fres days nz
‘Wake-up time (honmm)

workdays nz T:00 (830, F30)

Free days nz 00 [7:30; )
Social jetlag (himm) N7 50 [h25; 1:15)
Breakdast timdng (humm)

‘Workdays 34 00 (730 B30

Fres days 54 S0 [B:45; 10:00)
Lunech timdng (homm)

‘Workdays M

Free days 248
Dinmes timing (humm)

‘Workdays 3

Free days 309
Breakfast jetlag (hommm) 12 1:10 (30 1:45)
Lunch jetlag (hemm) 236 Q230 (0007 100
Dinmer jetlag (homm) 302 00 [— 30 (:30)
Enting sbdpodnt (henam)

workdays N7

Free days n7
Total eating jetlag (hmm) N7 30 (=00 1:11)
Main meal eating jetlag (hemm)® n7 030 [:00; 1:0%5)
Breakdast skipping (n (%))

Woarkdays =] 17 (1)

Free days B3 110
Lunch skipping (n (%))

Workdays 21 & (&)

Free days i 1308
Snacking in the moring (n (%)) 12 37 (35)
Snmcking in the evening (n (%)) 136 34 (30
Duration of nightly fasting (himm)

workdays a7

Free days n7

14:00 [1 245, 15:00)

14:30 (13:15; 15:15) 1de0i {12:30; 15:110)

Abbreviationz: T, tertile: n, cample gizer M5Poc, midpoint of dle=p comected.
*Dinnar n]ﬁppmgwminm:l [im < Sh).

® Main meal sating jetlag (Zaron-Rugero =t 2l | 2019). Data are frequencies, or medians (1, Q3L

during the COVID-19 related lockdowm. Multvarable inear regression
madel: were used to analyze thess associations considering p-values
= 0.05 statiscally significant Since men and women differ in their
chronotype (Roennsberg & Memmow, 2007) we conducted tests for
interaction between the expocure-outcome associations, which indi-
cated a sex difference in the association between /L and total EJL at
bazeline (p= 0.0307) only. Hence, multivariable linear regrezzion for
this exposure-outcome relation was alwo performed statified by zex
Model building was performed for the primary expogure, ie, chro-
notype or SJL in their relation to total EJL (Model 1) Model 2 was
adjusted for zex and age (or age only in sex-csiratiffed analyzes). Model 3
conziders additional potenfial confounders as outlined above wsing a
hierarchieal approach (Victora et al., 1997) to avoid overadjustment
potentially resulting from the inclusion of too many variables and,/for
collinearity arising from the fact that the considered covariates reflact
clusion in the hierarchical approach were (1) external obligations (days
af attendling lectures (n), travel time to and from university (homm), job
(ves/no)), and (2) behavioral variables (physical activity high/low, ex-
ercize intensity high/low, early/1ate timing of exercize and high screen
time separately for work- and free dayz respectively as well as smoking
(wes/no)). Only variablez that either modified the exposure’'s (Le
chronotype,/SJL) regression coefficient by =109 (Maldonado &
Greenland, 1993) or significanty predicted the outcome variable (Le.
toeal BJL) (Kirkwood & Steme, 2003) were considered.

Senzitivity analyzes repeated the analyzes outlined above using main
meal EJL at bazaline az outeome to enable comparizon of the results with
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data from Zerdn-Rugerio (Zeron-Rugerio et al , 2019). Statistical ana-
lyzes were performed using SAS procedures (SAS version 9.4; SAS
Institute, Cary, MG, USAD.

3. Resuls

Students in the latest chronotype tertle (T3) were more likely to
smoke and report a high screen time (=4 h/day) on free days, while
those in the earliest chronocype tertile (T1) were phyzically more active
(=5 dayz/week) and exercized more frequenty at early dmes (6:00 a
m —14:00) of the day (Table 1). Moreover, students in the earliest tertile
antended undversity lecres more frequently at earlier daytimes.

Table 2 shows the circadian characteristics amd eating patterms by
sex-specific tertles of chronotype at baseline. Chronotype ranged from a
midpoint of zlesp at 3:35 am in T1 to 5:35 am_ in T3. Thoze with the
latest chronotype had the largest SJL and consumed most meals at later
times of the day on both wors- and free days when compared to earlier
chronotypes. Among all chronotypes, breakfast time was delayed
notably on free days when compared to workdays resulting in the largest
meal jetlag for brealdfast. Likewise, students reported breakfast skipping
lezz frequently on free days. Overall, later chronotypes had a later eating
midpoint which differed most between workdays and free dayz resulting
in a greater total EJL compared to earlier chronotypes. Total BEJL waz
more pronounced when snacking was considered since studentz with
later a chronotype macked more frequently in the evening.

In the multivariable regresion analyzis, both chronotype and SJL
were associated with total BEJL in the crude and adjusted models:
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Table 3
Adjusted mean total eating jetlag in sex-gpecific tertiles of chronotype and vocial jetlag at baseline (n= 517
Chrosotype SJL
T T2 T2 Fowna Tl T2 T Poma
MSFse (homm)” 335 (310, 2:50) 4: 35 [4:22; 4:50) 5:35 (520 GelHE) SIL (hemm) 030 (R17; Ged2) 1007 (1204 1:15) 200 [(1:45; Z30)
Made] 1% 0.5 (0.3-0.7) 0.5 {0.3-0.7) 1.0 (071,20 00008 Model 1 0.4 (010G Do (D4 0H) 1.0 [Ee-1.23) =10, 0001
Mode] 2 0.5 (D207 0.5 (0.3-0F) 10 {0712y 0.0015  Model 2 0.4 (DL 0.6 [D.4-0H) 1.0 [E-12) =10, 0001
Mode] 3 G [D2-0E) 0.5(0.3-0.7) 0% {07-1.1) 00124  Model 3 b (03-0.9) 0.8 (0.5-1.0) 1.1 [(DL9-1.4) =10, 0001

Abbreviarione: T, tertile, MEFac, midpoint of zleep comrectad, SIL, social jetlag. Linear trends (P4} were obtained in linsar regrescion models with M5Pac and SJL a0

continuous varisble.
® Valuesz mmcdiml:Q'l, QS]anB‘PB:andSJL{L;mm].

B Yalpes are pregented az adinsted least square means (953 Confidence nterral {Clal) of M5Pac and 2L Model 1 iz unadiusted. Model 2 adjusted for sex and age.
Model 3 additionally adjucted for daye of lectures at univerzity, exercize at sarly daytimes (6:00-14:00) on free days, and snoking (yes/no).

Fig. 1. Ascociafion between total esting jetlsg amd
zocial jetlsg ctratified by oex at bazeline (men n=134;
women n=1864L Total eating jetlsg in omadeniz by
mﬁk:ofmd:l}eﬂag.Mm.mjwum:n}.Dmm
presented az least-square means and 95% CI adjusted
for age, tranzport time to univessity and back, and
exercioe at early daytimes (6:00 am-14:00) on free
dayz in men and for age, dayz of lecnures ar university,
transport time to university and back, high phyzical
activity (5 days/week), and omoking (yeo/no) in
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. Pb_‘-um“ {men mh
P,y 0T D miren ]
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i
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;‘ -
T i) T .
3 =4 - [ ]
= * L
| ]
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& =
.;r
617 [TE1 f4n (3] 1:01 1514 1:28 1:37 1:48 z-na

Seckl el (acmm| median far deithn

zstudents with a later chronotype or greater SJL experienced a larger total
EJL irrespective of potential confounders (Table 5, models 1-3). In sex-
stratified analysiz, the independent association between total EJL and
5SJL was more pronounced among women (Fig. 1; Table 2, supplemental
data).

In the follow-up examination, baseline characteristics of participants
and non-participants were similar, yet partcipation rate was higher
among females (67% w2, 33%) (Table 1, supplemental data). From
baszeline to follow-up, the MSF,. was reduced among the latest chro-
notype only (T3}, while SJL decreased in all tertiles (Table 4). All stu-
dents conzumed breakfast and hmeh at later dmes on workdays resulting
in reduced total EJL and less breakfast skipping. In particular, studentz
with a later chronotype shifred brealfast to later times on workdays and
earlier daytimes on free days and thus experienced a greater reduction of
breakfast jetlag and an earlier eating midpoint on free days. Further-
maore, macking in the evening declined noably among those in the latest

Compared to bazeline, studentz with a later chronotype experisnced
a greater reduction in total EJIL independent of potential confounders
during COVID-19 related lockdown (Table 5). Similarly, a greater
reduction in 3JL was independently associated with a greater reduction
in total EJL. In sensitivity analysiz, SJL — but mot the chronotype — was
associated with main meal EJL irmerpective of potential covariates
(Table 3, supplementsl dam).

4. Dizecuzslon
Thiz smudy confirmed our hypothesiz that studentz with a later

chronotype are more vulnerable to an erratic meal pattern resulting in a
greater discrepancy between the timing of their meals conmumed on

[E]
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wark- and on free dayz az illustrated by a larger total EJL among later
chranotypes than earlier chronotypes. As expected, total BIL iz closely
related to SJL, for which later chronotypes are alzo more susceptible.
During the CGOVID-19 lockdown, total EJL was reduced particularly
among later chronotypes, henee the more flexible daily schedules
allowed for an alignment of meal pactarn with their inner clock. Like-
wize, a decreased SJL waz associated with reductions in emratic meal
pattern — ie wotal EJL

In the populadon studied, differences in meal pattern between work-
and free dayz were most pronounced for breakfasc while breakfast iz
skipped more frequently on workdays itz dming iz later on free dayz,
which waz most pronounced among students with a later chronotype.
Ome reason may be that later chronotypes visited lectures starting later
in the moming encouraging them to skip breakfast in favour of lonch at
the cafeteria. Maoreover, in line with previous studies (Garaulet et al,
2013; Reutrakul et al | 2014; Ropbach et al , 2018; Teixeira et al., 2015)
evening snacking was more frequent among later chromotypes, which
may alzo contribute to breakfast skipping especially when dinner or
mnack are consumed late in the evening (Okada ec al., 20190

Yet, most students in our study reported having breakfast (n=234
(74%:)) which was consistently scheduled against their inner clock on
workdays as indicated by the largest jetlag of all meals. Evidence from
other studies support our fndings that breakfast tming differs maost
between work- and free days (-1 h) and mainly drives the EJL while the
timing of hmch and dinmer wsually remain fairly constant throughoue the
wesk (Gill & Panda, 2015; Makarem et al | 2021; Teron-Rugerio et al
2019). Furthermore, a previous study among 18-25 year ald students
living in Mexico or Spain akeo found that EJL was larger among thoze
with a later chronotype amd a langer SJL (Zeron-Rugerio ecal., 2019). In
our study, chronotype was only associated with total EJL which also
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Table 4
Changec in cocial jetlag, eating jetlag, meal timing, and anacking from baseline to folloveup (n=156).
Change = Chrenotype
n T1 {r=51) T2 (n—53) T2 (=52
MEF,, (hemm) 156 002 - 02 (4T — 02 [ G230y G2E) 037 (- 01203; 0:30)
Sleeping time (homm)
‘Workdays 156 o215 - 001 5 (e5a) 0:25 (Do, (R55) ] 5 (- D30 5E)
Eree days 156 Oe15 (- 0el 5 a1} CuH - D30 (230 e300 (- 1:14; G:2E)
‘Walke-up time (honam)
Wworkdays 156 OOy (- 021 5, (45) D30 (- 021 5 1:00) D02 (- D30y 1:00)
Fres days 156 O {— OudS; 00300 Ol {— D30 0:30) e300 (- 1:30; O:26)
Sowial jetlag (homm) 156 D16 (= 03E) — 20 (=3H) 54 (=1:00)
Brealkfast (h:mm)
‘Workdays 105 O30y Dol 1:00) e (Do, 1:00) 100 (D25 1:30)
Fres days 113 O {— Oe30, O:30) Ot (Do, 0:30) e300 (—1:07; Q:00)
Lumeh {himen)
Workdays 124 O3 Dol 1:00) 001 5 (Do 10003 D55 (- Del 5 1:30)
Fres days 109 ooty Oy, e DotHl - De30; 0:30) D (- 100y, 200}
Dinnes (henan)
Workdays 144 ooty {— O3y, Oy DoiHy {— D30y 0300 DMl (— 1:00, 1:00)
Fres days 145 OOy {— 021 %, e3) Do (- D30, 1) Do (D35 0:30)
Breakfast jetlag (homm) a5 Ce30 {— 1204, 0:00) — 030 [1201; 0:00) 1:30 (- 154; -0:05)
Lok jetlag (heem) oy ooty {— O3 Q2 — e [ 1, (215) 1:00 {—1:30% 215}
Dinmner jetlag (homam) el ity - 0 5, Qe oMl (- D30 (30 DM (- Doy, 1:00)
Eating midpodnt (henam)
Workdays 156 oM (- Ce5% (30) 026 (- (2% 0:45) 15 (- 1:00 1:15)
Eres days 156 ity {— 1 =0, e Dol {— O30 15 030 (- 130 41}
Total eating jetlag (himm) 156 07 (- 037 (e30) —r1 5 (- Codd;, (207 — 3 (- 1:3%; :34)
Main meal eating jetlag (homm)” 156 0007 (- O30 0:33) — 016 (- Ord5; 0:00) 0e29 (—1:28; 0:37)
Breakfast skipping (n (%))
Workdays a3z 2(-4) -2 (—4) 7{-14)
Fres days 28 0 (@) -3 (-B) o)
Lumneh skipping (n (%))
Workdays a5 {4 &{11) 10 (19
Free days 2 2[4} 4 (=) 8({-15)
Snacking in the morming (n (%)) L 5(-10) - (-11) 8(-15)
Snacking in the evening (n (%)) a1 11 (-2%) ~2{—a) 14 [-27)
Duration of mghtly fasting (hmm)
Wworkdays 156 ol (- 020y, 200) 15 (- 15 1:30) 55 (- Dr2ly 2:30)
Fres days 156 026 {— Oe30, 1:30) Ot {— D300 12000 OeiHd (- To0M; 1:206)

Abbreviations: T, tertile: n. zample sizer MEF,., midpoint of aleep corrected.
“Dimner n}iippingmmiuhn:lti.r_ < SR

® Main meal =ating jetlag { Zeron-Fugerio =t al | 23019). Dats are frequencies, or mediane (01, Q3L

accounted for snacking. This is in contrast to the Andings from Zeron-—
Bugerio et al who reported associations based on meal tming only.
These differences could stem from cultural differences in dinner dme
which iz usually later than 21:00 in Spanizh and Mexican populations
(Zeron-Rugerio et al. | 201%) whilst our study population had dinner not
later than 20:00 even in the latest chronotype tertile both on work- and
free dayz. Yet, in our populatdon, 43% students reported macking after
19:00 and thiz was most frequent among those with later chronogype. It
has been proposed that late night energy intake accompanied by a zo-
cially determined early brealifast reduces the overnight fasting period
and might increase the risk of obesity (Palla & Almoozawi, 20190
However, compared to other smadies, in our cohort duration of nightly
fasting was relatively long and similar on work- and free dayz (~13:00h
on workdays and ~~14:00 b on free days compared to approx. ~%:00 h
(Gill & Panda, 2015; Gupta et al, 2017) presumably due to later
breakfast timing and/or brealfzst Thiz may reflect some circadian
fexibility of daily meal timing among all chronogpes in our cohort.
Accumulating evidence suggests that arratic meal timing, as re-
flected by EJIL, iz associated with adverze candiomembolic health effects
such az inereased body fat (Thomas et al., 20200, higher BMI (body mass
index) (Makarem et al, 2021; Zerdon-Rugerio et al, 2019), elevated
blood pressure, and higher HbAle (Makarem et al., 2021). An EJL may
be interpreted a= a “metabolic time zone crossing” on wodkdays (Gill &
Panda, 2015) potendally disrupting metabolic processzes (e.g. glucose
metabolizm) (Challet, 2019). Hence, while food iz consumed in sym-
chrony with the master clock in the suprachiazmatic nucleus on free
days, consumption during the eircadian sleep phase on workdays (e.g.
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early breakfast among later chronotypes) entrains the peripheral clocks
located in liver, muscles, adipose tissue ete. This will not only result in a
desynchronization with the master clock, which remains entrained by
the light-dark rhythm (Challet, 2019), wet also phase-shift peripheral
clocks anticipating food intake at the newly set meal timing on subse-
quent days including free days (Chaix et al, 2019 In our smdy, in-
dividuals with the latest chronotype experienced a total BIL of 1 hy
corresponding to a metabolic crossing of 1 time zone (Evans & Davidszon,
2013). This may have adverse long-term consequences as mdicated by
Zeron-Rugerio who reported that a main meal EIL 3.5 h was associated
with 1.34 kg/m® higher BMI (Zerén-Rugerio et al., 2019). Of note, the
sex~differences in the association of SJL with total EJL suggested by the
fiormal tests for interaction (p= 0.0307) appear to be largely driven by a
broader range of the tol EJL among women rezulting in a more pro-
nounced association with SJL than among men. Hence, our data support
a similar public health relevance of the associations in both sexes. While
more rezearch need to nvestigate the consequences of EIL on metabolic
health, a regular eating pattern during circadian wake phase may help to
maintain a robust circadian rhythm (Zerdn-Rugerio et al., 20200 This
could be achieved by Aexible breaks for eating occazions betwean lac-
mures, mare fevdible workzehool schedules or enable home office/stu-
dying omline which also save: time when not commuting oo
umiversity,work.

Our study demonstrates that rtudents aligned their meal dming with
their cireadian rhythm during lockdown as indicated by a significant
decrease in total EIL particularly among later chronotypes. Again, thiz
appears to be largely driven by breakfast habits and/or timing since
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Table 5
Mean change in tom] sating jetlag (fallowe-up mimiz baseline} by sex-otratified tartiles of chromobype at baseline and changes in social jetlag (n=156).
Chronotype at basaline Changes of S
m T2 T2 Powea n T2 T2 Powas
MEF (h: 32T (307, 430 (405 5:35 (521 SIL (he 0 (-5 OcZ3 (0417 1012 (14
e 3:4Z) 4:47) ey mn)* L1 3] r12) Al
Model 1" 0 ({0l 0L [40.5-00T) 05 (0% < T) 00481 Model 1 L 0. 4-0LE) OB (-0.4-03) i [01-1.2) =20, D0
Mode] 2 0 (0l 0.3 (40.7-001) 05 (0% 1) 0.0 Model 2 £.1 (-05-0.3) 0.1 [-0.5-0.3) .6 [<1.0- 0.2 0,001
Maode] 3 0.2 (-0.3-0.8) 0.1 [40.5-0.8) LA R 00T Muodel 3 0.4 (-08-0.1) {4 [-0.9-0.1) 0.9 (1.4 -0.4) =0, D

Abbreviations: T, vestile, MSP,., midpoint of deep correctsd, SIL, social jetlag, Linear trendds (Pimend ) were obained in linear regremion models with MSF,. and chang=c

of 5JL 2z contimeons wariahls.

- V:]Jmﬁmmﬁiithl, QS]QEMB‘Fgatbudinr:nﬂ clmng:: of SJL (homm).

& Vahses are presenied a3 adjusted least square means (95% Confidence Interval (Cz)) of MSF. and SJL. Model 1 iz unadjused. Model 2 adjusted for sex and age.
Model 3 adjusted the asvociation betwean MEF, at baseline and changes in total =ating jetlsg additionally for changes in sxercise at earky daytimes (6200 2.m - 14:00)
on free daye, and emoking (yes/mo). Model 3 of the regremion between changes in &L and total eating jetlag additionally adjusted for changes in exercice at late

dnyrimen (> 14:00) on workdays, and changes in smoking (yea/nol.

fewer students skipped breakfast on workdays during lockdowm and
timing of breakfast was comparable between work- and free dayz. Thiz
change might have been caused by a reduced SJL: the fact that stodents
no longer needed to compenszate for a SJL on free days (Foenneberg
et al., 20190 emabled later chronotypes to synchronize their breakfast
time between work- and free dayz. Our observation that SJL decreazed
mast among late chronotypes iz in line with the Global Chrono Corona
Survey (GCCS) comparing sleep-wake rhythm in 11,431 adultz from
ower 40 countries (Korman et al | 2020). In that shudy, participants of the
youngest age group (15-22 years) experienced the largest reduction in
amounting SJL to almost 1 b, Le similar to the change seen in our
studentz in the latest chronogype tertile. Converszely, meal timing before
and during the lockdown was, to the best of our knowledge, only
examined in one Swedith survey including 191 individuals aged 47
years, which reported that EJL remained stable (Benedict et al., 2021).
Thiz confrasting Anding iz most likely atiributable to the age of the
investigated populations underlining that young students are more
vulnarable for a high BEJL because of their late chronotype accompanied
by a rizk for a larger SJL
In terms of breakfast kipping, Yokoro et al. reparted that more fe-
male Japanese soudents tkipped breakfast during the absolute stay-at-
home period (Yokoro et al, 2021). This was in fact associated with
lozz among those who used to consume breakfast before the
COVID-19 pandemie (Yokoro et al, 2021). Yer similar to our sdy the
group of brealfzst ckippers was small (n=29) compared to those
continuing to eat breakfast (n=117). No data on chronotype were
assezzed in that study. Moreover, several shudies but not all (Dragun
et al., 2020) reported an increazed mmacking frequency during the
lockdowmn (Bhuani et al | 2021; Gallo et al , 2020; Robinson et al | 2021)
whilst in our study we observed a decrease in snacking frequency,
ezpecially among later chronotypes. These differences might be
explained by the dme when the survey: were conducted: most studies
were conducted during the early phase of pandemie restrictions
(March-May), when persons may have been particularly vulnerable to
siresz, fiood cravings (Bhutani et al | 2021), and emotional eating (Cec-
chetto et al, 2021), while we collacted data when social restrictions
were already eased locally (Mitteldeutzcher Famdfunk, 2020). None-
theless, the fact that we did not azzess the emotional impact of COVID-19
and the resulting lockdown is a limitation, since they resulted in higher
stress, amdety, and more depressive symptoms among students (Matog
Fialho et al., 2021; Sabrina et al | 2021). Hence, further stidies should
extrapolate whether maintaining fAexbility in external obligations (e.g.,
fexible school /wods schedules) after the lockdown may enable young
students to better align their meal pattern with their chronogype. Yet,
our data do not support that any COVID-19/lockdown associated
emoitional stress resulted in more erratic eatng patem, in fact, our
study population aligned their meal tming with their inmer clock
throughout the week, which in nom might have reduced metabolic stress

(Challet, 2019).

Our study has limitations that need to be considered: Whilst our
study supports the relevance to conzider evening snacking when relating
chronatype to total EJL, we had to rely on an extrapolation for the in-
dividual dming of snacking. Moreower, we did not define mnacks and thiz
may hawve resulted in a heterogensous interpretation of snacking by the
snulents, depemling on zorial and cultural aspects (Hess et al, 2016).
Henee, snacking needs to be studied in more detail when invesdgadng
potential differences between chronotypes in tming and food selection
in the evening. In addition, defining work- and free days is problematic:
previous studies often defined free days as the weekend (Makarem et al
2021; Zerdn-Rugerio et al, 2019), while others refer to dayz without
wark (Benedict et al | 2021; Roennsberyg et al., 2019; Staller & Randler,
2020). Based on the definition in thiz smudy (free of work,/lectures),
soudents were found to attend university cowrses on three dayz only
during lockdown as compared to four days before lockdown (data not
shown). Whilst this is in line with our finding of a higher fexibility
suggested by a redused SJL, stodents may generally have spent more
time sosdying, due to the partial replacement of lechires by self-snxdying
{Maros Fialho eral | 2021). Yet, for the present study “free days™ should
best reflect days onwhich students were free to chooze their meal ming
— even if they needed to study. In this context, it is perhaps more relevant
that we did not assess social aspeets, which may have a erucial impact on
meal timing even on free days (eg. breakfase with friemds, later din-
ner/snacking due to gpecial occasions) (Veronda & Imsh, 2021) and
could contribute to meal consumption againet the inner clock. Maore-
over, we recruited a zample of academic siudentz, hence our resulis may
not extend to the general population. Another limitation concerns the
follow-up examination, in which attrition amoumted to 50% and the
participation rate was higher in women than in men Furthermare, recall
biaz may have besn a problem zince the questionnaires refarrad to the
past four weeks. Finally, baseline and follow-up examinations were
performed in different seasons. This might have caused a tempaoral shift
in the midpoint of sleep to earlier daytimes as haz been observed more
notably fior thoze with a later midpoint of sleep (Allebrande ez al | 2014

Yet, this iz, to the best of our Inowledge, the first prospective smidy
which compared meal timing before and during the first lockdown in
voung studentz in Germany. Rather than inquiring self-perceived
changes in eating pattern — as done in retrocpective smdies (Feel
etal, 2020; Robinson et al., 2021) — we prospectively collected detailed
data on the timing of daily routines sweh a= stdying, meals/snacks
phyzical activity, and sleeping pattern zeparately for work- and free
dayz. The same questionnaire: were repeated in the follow-up allowing
precize comparizon of the data before and during the lockdowm,

5. Conclusion

In concluzsion, voung smudents with a later chronotype are moare
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vulnerable to a more erratic meal pattern which alkoo related to a more
pronounced SJL. During lockdowm, flexible daily schedules allowed
students to align their eating pattern with their inmer clock. Hence, our
study suggests that maintaining fexdbility in external obligations (e.g.,
fexible schoolwork schedules) after the lockdown may enable young
studentz to better align their meal pattern with their chronotype and
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Supplemental Table 1: Baseline charactenstics among participants and non-panicipants io the oaline survey

Non-participants
(n=136) (n=161)
Sex (females, m (%)) 104 (67} 19 (493
Age (years) 21.0 (20.0; 23.0) 22.0(20.0; 23.0)
Smoking (m (%a))* 11 {7y 20012)
Days of classes at university (n) 445 4035
Start at university (homm) 10:12 (9:12; 11007 1010 (9:15; 11:12)

End at niversity (h:mm)

15:36 (15:00; 16:40)

15:48 (14:45; 16:40°

Average travel time to university and back durimg week (h:mm ) 0:32 (0:16; 1:00) 0:29 (0:15; 0:48)
Job (n (%))* 95 (61) 103 (84)
Livimg form (n (%))

Shared apartment {47 T8 (47)

Single apartment 25{16) 3220y

Onher (with parents/parter'own family) 5737 53 (33)
Screen time >4 hours'day (h:mm}

Werkdays 84 (54) £1(50)

Free days 56 (36) T4 (46)
Physical activiry {n (%))°

High (= 5 days/'week) 2919 3924)

Low (<2 days week) 62 (400 50313
Exercise intensity (m (%)) ?

High (=2 hours week) 103 (86) 90 (58)

Low (<] howrsweek) 19{12) 301
Exercise on workdavs (n (%))

Early (6:00-14:00) 46 (30 49 (30)

Late (=14:007) 126 (B1) 139 (B6)
Exercize om firee days (n (%))

Early (6:00-14:00) M43 71 (44)

Late {z14:00) 110 (71) 116 (72)
Chromotype MSF.. (h:mm) 4:37 (4:01; 5:15) 4:30 (3:42; 5:21)
Sleeping time (h:mm)

Workdays 23:30 (22:51; 24:00)  23:03 (12:30; 14:00;

Free days 0030 (23:59; 1:10) 015 (23:15; 1:15)
Wake-up time {h:mm )

Workdays T30 (7:00; §:00 T30 (7-00; 8000

Free days 000 (8:30; 10:0:00 QoD (8:10; 10:00)
Social jetlag (h:mm) 105 (046, 1:45) 1:07 (0:35; 1:45)
Breakfase (h:mm}

Workdays E:15 (8:00; 9:00) 8:15 (B-D0; 8:307

Free days 10200 (Q:00; 10:30) 1000 (9:00; 10:30)
Lunch

Workdays 13:00 (12:30; 13:30% 1300 (12:30; 13:10°

Free davs 13:30 (13:00; 14:00)  13:00(13:00; 14:00;
Dinner

Workdays 19:00 (18:30; 20:00y 1900 (19:00; 20:00

Free days 1815 (19:00; 20200y 1904 (18:30; 30000
Breakfast jetlag ih;mm) 1:30 (1:00; 2:00) 1:30 (1:00; 2:000
Lumeh jerlag (hzmm) 0:45 (0:00; 1:00) 0:30 (0000; 1-:00)
Dinner jetlag (hmm) 0:00 (-0:30; 0:30) 0-0e0 (-0:30; 0:30)
Eating midpoint (h:mm)

Workdays 14:30 (13:30; 15:22)  14:03 (13:30; 15:15,

Free davs 15:07 (14:30; 16:00%  15:04 (14:15; 16:03;
Total eating jetlag (h:mm) 0:45 (0:07; 1:15) O3 (0:00; 1:15)
Main meal eating jetlag (hzmm)® 037 (-0-07; 1:15) 030 (0-00; 1-000
Breakfast skipping (n (%))

Workdays 43 (28) 40 (25)

Fres days 3120 32(20)
Lunch skipping (m (*a))

Workdays 1 (M 10(8)

Free davs EETFIY Q2D
Snacking in the morning {n (%)) 85 (42) 47(29)
Snacking in the evening (m (%a)) 48 (44) 68 (42)
Duration of nightly fasting (h:mm)

Workdays 13:00 (11:45; 14:20% 1300 (12:00; 14:42;

Free davs 14:00 (12:45; 15:00)  14:00 (1 2:57; 15:00

Abbrevations: MSFac, madpoint of sbeep comrected. * Smsolang %m}l.

wwestmg of beavily breathing, ¢ Mam meal sating jetlag

Diniver skiprpinge was misnnsal {1 e, <%,

94

), © plnyascal acti activity resultang @
ﬂ“?mg? Dhata are w:vmﬁ:ﬂm Q5]



APPENDIX B

Supplemental Table 2: Adjusted mean total eating jetlag in tertiles of social jetlag at baseline for men and women.

SJL
T1 T2 T3 Prrena

Men (n=134)

SJL (h:mm)?* 0:36 (0:22; 0:46) 1:07 (1:00; 1:17) 2:00(1:50; 2:30)

Model 1* 0.5(0.2-0.8) 0.8(04-1.1) 0.9(0.6-1.3) 0.0885

Model 2 0.5(0.2-0.8) 0.8(0.4-1.1) 0.9 (0.6 - 1.3) 0.0402

Model 3 0.5(0.2-0.8) 0.7(0.3-1.00 0.9(0.6-1.3) 0.0231
Women (n=184)

SJL (h:mm) 0:28 (0:15; 0:46) 1:00 (0:55; 1:15) 1:54 (1:40; 2:25)

Model 1 0.3(0.0-0.5) 0.5(0.2 -0.8) 1.1(0.8-1.4) <0.0001

Model 2 0.2 (0.0 -0.5) 0.5(0.2 - 0.8) 1.1(0.8 - 1.4) <0.0001

Model 3 0.6(0.2-1.0) 0.7(0.3-0.1) 1.2 (0.8 - 1.6) <0.0001

Abbreviations: T, tertile, SJL, social jetlag. Linear trends (Py.4) were obtained in linear regression models with SJL as continuous

Interval (CIs)) of STL. Model 1 unadjusted. Model 2 adjusted for age. Model 3 additionally adjusted for transport time to university
and back, and exercise at early daytimes (6:00-14:00) on free days in men and for age, days of lectures at university, transport time
to university and back, high physical activity (=5 days/week). and smoking (yes/no) in women.

Suppl 1 Table 3: Mean main meal EJL (Zeron-Rugerio et al., 2019) in sex-stratified tertiles of chronotype and STL at baseline (n=317).
Chronotype SJL
T1 2 3 Pirend T1 2 ] Pirend
Chronotype MSFsc (h:mm)* 3:35(3:10:3:50)  4:35(4:22:4:50)  5:35(5:20; 6:00) SIL (h:mm)  0:30 (0:17: 0:42)  1:07 (1:00; 1:15)  2:00 (1:45; 2:30)
Model 1° 0.4 (0.1-0.6) 0.3(0.1-0.6) 0.5(03-08) 02427 Model 1 0.2(0.0-0.5) 0.4(0.1-0.7) 0.6(04-09)  0.0012
Model 2 0.4 (0.1-0.6) 0.3(0.1-0.6) 0.5(0.3-0.8) 0.4464  Model 2 0.2(0.0-0.5) 0.4(0.1-0.7) 0.6 (04-0.9) 0.0022
Model 3a 04(02-0.7) 0.3 (0.1 -0.6) 05(02-08)  0.6160 Model 3b 0.2(0.0-0.5) 0.4(0.1-0.7) 0.6(04-09)  0.0027

Abbreviations: T, tertile, MSFsc, midpoint of sleep corrected; SIL, social jetlag. Linear trends (Puens) Were obtained in linear regression models with MSFsc and changes of STL as continuous variable. *Values are medians (Q1,
Q3) of MSFsc at baseline and changes of SJL (h:mm). ® Values are presented as adjusted least square means (95% Confidence Interval (Cls)) of MSFsc and SIL. Model 1 is unadjusted. Model 2 adjusted for sex and age.

Model 3a additionally adjusted for low exercise intensity (<1 hour/week), exercise at early daytimes (6:00-14:00) on free days, screen time (>4 hours) on workdays, and smoking (yes/no). Model 3b of SIL and main meal EJL
additionally adjusted for screen time (>4 hours) on workdays.
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PURPOSE

Glycemic response to the same meal depends on daytime and alignment of consumption with the
inner clock, which has not been examined by individual chronotype yet. This study examined
whether the 2-h postprandial and 24-h glycemic response to a meal with high glycemic index (Gl)
differ when consumed early or late in the day among students with early or late chronotype.
METHODS

From a screening of 327 students aged 18-25 years, those with early (n=22) or late (n=23)
chronotype participated in a 7-day randomized controlled cross-over intervention study. After a 3-
day observational phase, standardized meals were provided on run-in/washout (days 4 and 6)
and intervention (days 5 and 7), on which participants received a high Gl meal (GI=72) in the
morning (7 a.m.) or in the evening (8 p.m.). All other meals had a medium GI. Continuous
glucose monitoring was used to measure 2-h postprandial and 24-h glycemic responses

and their variability.

RESULTS

Among students with early chronotype 2-h postprandial glucose responses to the high
Gl meal were higher in the evening than in the morning (IAUC: 234 (£92) vs. 195 (+91)
(mmol/L) x min, p=0.042). Likewise, mean and lowest 2-h postprandial glucose values
were higher when the high Gl meal was consumed in‘the evening (p<0.001; p=0.017).
24-h glycemic responses were. similar irrespective 'of meal time. Participants with late
chronotype consuming a high Gl meal in the morning or evening showed similar 2-h
postprandial (iIAUC: 211 (£110) vs. 207 (x95) (mmol/L) x min, p=0.9) and 24-h glycemic
responses at both daytimes.

CONCLUSIONS

Diurnal differences in response to a high Gl meal are confined to those young adults with
early chronotype, whilst those with a late chronotype seem vulnerable to both very early
and late high Gl meals: Registered-at clinicaltrials.gov (NCT04298645; 22/01/2020).

Keywords: chronotype, circadian misalignment, glucose homeostasis, glycemic index,

meal time

INTRODUCTION

Accumulating evidence suggests that eating meals late in the evening affects
postprandial (pp) glucose and insulin responses more adversely than consuming
identical meals at early daytimes [1]. This is particularly pronounced for evening

consumption of carbohydrate-rich meals with a high glycemic index (Gl) among both
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healthy individuals [2, 3] and persons with impaired fasting glucose and/or impaired
glucose tolerance [4]. Mechanistically, this phenomenon is likely attributable to the
diurnal rhythm of glucose homeostasis characterized by a decrease in insulin secretion
and/or sensitivity over the day resulting in lower glucose tolerance in the evening [5, 6].
Hence, the recent trend to shift main daily energy intake to later daytimes [7] is a public

health concern and may contribute to the worldwide burden of type 2 diabetes [8].

Individuals with a late circadian phenotype, i.e. late chronotype, who habitually consume
their main meals in the evening [9], may be particularly at risk for type 2 diabetes. A
recent meta-analysis reported higher fasting blood glucose and HbA1c levels as well as
a higher risk for type 2 diabetes among healthy individuals with a late chronotype
compared to individuals with an early chronotype [10]. Persons with a late chronotype
are also more likely to experience discrepancies between their circadian rhythm and
socially determined schedules such as early starting time of university/school [11].
Hence, for individuals with a late chronotype consumption of an early breakfast — due to
social routines — could entail circadian’ misalignment (which characterizes a de-
synchronized biological and behavioral cycle [5]). Meanwhile, persons with an early
chronotype may be vulnerable to alate high Gl meal due to both circadian misalignment
and the above described. circadian rhythmicity 'of glucose tolerance. Since the
concurrence of elevated melatonin concentrations and food consumption may adversely
affect glucose tolerance [12] it is of interest to investigate melatonin concentration in

persons with different.chronotypes (e.g«<inroutinely measured fasting samples).

To date, the diurnal glycemic response has not been investigated by chronotype yet.
Therefore, this study addresses the hypothesis that a diurnal rhythm — with higher 2-h
pp and 24-h glycemic response to a meal rich in carbohydrates from higher Gl sources
when consumed early in the morning (7 a.m.) or late in the evening (8 p.m.) may be
discernible in persons with early chronotype, in whom late consumption may represent
circadian misalignment. By contrast, we hypothesize that early consumption may entalil
circadian misalignment for persons with a late chronotype. Hence, we compared 2-h pp
and 24-h glycemic responses in a cross-over trial conducted in two samples of students

with either early or late chronotype.

RESEARCH DESIGN AND METHODS

Study population
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For the Chronotype and Nutrition (ChroNu) study a screening of 327 students was
conducted during September 2019 to January 2020, as described previously [11]. In
brief, students aged 18-25 years at Paderborn University were answered questionnaires
on their chronotype and the timing of daily routines; body composition was measured.
Exclusion criteria are listed in figure 1. Among the 231 students eligible for inclusion in
the controlled nutritional trial (Figure 1), those with the earliest (n=40) and the latest
(n=40) chronotype were invited. Of these, 20 persons declined the invitation before and
11 individuals after randomization, i.e. they did not participate in the trial. During the trial,
3 further persons were excluded due to iliness/non-compliance and technical issues with
the continuous glucose monitoring device. Hence, 46 students completed the nutrition
trial. Data from one participant were excluded for the analysis due to non-physiological
glucose readings, resulting in a final sample of n=45 for analysis. The trial was conducted
at Paderborn University during September 2020 to December 2020. Informed consent
was obtained from all participants priorto the trial. The study protocol was approved by
the Ethics Committee of Paderborn University (16.05.2019) and ‘was performed in
accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and

its later amendments [13]. The trial was registered at clinicaltrials.gov (NCT04298645).
Chronotype assessment

Chronotype was assessed both at screening and prior to the nutrition trial using the
Munich ChronoType Questionnaire, which enquires about sleep time separately for
work- and work-free days [14]. The .individual chronotype was the midpoint of sleep
between sleep-onset and sleep-offset and corrected for accumulated sleep debt
(temporal difference in sleep duration between work and work-free day) during workdays
(MSFsc).

Design of the nutrition trial

On day 1, participants were asked to fill in online questionnaires via REDCap [15]. On
day 4, i.e. after a 3-day observational phase, participants were randomized to the order
of high GI (GI=70) meal consumption in the morning/evening (arm 1) or evening/morning
(arm 2) on the intervention days (days 5 and 7), preceded by a run-in/wash-out day (days
4 and 6), respectively (Figure 1). Participants were instructed to avoid consumption of
legumes on day 3 to prevent any potential influences on the fasting glycemia values
obtained in the morning of the run-in day [16]. In the morning of the run-in day, fasting
blood sample was taken, and participants consumed breakfast and received their

morning snack. Participants returned for a freshly prepared warm lunch and received
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consecutive study afternoon snack, dinner, breakfast, morning snack in labelled boxes
for consumption at home until lunch on the next day, which was again provided at the
study center. This schedule was maintained until day 7, when only afternoon snack and
dinner were handed out after lunch. Participants were instructed to consume
meals/snacks without a break at predefined times (Supplemental Table 1&2). On run-
inf/wash-out days, participants were instructed to consume their dinner before 9 p.m. to
ensure a 10 h fasting period before the intervention day. Participants were asked to
record the timing of meal/snack consumption, their activities, and sleep timing in a diary

to corroborate compliance.
Intervention

An identical high Gl meal was provided in the morning (7 a.m.) or evening (8 p.m.), i.e.
at times commonly imposed by social schedules, yet potentially causing circadian
misalignment for late/early chronotypes [14]. The meal consisted of a Mars® bar,
Cornflakes (Kellog's®), low-fat milk (1,5%), and a soft pretzel (Ditsch®) resulting in an
estimated meal Gl of 72 (Supplemental Table 1). On the intervention days, this high-Gl
meal provided 35% of the.daily . amount of available carbohydrates (grams). All other
meals/snacks on the intervention and.run-in/wash-out days were designed to have an
estimated medium Gl between 46 and 59 (Supplemental Table 1&2), to avoid second
meal effects [16]. On the run-in/wash-out days, lunch provided the largest proportion of
available carbohydrates. Meal Gl estimation was conducted according to a previously
published procedure [17]. Food items with a published Gl [18] were given preference to
allow for a valid estimation of the meal Gl particularly of the intervention meal. Hence,
pretzels were used, i.e. the only tested German bread with a value Gl >70 [19]. If more
than one published Gl value was available, the mean of these values was assigned. The
dietary Gl of each meal/snack was:calculated as the sum of glycemic load (GL) values
of each food divided by the sum of their available carbohydrates (g)*100 [17].

Participants followed.an isocaloric diet to maintain body weight. To this end, total energy
expenditure was estimated individually based on resting energy expenditure using the
formula by Harris & Benedict [20] multiplied by a physical activity level of 1.4 since
participants were instructed to avoid (vigorous) physical activity. Participants were
grouped into categories based on the total energy expenditure distribution of the study
population: 1900 kcal, 2100 kcal, 2300 kcal, 2500 kcal, 2700 kcal, 2900 kcal. During the
trial, participants were allowed to switch the TEE category once. The energy content of

the provided meals was calculated using the nutrition programme DGExpert designed
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by the German Nutrition Society, which is based on the German food table
(Bundeslebensmittelschlissel) [21]. The diets of the intervention and the run-in/wash-
out days were designed to comply with the recommendations of the German Nutrition
Society to consume a diet rich in carbohydrates [22] and contained 14En% from protein,
30En% from fat, 53En% from available carbohydrates, and 3En% from dietary fiber.
Noteworthy, the macronutrient distribution (En%) was similar on all study days. During
the trial, participants were asked to consume the provided foods only and to abstain from
consuming alcohol/alcohol-free drinks, caffeinated/decaffeinated beverages, and
carbohydrate containing beverages. Participants were provided with a selection of teas

containing <0.3g carbohydrates/serving (200 mL).

Outcomes

The primary outcome, on which the power calculation was based, was the 2-h difference
in the incremental area under the curve (iIAUC) while the further outcomes were the
difference of iAUC and mean amplitude of glucose excursions (MAGE) over a time span
of 24 h following the consumption of the high Gl meal between morning and evening.
Additionally, parameters describing glycemic variability (mean, standard deviation,
highest, and lowest glucose value) were analyzed. During the study, glycemic responses
were recorded using continuous glucose monitoring (G6, Dexcom, San Diego, CA, USA),
which measures subcutaneous interstitial glucose. concentrations resulting in mean

glucose value every 5 min. The device was blinded during the trial (days 4-8).
Corroboration of chronotype

During the ftrial, participants /were asked to wear an accelerometer (E4 wristband,
Empatica SR, Italy) day and night to objectively monitor their activity and resting phases.
Sleep and awake times during the trial were estimated based on movement recordings
of the accelerometer and-bedtimes entered in the diary, which the participants used to
record their daily routines/activities during the study. Time of sleep onset and wake-up

during the nutrition trial was averaged for days 4 to 7.
Anthropometric and laboratory measurements

To monitor changes in anthropometry, body composition, i.e. visceral fat mass and
skeletal muscle mass, was measured by using Bioimpedance Analysis (MBCA 515,
SECA, Hamburg, Germany) on day 1 (in the afternoon) and day 8 (in the morning)
(Supplemental Table 3). Waist circumference (cm) was measured midway between the

lowest rib and the iliac crest. Body size was measured using an ultrasonic measuring
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station (seca 287 dp, Hamburg, Germany) from SECA. BMI was calculated by weight
(kg)/height (m)>2.

On day 4, venous blood samples were collected at 7 a.m. after 210 h overnight fast for
measurement of glucose, insulin, lipids, and high-sensitivity C-reactive protein (hsCRP).
Blood samples were centrifuged after 10 and 30 min. EDTA-plasma and serum samples
were stored at -20 °C and shipped to the German Diabetes Center in Dusseldorf for
analyses. Fasting plasma insulin was measured with a chemiluminescence
immunoassay (Immulite 2000 xPi; Siemens, Erlangen, Germany). A clinical chemistry
autoanalyzer (Cobas c-311; Roche, Mannheim, Germany) was used to measure fasting
blood glucose (hexokinase reference method), triglycerides (TGs), i.e., lipoproteins, low-
density cholesterol (LDLc), high-density cholesterol (HDLc), as well as “plasma
nonesterified fatty acids using enzymatic colorimetric assay, and hsCRP with.the use of
an immunoturbidimetric assay [23, 24]. Melatonin ' was subsequently measured by ELISA
(sunrise, TECAN IBL International, Hamburg, Germany) for the 44 participants with
sufficient serum material at Medizinische Laboratorien, Disseldorf.. HOMA-IR was

calculated as (fasting blood insulin in ygU/mL*fasting blood glucose in mmol/L)/22.5 [25].
Characteristics on eating pattern

Habitual consumption (yes/no) and timing of meals/snacks were inquired separately for
work- and work-free days. Non-consumption of breakfast/lunch/dinner was defined as

skipping the corresponding meal.
Sample size

Sample size estimation of expected difference in the 2-h pp difference in morning vs.
evening iIAUC (primary outcome) following the consumption of the high-Gl intervention
meal was based on data from Morris et al. [5]. They observed that the 2-h pp iIAUC to a
carbohydrate-rich-meal was 913 + 26 (SEM) (mmol/L) x min in the morning and 1,096 +
17 (mmol/L) x'min in'the evening (values conservatively estimated from Figure 4 [5]) ,
i.e. differed by approx. 180 (mmol/L) x min. Hence, including a total of n=8 participants
would accordingly allow to detect a difference of <180 (mmol/L) x min between the
morning and evening meal with a power of 80% (PROC POWER, SAS University Edition)
— using a standard deviation of 98 (mmol/L) x min (i.e. estimated from the more
conservative SEM reported for morning consumption [5]). Based on previous
experiences [26] we assumed a 15% drop-out rate, hence the estimated sample size per

arm was n=10 (n=20 in total). Since we planned to perform this study in two separate
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samples with early and late chronotypes we aimed to include 40 persons in total. With
an expected participation rate of 66%, our aim was to recruit 60 eligible participants. We
estimated that a total of 300 students needed to be screened to identify the participants
with the latest and earliest chronotype (10% each) identified as 20% of the participants

with each the earliest and latest MSFsc among the cohort.

Randomization and masking

Due to the COVID19 pandemic fewer students were willing to participate. Hence n=80
persons had to be invited in total. Of these, 60 participants initially accepted the invitation
and were randomly assigned to arm 1 or arm 2 stratified by sex and chronotype with a
block size=4 considering 20 participants per strata [27] by JD (University of Bergen),
Figure 1. While the participants and researchers were not blinded to the study arm:due
to the nature of the study involving provision of meals, researchers were blinded to the

participants” chronotype.
Calculations

For analysis of 2-h pp and 24-h iAUC trapezoidal rule ignoring areas below baseline was
applied [28]. Baseline was calculated as the mean of glucosereadings 5 min. before and
i) at time point of meal consumption (2-h-pp iIAUC) and.ii) at 7 a.m. (24-h-pp iAUC) in
accordance with Gl testing guidelines [28]. MAGE was calculated by use of the validated
EasyGV program [29]..24-h glycemic response and variability covers a timespan from

the intervention day (7 a.m.) until 7 a.m. of the following day.
Statistical analyses

Descriptive data are reported as mean + SD if normally distributed, otherwise as median
(Q1, Q3). Categorical variables.are shown as percentages. As this study aimed to
compare effects on 2-h pp and 24-h glycemic response following high-GlI meal
consumption in the morning vs. evening within both a group of early and a group of late
chronotypes, multilevel linear regression was applied including chronotype and time of
consumption (morning or evening) as fixed effects and participant as a random effect.
By nature, these models consider the dependence between repeated measures within a
person (PROC MIXED in SAS). Beta-coefficients (and 95% confidence limits) for the
time variable are presented as estimates of the mean differences between morning and
evening consumption. To facilitate interpretation differences are presented as evening

minus morning consumption. The variable 24-h standard deviation was log-transformed
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to achieve normal distribution of the model residuals. The beta-coefficient for this variable
was retransformed and differences represent percent differences between evening and
morning consumption [31].

Only few participants exhibited >1 standard deviation during 2-h pp interval (n=6 early;
n=8 late chronotypes) allowing for a calculation of 2-h MAGE, hence, only 24-h MAGE

was analysed.

To examine whether melatonin concentrations (available from routinely measure fasting
levels only) may be related to glucose tolerance in this study correlation and linear
regression were performed relating melatonin concentrations to the primary outcome 2-
h pp glucose iAUC following the high-Gl intervention meal. Since melatonin
measurements were only available from fasting (i.e. morning) blood samples this
analysis was confined to 2-h pp glucose iIAUC after morning high-GI meal consumption.
Statistical analyses were performed using SAS- procedures (SAS version 9.4; SAS
Institute, Cary, NC, USA) considering p-values <0.05 as statistically significant except

for analyses of interactions where p-values <0.1 were considered significant [32].
RESULTS

All results are presented. stratified by chronotype in' accordance with the study design.
This was underpinned by interactions of chronotype with the effects of the intervention
(morning vs. evening) on 2-h pp (mean (p=0.09) and highest glucose values (p=0.06))
and 24-h (highest glucose values (p=0.04), standard deviation (p=0.02), and MAGE
(p=0.098)) glucose response variables (all' p<0.1, which is regarded significant for

interactions [32]).

Characteristics of the study population

Participants were _on average 22 years old and healthy as indicated by their body
composition and physiological data (Table 1). Persons with early and late chronotypes
differed in their mean morning melatonin levels (27.4 vs. 36.0 ng/L) measured from blood
samples withdrawn at-7 a.m. MSFsc differed by approximately 1:54 h:min between early
and late chronotypes. Similarly, time when falling asleep and waking up were notably
different between the two chronotype groups. Both chronotypes had to wake up earlier

than normal during the nutrition trial.

Glycemic response of participants with early chronotype
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For persons with an early chronotype, the 2-h pp glycemic response was lower when the
intervention high-Gl meal was consumed early in the morning compared to late in the
evening (195 (£ 91) vs. 234 (£ 92) (mmol/L) x min, p=0.042) (Table 2). Similarly, the
mean (p<0.001) and the lowest 2-h pp glucose values (p=0.017) were lower in the
morning. Figure 2A illustrates that glucose levels increased similarly within the first 50
min. pp, but remained elevated for a longer period when the intervention meal was
consumed in the evening. Additionally, high GI meal consumption in the evening resulted
in a higher standard deviation of the 24-h responses (p=0.001). Figure 2C shows that
evening glycemic responses to the high Gl meal remained elevated for longer (until 1

a.m.) than evening responses to the medium Gl meal.

Glycemic response of participants with late chronotype

Participants with a late chronotype showed comparable 2-h pp glycemic responses and
variability after consumption of the high’'Gl meal early in the morning and late in the
evening; only the lowest 2-h glucose value-was higher in the evening (5.00 (£ 0.61) vs.
5.33 (£ 0.53) (mmol/L) x min; p=0.024) (Table 2, Figure 2 B). Similarly, with respect to
24-h glycemic responses no:significant differences were seen (Table 2, (Figure 2D). As
with early chronotypes, evening glucose levels remained elevated for ~5 h after the high

Gl evening meal.
Analysis of melatonin

Analysis for the sample revealed that the morning-melatonin level was associated with
the 2-h pp glycemic response to the high Gl'meal consumed in the morning (r=0.33;

p=0.03) (Supplemental Figure 1).
Anthropometric analysis

Among both groups, BMI and waist circumference were somewhat lower when
measured after the intervention in the morning of day 8 in comparison to measurements

on day 1 in the afternoon (Supplemental Table 3).
DISCUSSION

This is the first study examining the 2-h and 24-h glycemic responses to high Gl meals
consumed early in the morning (7 a.m.) and late in the evening (8 p.m.) in two selected
samples of young adults with early and late chronotype, confirmed with two different

methods - the MCTQ (questionnaire) and accelerometers. Importantly, our study
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suggests that diurnal differences in 2-h pp glycemia — whilst seen among students with

early chronotype — may not hold true for young adults with a late chronotype.
Findings among students with late chronotype

Of note, individuals with late chronotype showed no difference in 2-h and 24-h glycemic
response to morning and evening high Gl meals. It could be argued that our observation
for students with late chronotype may be due to an emerging insulin resistance, which
may subsequently have contributed to some loss in circadian rhythmicity. In fact, among
persons with prediabetes, higher HOMA-IR levels were associated with a reduced
circadian rhythmicity [35], yet the authors speculate that this was largely a consequence
of a loss in circadian rhythmicity caused by higher BMI levels. Whilst in our study, pp
insulin concentrations were not investigated, fasting HOMA-IR was similar among adults
with late or early chronotype and both groups'were on average of normal weight (Table
1). Hence, this argues against the idea that metabolic abnormalities may. have

contributed to a loss in circadian rhythmicity:

By contrast, the timing of the high Gl meal at 7 a.m. in this controlled trial was designed
to interfere with circadian._rhythmicity ‘among persons with a late chronotype (MSFsc
=5:50 a.m.), who habitually consume breakfastat 11 a.m. on work-free days (Table 1).
Meal consumption against the inner clock.results in a conflict between the rhythm of
peripheral clocks and the central pacemaker of the diurnal rhythm located in the
suprachiasmatic nucleus [36]. Consequently, meal consumption induces peripheral
signals that activate organs and-tissues, while the central pacemaker still signals the
biological night [36]. Of note, higher morning melatonin levels among persons with late
chronotype underpins .our. assumption of circadian misalignment, since melatonin
concentrations are regulated. by the suprachiasmatic nucleus and follow a circadian
rhythm (i.e. increasing ~2 h before biological sleep, peaking in the first half of sleep
phase, and declining continuously over ~2-3 h after habitual wake-up [12, 37, 38]).
Higher melatonin levels have been shown to inhibit glucose-stimulated insulin secretion
through binding to melatonin-receptors in the pancreatic beta cells and/or decrease
insulin sensitivity, i.e. affecting glucose tolerance [12]. Hence, this may have contributed
to the absence of lower glycemic response in the morning among persons with a late
chronotype. Of note, our subsequent analysis confirmed that higher melatonin levels
drawn at ~7 a.m. at day 1 of the intervention were associated with higher pp glycemic

responses at 7 a.m. on the intervention days 5 or 7. In line with our results, another study
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among healthy individuals reported higher morning melatonin levels in response to
sleep-restriction by ~2.5 h compared to a habitual sleep phase (wake-up time 5:30 a.m.
vs. 8 a.m.) [37]. In that study, sleep restriction resulted in increased pp glucose response
following breakfast at 6:15 a.m. when compared to 8:45 a.m. after habitual sleep duration
[37]. Taken together, our data indicate that a high Gl meal consumed early in the morning
may be similarly detrimental to its consumption in the evening among persons with a late

chronotype, hence supporting our hypothesis of a circadian misalignment.
Findings among students with early chronotype

In line with the diurnal decline in glucose homeostasis [5, 1], the hypothesized
differences in 2-h glycemic response to the high Gl meal consumed in the morning and
evening were observed among adults with early-chronotype. Noteworthy, differences
emerged after 50 min (Figure 2A), suggestingthat a higher early-phase insulin response
in the morning may have led to a faster decrease of glucose concentrations than.in the
evening when beta cell responsiveness. is reduced [6]. Of note, higher mean and 24-h
glucose values emphasize the lasting effect of a high Gl meal late in the evening on
glucose homeostasis. Similarly, a study reported sustained adverse influences of a late
evening meal consumption (9 p.m.) compared to early evening meal time (6 p.m.) among
healthy adults on mean diurnal'glucose responses [39]. In our study, evening meal timing
(8 p-m.) was later than self-reported habitual dinner time (median 7 p.m.) among early
chronotypes and only ~3 h apart from their habitual time of falling asleep. Hence, timing
of the evening meal may additionally represent some degree of circadian misalignment,
which has been shown to lower glucose tolerance mainly by reduced insulin sensitivity
[40] independently of diurnal/rhythms [5]. Another study also reported higher glucose
levels after late evening meal consumption (10 p.m.) compared to the early evening meal
time (6 p.m.) among.young healthy adults accustomed to a bedtime between 10 p.m.
and 1 a.m. [41]. The authors attributed this difference to circadian misalignment acting
primarily among participants,who habitually sleep at early daytime [41].

We speculate that previous studies — often entailing study visits early in the morning —
were predominantly performed among persons with early chronotype. Further studies
are needed to examine whether a diurnal difference between morning and evening
consumption may also be discernible among adults with late chronotypes when
comparing glycemic response to a high Gl meal consumed late in the morning (e.g. 11

a.m.) compared to its consumption in the evening.

108



APPENDIX C

Of note, for both adults with early and late chronotype glucose levels remained elevated
for ~5 h after the high GI meal consumed at 8 p.m. (Figure 2 C+D). Previous studies
reported higher glucose levels after earlier (7 p.m.) vs. later (10:30 p.m.) dinner
consumption that were maintained up to 5 h until night and thus interfered with the

participants” sleep phase [41, 42].

The public health implications of our study results are thus twofold: First, carbohydrate-
rich meals with a high GI should best be avoided particularly at later daytimes [5, 2]
regardless of chronotype. Second, socially determined schedules in institutions such as
school/university need to enable more flexibility in the timing of breakfast particularly for
persons with late chronotype. This group presently either skips breakfast (with potential
adverse consequences [43]) or consumes breakfast very early (as in our study), hence
increasing the risk of circadian misalignment. Since an early breakfast may.only be
beneficial for adults with early chronotype, social schedules at institutions.should allow

breaks for a breakfast later in the morning.
Strengths and limitations

The main strength of this study is the study population with selected early and late
chronotypes based on_an_initial screening using a validated questionnaire [34]. This
resulted in a notable difference in MSFsc by almost 2 h. In addition, both wake-up time
estimated from t¢he data recorded by the.accelerometer and mean melatonin levels

confirm our distinction between the early and late chronotype group.

There are some limitations to this study. First, this study was a priori designed to compare
effects on glycemic response following high Gl meal consumption in the morning vs.
evening within two chronotype strata. This was based on the rather explorative purpose
of this study to examine whether either early or late chronotypes are vulnerable to eating
meals against their inner clock  and secondly on pragmatic considerations since
conduction of a study powered for analysis of an interaction would have quadrupled the
sample sizes in each group, and hence required a screening of an unfeasibly large
sample (approximately 1200 students) [44]. Indeed, morning or evening iAUC did not
differ significantly between early and late chronotypes (data not shown), yet this was not
the aim of this study and may largely reflect the lack of power for this comparison.
Nonetheless interaction tests confirm differences between early and late chronotypes for
the difference between morning and evening consumption for selected outcomes (see
methods). Despite the fact that we aimed to include persons with extreme early and late

MSFsc [34], the study population comprises individuals with merely moderately early or
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moderately late chronotype. Hence, this potentially limited our possibility to detect more
extreme glycemic responses. Another limitation concerns the absence of measured
glucose homoeostasis associated hormones such as insulin and those that display
circadian rhythmicity, e.g. cortisol and ghrelin, or those involved in the synchronization
of the central circadian rhythm with the peripheral tissues such as leptin, adipokines, and
incretins [36]. Also, data on the individual circadian rhythm at the time of the intervention
are lacking. Moreover, we were not able to perform an intention-to-treat analysis because
the persons who declined participation did not participate in any of the study visits after
randomization. However, since dropout occurred in all groups, selection bias towards a
null effect is improbable, as it would only be possible if dropout individuals were expected
to show an opposite effect. Finally, this study was conducted among young and healthy
university students, thus our results may not be generalizable to older or less healthy

people.
CONCLUSIONS

Glycemic responses to a high Gl-meal were higher in the evening than in'the morning
among adults with early chronotype, in agreement with:'the concurrence of circadian
deterioration of glucose homeostasis. and late evening meal consumption. Conversely,
individuals with late chronotype:showed no diurnal differences suggesting vulnerability
to high Gl meal consumption both in the very early morning and late in the evening.
Further studies are needed to replicate our findings and to examine the physiological

relevance of the observed differences.
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TABLE 1: Characteristics of the two study populations (early and late chronotypes).

Early chronotypes (n=22) Late chronotypes (n=23)

Anthropometric and laboratory characteristics

Female sex, n (%)
Age, years
BMI, kg/m?

Waist circumference, m

Visceral fat mass, L

Skeletal muscle mass, kg
Fasting blood glucose, mmol/L
Fasting insulin, pU/mL

HOMA-IR
Melatonin, ng/L
hsCRP, mg/dL

Non-esterified fatty acids, pmoL/L

Triglycerides, mg/dL
HDLc, mg/dL
LDLc, mg/dL

14 (64)
22 (21; 23)
224 (+2.2)
0.7 (0.7; 0.8)
0.4 (0.3; 0.6)

23.2 (20.1; 28.4)
5.1 (£0.4)
6.9 (£ 2.7)
1.6 (+ 0.6)

27.4 (22.7; 38.1)
0.1 (0.0; 0.1)

359 (231;589)
98 (+ 42)
61 (+ 13)
104 (& 25)

12 (52)
22 (21; 24)
22.5 (+ 2.6)
0.8 (0.8; 0.9)
0.7 (0.4; 1.3)

24.9 (21.2; 31.3)
5.2 (+0.3)
7.3 (£ 3.9)
1.7 (£ 0.9)

36.0 (29.4; 57.1)
0.0 (0.0; 0.1)

409 (309; 524)
99 (+45)
64 (+ 15)
97 (+25)

Circadian characteristics and habitual meal/snack consumption

Time when

Chronotype MSFsc (o’clock)

At screening

At intervention’

(o’clock)
Workdays'

Work-ree days’

During nutrition trial?

Wake-up time (o’clock)

Workdays'
Work-free days?

During nutrition trial?

falling

3:26 (2:55; 3:38)
3:54 (3:15; 4:18)

asleep

22:50 (22:25; 23:11)
23:32 (23:10; 00:00)
22:46 (22:21; 23:12)

7:00 (6:30; 7:30)
8:00 (7:15; 8:30)
6:36 (6:16; 6:44)

Breakfast timing (o’clock)’

Workdays
Work-free days

Lunch timing (o’clock)’

Workdays
Work-free days

Dinner timing (o’clock)’

Workdays
Work-free days

7:52 (7:00; 8:15)
9:00 (8:37; 9:30)

13:00 (12:30; 13:30)
13:30 (12:30; 14:00)

19:00 (18:30; 19:00)
19:00 (18:00; 19:00)
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6:00 (5:35; 6:23)
5:50 (5:10; 6:25)

1:00 (00:15; 1:10)
2:00 (1:20; 2:10)
23:48 (23:31; 00:47)

9:00 (8:00; 9:05)
10:00 (9:00; 10:45)
7:07 (6:41; 7:26)

10:00 (9:00; 10:00)
11:00 (10:00; 12:00)

14:00 (13:00; 14:00)
14:00 (13:30; 15:00)

19:30 (19:00; 20:00)
19:30 (18:30; 20:46)
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Breakfast skipping (n (%))’

Workdays 4 (18) 5 (22)
Work-free days 2(9) 4 (17)
Lunch skipping (n (%))’
Workdays 1(5) 4 (17)
Work-free days 7 (37) 7 (30)
Snacking in the morning (n

(%))
Workdays 8 (36) 5(22)
Work-free days 5(23) 4(17)
Snacking in the evening (n

(%))’
Workdays 2(9) 6 (26)
Work-free days 6(27) 10 (43)

Abbreviations: hsCRP, high-sensitivity C-reactive protein; HDLc, high-density cholesterol; LDLc, low-density
cholesterol; MSFsc, midpoint of sleep corrected: 1 estimated time of the past 4 weeks before intervention
[34]. Note that lectures were still held online at university. 2 days 4 to 7. *Dinner skipping was minimal (i.e.
<5%). Data are frequencies, means + standard deviation, ormedians (Q1, Q3).
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TABLE 2: Glycemic response parameters to a high GI meal consumed in the morning and in the evening by chronotype group.

Glycemic response

parameters

Early chronotype (n=22)

Late chronotype (n=23)

Difference (95%

Difference (95% CI)

(mmol/L)

117

2 h pp response after Morning Evening Cl) evening Morning Evening .
p evening versus p
high Gl meal consumed (7 a.m.) (8 p.m.) versus (7 a.m.) (8 p-m.) .
morning’
morning’

iAUC((mmol/L) x min) 195 (£ 91) 234 (£ 92) 40 (2; 77) 0.042 211 (£ 110) 207 (+ 95) -4 (-55; 48) 0.888
Mean glucose value

6.75 (£ 0.91) 7.32(+£0.83) 0.57(0.29; 0.86) < <0.001 7.12 (+ 1.04) 7.28 (+ 0.68) 0.16 (-0.20; 0.53)
(mmol/L) 0.362
Highest glucose value

9.04 (£ 1.42) 9.57 (x1.37) 0.52 (0.07;1.11) 0.080 9.67 (+ 1.58) 9.39 (£ 1.17) -0.28 (-0.92; 0.35) 0.365
(mmol/L)
Lowest glucose value
( ) 4.80 (£ 0.71) 5.19 (+ 0.54).. 0.38(0.08;0.69) 0.017 5.00 (+ 0.61) 5.33 (£ 0.53) 0.32 (0.05; 0.59) 0.024
mmo
Standard deviation

1.34 (£ 0.44) 142 (+ 0.50). 0.07 (-0.18;0.33) 0.551 1.52 (£ 0.51) 1.30 (£ 0.41) -0.21 (-0.47; 0.04) 0.098
(mmol/L)
24-hour glycemic i 0

ay Evening Difference (9.5/° Morning Difference (95% ClI)
response on days Morning Cl) evening Evening
(7 am.-7 versus (7 a.m.-7 evening versus
with high Gl meal (7 a.m.—7 a.m.) morning’ (7 a.m.—7 a.m.)
a.m.) a.m.) morning’

consumed
iAUC ((mmol/L) x min) 1004 (£ 399) 1071 (+ 289) 67 (-114; 248) 0.452 962 (+ 368) 987 (+ 352) 26 (-138, 190) 0.748
Mean glucose value

5.87(x 0.59) 5.97 (+ 0:58) 1 0.11(0.00;0.21) 0.052 6.06 (+ 0.38) 6.05 (+ 0.43) -0.01 (-0.12; 0.11) 0.876
(mmol/L)
Highest glucose value

9.19 (+ 1.20) 9.68 (+1.26) . 0.48 (-0.04; 1.00) 0.069 9.74 (+ 1.46) 9.42 (£ 1.17) -0.32 (-0.89; 0.24) 0.251
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Lowest glucose value

( w 4.15 (£ 0.67) 444 (£0.65) 0.29(-0.06;0.63) 0.098 4.46 (£ 0.65) 4.51 (£ 0.46) 0.05 (-0.24; 0.34) 0.719
mmol
Standard deviation
( ) 0.79 (£ 0.15) 0.92 (£ 0.21) 16% (7%; 24%)>  0.001 0.87 (£ 0.24) 0.86 (+ 0.20) 0.2% (-10 %; 11%)?>  0.972
mmo

2.17 (1.88; 2.31 (1.87;
MAGE (mmol/L) 2.25(1.74; 2.46) 2.65) 0.17 (-0.12; 0.45)  0.233 277) 2.23 (1.77; 2.59) -0.07 (-0.42; 0.27) 0.661

Abbreviations: n, sample size; iAUC, incremental area under the curve; MAGE, mean amplitude of glucose excursions; Cl, confidence interval. Data are means * standard
deviation or medians (Q1, Q3) calculated from the individual iAUC, mean, highest and lowest value as well as the intra-individual.standard deviation obtained during 2-h
pp or 24-h pp each individual. MAGE was analyzed for 24 h-period only due to low number of participants with >1 standard deviation during 2-h pp interval. ' Difference
estimated from multilevel linear regression (R coefficients) 2 Percentage difference evening vs morning as estimated from log-transformed variable. Significant P-values
(<0.05) are marked in bold.
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Screening (n=327)

Noteligible for nutrition trial (n=96) due to

exclusion criteria:

« Refuse to participate (n=36)

* regular shift work at night (n=5)

* BMI <18.5 and > 30 kg/m? (n=14)

 regularly smoking (n=3)

* Medication (n=3)

* Strict vegetarian/vegan/other diet (n=11)

« Allergy/intolerance to food in the diet (n=23)

Moved away (n=1)

Diabetes (any type) (n=0)

* Blood clotting dirsorder (hemophilia,
thrombocytopenia) (n=0)

* Allergies to plaster/ any skin sensitivity not
allowing to wear a glucose sensor (n=0)

Participants eligible for inclusion (n=231)

I

Controlled nutritional trial
Earliest and latest chronotypes (n=80)

Declined invitation (n=20)

Declined invitation
(n=4 early chronotypes; n=7 late chronotypes)

v

Randomisation stratified by chronotype (n=60)

Early chronotypes (n=12)
Late chronotypes (n=11)

ARM 1

ARM 2
Early chronotypes (n=12)
Late chronotypes (n=14)

2 ¥
Days 1-3 | Observational phase (Friday-Sunday) |
Day 4 | Run-in day |
: :
E Day 5 | Carbohydrates with high GI in the morning | | Carbohydrates with high GI in the evening |
: I I
% | Dayé | ‘Wash-out day |
>
S
£ ] !
Day 7 | Carbohydrates with high GI in the evening | | Carbohydrates with high GI in the morning |
il Il
Day 8 | Returning devices |

Final sample: n=45
Eaily chronotypes (n=22)
Late chronotypes (n=23)

Cancellation during participation

« Illness/ non-compliance (n=2)

¢ Technical issues with CGM-device (n=1)

Exclusion after participation

* Non-physiological glucose readings by
CGM-device (n=1)

Figure 1: Flow chart of study participants_and the procedure of the controlled nutrition trial. Of n=327
screened students, n=80<were invited to participate of which n=46 completed the intervention while one
participant was excluded due to'non-physiological glucose recordings.
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A) Early chronotype
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100 - 1 1 1 1 C) Early chronotype
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——high GI meal in the morning (7 a.m.); medium GI meal in the evening (8 p.m.)

——medium GI meal in the moming (7 a.m.); high GI meal in the evening (8 p.m.)
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hours
—high GI meal in the morning (7 a.m.); medium GI meal in the evening (8 p.m.)

——medium GI meal in the moming (7 a.m.); high GI meal in the evening (8 p.m.)

Figure 2: Mean glucose levels (+ standard error) 2-h pp following a high Gl meal in the morning (blue) and
in the evening (orange) (panel A-B) and 24-h distribution (7-7 a.m.; panel C-D) among participants with early
and late chronotype (n= 22; n=23, respectively). 2-h pp mean glucose values were significantly higher after
high Gl meal in the evening than in the morning among early chronotypes only (p<0.001). Black arrows

indicate meal/snack consumption.
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SUPPLEMENTAL TABLE 1: Meal plan for the high Gl intervention days 5+7 — example for the 2100 kcal group.

Meals and instructed times of | GI | GL' Amount | Kcal Protein | Fat [g] Av. carbohydrates Fiber References
consumption [g] [9] [g] [g]
Breakfast (7:00 a.m.)/dinner (8:00
p-m.)
Cornflakes (Kellog’s) 81 29 42 161 3 0 35 1 Mean of five studies (16)
Milk, 1,5 % fat content 30 2 170 81 6 8 0 Mean of milk, reduced fat
(three studies) and milk,
3 skim/low-fat (16)
Soft pretzel (Ditsch) 80 23 60 165 5 2 29 2 17)
Mars® bar 65 16 35 158 1 6 25 0 Mean of 2 studies (16)
Meal GI?/GL3 72 70
Morning snack (9:30-10:30 a.m.)
Walkers Highland Oatcakes 57 12 36 168 4 7 21 2 (39)
Apple slices 39 5 95 61 0 0 14 2 (16)
Meal GI?/GL? 50 17
Lunch*(1:00 p.m.)
Spaghetti (Transgourmet) 48 24 72 263 9 2 50 2 (40)
Chicken breast 0 0 90 93 21 1 0 0
Red pepper / Capsicum 52 1 45 11 0 0 1 1 Mean of green peas, sweet
corn, carrots, pumpkin (16)
Carrots, diced 41 1 45 18 0 0 3 1 mean of two studies (16)
Tomato sauce® 32 1 146 54 3 0 8 2 (16)
Olive oll 0 0 15 133 0 15 0 0
Meal GI?/GL? 48 31
Afternoon snack (4:00-5:00 p.m)
Belvita biscuits, milk&cereals 45 9 31 139 2 4 21 2 (25)
Kiwi slices 58 7 125 70 1 1 11 5 (16)
Meal GI?/GL? 50 16
Dinner (8:00 p.m.)/Breakfast (7:00
a.m.)
Bread (Lieken Urkorn, Paderborner) 62 21 80 174 5 1 34 5 17)
Gouda cheese, 50% fat content 0 0 48 172 12 14 0 0 Mean of five studies (16)
Butter 0 0 16 117 0 13 0 0
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Cucumber slices 52 0 55 5 0 0 1 0 Mean of green peas, sweet
corn, carrots, pumpkin (16)

Carrot sticks 37 1 45 18 0 0 3 1 mean of two studies (16)

Apple slices 39 4 70 41 0 0 9 1 (16)

Meal GI?/GL3 56 16

Estimated GI/GL on intervention day | 58 160

Total® 2100 74 70 274 297

Total % energy 14 30 53 3

Abbreviations: g, grams; kcal, kilocalorie; G, glycaemic index; GL, glycemic load. 'Glycemic load= (g available carbohydrates*Gl)/100; 2dietary Gl= (sum of GL/ g available
carbohydrates)*100; 3dietary GL= sum of GL; “Lunch was freshly cooked. Nutritional and Gl values refer to the uncooked condition; *Tomato sauce was self-made:
canned tomatoes (mashed) (GI=52, GL= 2; mean of green peas, sweet corn, carrots, pumpkin (16), tomato puree (GI=52, GL=1; mean of green peas, sweet corn, carrots,
pumpkin (16), sucrose (GI=56, GL=1; mean of six studies (16), vegetable broth,talian herb mix (dry), salt, and pepper (all GI=0, GL=0); © total sum deviates from individual
data listed due to rounding of decimals. 7 2 kcal account for 1g fiber to achieve 100% total energy.
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SUPPLEMENTAL TABLE 2: Meal plan for the run-infwash-out day — example for the 2100 kcal group.

Meals and instructed times of Gl GL' | Amount[g] | Kcal Protein | Fat [g] Av. carbohydrates Fiber | References
consumption [g] [g] [g]
Breakfast (until 12:30 a.m.)
Alpen Original Musli 55 32 88 332 10 5 58 7 (16)
Milk, 3,8% fat content 31 2 165 109 5 6 8 0 mean of seven studies milk,
full-fat (16)
Orange 37 4 115 65 1 0 12 3 Mean of two studies (16)
Meal GI?/GL?® 50 39
Morning snack (until 12:30 a.m.)
Walkers Highland Oatcakes 57 8 24 112 3 5 14 1 (39)
Grapes 59 10 120 83 1 0 18 2 (16)
Meal GI/GL 58 18
Lunch*(1:00 p.m.)
Basmati rice, Oryza Himalaya 62 37 80 285 7 1 60 3 (40)
Zucchini 52 1 80 18 2 0 2 1 mean of green peas, sweet
corn, carrots, pumpkin (16)
Sweet corn, canned 52 2 40 35 1 1 5 1 mean of 5 studies (16)
Tomato sauce® 52 1 158 48 3 0 6 2 (16)
Feta cheese 0 0 40 115 7 10 0 0
Olive oil 0 0 10 10 0 10 0 0
Dessert
Plain yoghurt, 3,8 % fat content 19 1 110 80 5 4 6 0 mean of four studies, natural
yoghurt (16)
Raspberries 51 2 90 40 1 0 4 4 mean of blueberries wild;
grapes, black, strawberries
(16)
Honey 61 5 11 34 0 0 8 0 mean of 17 studies (16)
Meal GI/GL 57 52
Afternoon snack (until 9:00
p-m.)
Belvita biscuits, milk & cereals 45 8 25 112 2 4 17 2 (25)
Banana 59, 10 130 81 1 0 17 2 mean of three studies (16)
6
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Meal GI/GL 52 18 (16)
Dinner (until 9:00 p.m.)
Couscous, cooked 65 21 50 170 6 1 32 3 mean of 3 studies with
identical preparation method
(39)
Red pepper / capsicum 52 1 45 10 0 0 1 1 mean of green peas, sweet
corn, carrots, pumpkin (16)
Tomato 52 1 45 9 0 0 1 1 mean of green peas, sweet
corn, carrots, pumpkin (16)
Eggs, boiled 0 0 80 109 9 7 1 0
Cucumber 52 0 35 4 0 0 0 0 mean of green peas, sweet
corn, carrots, pumpkin (16)
Avocado 0 0 70 97 1 9 2 3
Dressing® 0 0 14 62 0 7 0 0
Meal GI/GL 58 22

Estimated GI/GL on run- 55 150
in/wash-out day
Total’ 2100 65 72 274 36°
Total % energy?® 13 30 53 3
Abbreviations: g, grams; kcal, kilocalorie; Gl, glycaemic index; GL, glycemic load. 'Glycemic load= (g available carbohydrates*Gl)/100; 2dietary Gl= (sum of GL/ g available
carbohydrates)*100; 3dietary GL= sum of GL * Lunch was freshly cooked. Nutritional and Gl values refer to raw ingredients; ®Tomato sauce was self-made: canned
tomatoes (mashed) (GI=52, GL= 2; mean of green peas, sweet corn, carrots, pumpkin (16)), tomato puree (GI=52, GL=1; mean of green peas, sweet corn, carrots,
pumpkin (16)), vegetable broth, dried herbs, salt, and pepper(all GI=0, GL=0); ®dressing: olive oil, herbs, salt (all GI=0, GL=0); 7 total sum deviates from individual data
listed due to rounding of decimals; 8 1% accounts for organic acids. ® 2 kcal-account for 1g fiber to achieve 100% total energy.
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Abstract

Consumption of foods with high glycaemic index (Gl) can cause hyperglycemia, thus
increasing postprandial hunger. Since circadian rhythm differs intra-individually, we
describe glucose dips after breakfast/dinner with high/medium estimated meal Gl among
students with early (n=22) and late chronotype (n=23) and examine their relation to the
feeling of hunger in a secondary analysis of a randomized cross-over nutrition trial.
Glucose dips reflect the difference between the lowest glucose value recorded 2-3 hours
postprandially and baseline, presented as percentage of average baseline level.
Associations between glucose dips and the feeling of hunger were analyzed using
multilevel linear models.

Glucose dips were lower after medium Gl meals than after high GI meals among both
chronotype groups (p=0.03). Among early chronotypes, but not among late chronotypes,
glucose dip values were lower after breakfast than after dinner (-4.9 % vs. 5.5 %,
p=0.001). Hunger increased throughout the day among both chronotypes but glucose
dips were not related to the feeling of hunger at the meal following breakfast.
Interestingly, lower glucose dip values 2-3 ‘hours_postprandially occurred particularly
after medium Gl meals and were seen after breakfast among early chronotypes. These

glucose dips did not predict hunger at meals after breakfast.

Keywords: chronotype, circadian misalignment, glycemic index, glucose dips, hunger,

fullness

1. Introduction

The control of hunger and the impact of meal timing have regained much interest
for personalized nutritionin the context of different circadian phenotypes, i.e. chronotype
(Franzago et al., 2023). Hunger reflects a lack of energy signaled by an empty stomach,
hormones such as high ghrelin concentrations, and metabolic signals, e.g. low blood
glucose levels, to initiate food consumption (Amin & Mercer, 2016; Blundell et al., 2020).
The impact of blood glucose levels on hunger was first described by Mayer’s ‘glucostatic
hypothesis’ stating that a decline in blood glucose concentration increases hunger
whereas high blood glucose levels increase the feeling of satiety (Mayer, 1952).
However, results from subsequent studies did not consistently support this hypothesis
(Kim et al., 2019; Woods & D'Alessio, 2008). Recently, researchers around Wyatt revived
Mayer’s hypothesis and examined in their study the role of glucose in hunger control
among 1070 healthy adults participating in the PREDICT study (Wyatt et al., 2021).
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According to their study investigating different glucose homeostasis parameters, the key
postprandial glycemic measure associated with hunger and subsequent food intake was
the dip in glucose levels 2-3 hours after meal consumption. Noteworthy, glucose dips
were most pronounced following an oral glucose tolerance test (OGTT), which has a
glycemic index (Gl) of 100, out of five standardized breakfasts served in the PREDICT
study (Wyatt et al., 2021).

Indeed, after consumption of a high-glycemic index (Gl) food item (GI>70), blood
glucose levels increase rapidly, but generally decrease steeply subsequently to levels
below baseline within the 2-hour postprandial period, a condition termed ‘reactive
hypoglycemia’. This hypoglycemic state is characterized by both.the persistence of
hyperinsulinemia and the suppression of glucagon (Ludwig, 2002). Furthermore, the
suppression of gluconeogenesis and lipolysis signals a.ow energy. status, hence
stimulating hunger and food consumption to restore energy homeostasis. However,
while low-Gl meals have been associated with increased satiety and delayed return of
hunger (Ludwig et al., 1999), the impact of the Gl as apredictor for occurring hunger still

remains controversial (Tremblay & Bellisle, 2015; Wu et al., 2014).

Additionally, both glucose and hunger homeostasis underlie a circadian rhythm: hunger
increases throughout the day and peaks in the evening (Sargent et al., 2016; Scheer et
al., 2013), while glucose homeostasis deteriorates in later daytime, resulting in higher
postprandial glucose responses to'the same meal consumed in the evening compared
to the morning (Morgan et al.,2012; Morris et al., 2015). These circadian rhythms likely
differ between persons with early and late chronotypes, hence the feeling of hunger

before a meal at early and late daytimes may differ depending on their chronotype.

This secondary analysis draws on the Chronotype and Nutrition (ChroNu) Study,
which aimed to.investigate differences in the short-term glucose response to morning
and evening meals among students with early and late chronotype. In this nutrition trial,
participants also rated their feeling of hunger and fullness before consuming
meals/snacks. Hence, this secondary analysis aims to (i) describe the diurnal profile of
hunger and glycemia when a high or medium GI meal was served as breakfast and on
a day when the identical high or medium Gl meal was served as dinner among persons
with either an early or late chronotype. It further aims to examine whether glucose
parameters including glucose dips differ (ii) following a high Gl vs. medium GI meal, and
(iii) between breakfast vs. dinner among persons with either an early or late chronotype.

Lastly (aim iv), we wanted to assess the association between glucose parameters and
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the feeling of hunger following breakfast only, since hunger/fullness was not inquired

after dinner.

2. MATERIALS AND METHODS
2.1 Study population

The ChroNu study aimed to compare the 2-hours postprandial and 24-hour glycemic
response to a meal rich in carbohydrates from higher Gl sources when consumed early
in the morning (7 a.m.) or late in the evening (8 p.m.). This was performed in a cross-
over trial in two samples of students with early or late chronotype. Based on a screening
of 327 students aged 18-25 years from Paderborn University, 49 students participated
in the controlled nutrition trial, of whom 45 participants were included in the original and
present analysis (supplemental figure 1). Prior to the start of the study, informed consent
was obtained from all participants. The study protocol was approved by the Ethics
Committee of Paderborn University. The controlled nutrition trial was registered at
clinicaltrials.gov (NCT04298645).

2.2 Study design

Participants were randomized by sex and chronotype to the order of a high Gl
(GI=72) meal consumed either in.the morning/evening (arm 1) or in the evening/morning
(arm 2) at two intervention days, preceded by a run-in/wash-out day, Figure 1. In the
morning of the run-in day, participants received a breakfast and a midmorning snack
after fasting blood samples were collected. On each day, participants returned for lunch
to the study center and received further meals and snacks, which had to be consumed
at predefined times. On the intervention days, an identical high Gl meal (Mars®bar,
Cornflakes (Kellog 's®), low-fat milk (1.5%), soft pretzel) with an estimated Gl of 72 was
provided in the morning (7 a.m.) or evening (8 p.m.) to potentially cause circadian
misalignment for late/early chronotypes (Roenneberg et al., 2019). All other
meals/snacks on the intervention and run-in/wash-out days had a medium Gl (46-59) to
avoid second meal effects (Wolever et al., 1988). Researchers were only blinded to the
participants” chronotype due to the provision of meals/snacks. For this secondary
analysis, data of hunger ratings recorded before participants consumed their
meals/snack on the intervention days (days 5+7) and 2-3-hours postprandial glucose

data following the consumption of high/medium GI breakfast and dinner were used.
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2.3 Assessment of hunger and fullness

Participants were asked to mark their feeling of hunger or fullness on a 19 cm
labelled magnitude satiety scale (LMS) (Zalifah et al., 2008) in a diary before every meal
and snack they consumed, i.e. at 7 a.m. before breakfast, between 9:30 and 10:30 a.m.
before midmorning snack, at 1 p.m. before lunch, between 4 and 5 p.m. before afternoon
snack, and at 8 p.m. before dinner. The LMS is subdivided by the feeling of ,Neither
hunger nor full“= (0 cm, i.e. center of the scale) and stages describing an increased or
decreased feeling of hunger/fullness. The ends of the scale describe ,Greatfest
imaginable hunger”=(-9,5 cm) and ,,Greatest Imaginable Fullness®=(9;5 cm). The LMS

was freely translated by the study team (BS) into German for this study purpose.

2.4 Assessment of chronotype

Both at screening and prior to the nutrition trial, we assessed the chronotype with
the Munich ChronoType Questionnaire, which <inquires sleep time separately for
workdays and free days (Roenneberg et al., 2019). The chronotype was calculated as
the midpoint of sleep between sleep .onset and sleep offset and corrected for
accumulated sleep debt during workdays (MSFsc)..During the trial, sleep and awake
times were estimated based on the participant’s movements recorded by an
accelerometer (E4 wristband, Empatica SR, Italy) and the bedtimes recorded in a diary.
Chronotypes were selected for the trial based on their chronotype assessed at

screening.

2.5Continuous glucose measurement

During the study, glycemic responses were recorded using continuous glucose
monitoring (G6, Dexcom), which measures subcutaneous interstitial glucose levels
resulting in mean glucose value every 5 min. During the trial, the device was blinded.
Glucose dips were calculated as the difference between the lowest glucose reading in
the 2-3 hours postprandially after (i) high/medium Gl breakfast or directly before
midmorning snack consumption (whichever came first) and (ii) high/medium GI dinner
minus the average baseline glucose level (glucose readings -5 min and min 0, i.e. directly
before and at meal consumption), presented as a percentage of average baseline level.
The glucose dip2-3nr is expressed as a percentage to adjust for differences in participants’
baseline glucose levels. Negative glucose dip values indicate states of mild

hypoglycemia while positive glucose dip values indicate that blood glucose levels remain
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elevated above baseline level. Glucose rise was calculated as the maximum level above
baseline 2 hours postprandially and is also presented as a percentage of the average
baseline glucose level (Wyatt et al., 2021). Since the participants were allowed to
consume their midmorning snack 2:30 hours after breakfast within a one-hour time
window, some of the participants have an incomplete 3-hour postprandial time period
after breakfast. For the respective variables (glucose dip2.3nr, lowest glucoseoan,, highest
glucoseo.snr), all data available (i.e. also incomplete 3-hour time periods) were considered

in the initial analyses.

2.6 Laboratory and anthropometric measurements

On the run-in day, venous blood samples were drawn at 7 a.m. after 210 h.fasting period
to analyze insulin, glucose, lipids, and high-sensitivity C-reactive protein (hsCRP) at the
German Diabetes Center in Dusseldorf. Melatonin was subsequently measured at
Medizinische Laboratorien, Disseldorf. HOMA-IR was. calculated as (fasting blood
insulin (uU/mL)*fasting blood glucose (mmol/k))/22.5 (Wallace et al., 2004). Body
composition was measured by using Bioimpedance /Analysis (mBCA 515, SECA). Body
Mass Index (BMI) was calculated by weight (kg)/height (m)3.

2.7 Statistical analysis

Characteristics of the study participants- are presented as means and standard
deviations for normally distributed variables or as medians (25th, 75th percentile) for
non-normally distributed continuous variables; total numbers (n) and percentages were
presented for categorical variables. Statistical analyses were performed using SAS
procedures (SAS version 9.4; SAS Institute, Cary, NC, USA) considering p-values <0.05
as statistically. significant. The hypotheses underlying the following analyses (see
introduction) were specified before carrying out the statistical analysis according to a pre-
specified analytic plan: For research aim 1, in a descriptive approach, hunger (before
each meal/ snack) was plotted against diurnal glycemia (6 a.m. to 11 p.m.) separately
for the day when a high or medium GI meal was served as breakfast and when the
identical high or medium Gl meal was served as dinner for persons with an early and
late chronotype. Research aims 2 and 3 were addressed in a combined model: To
examine whether glucose parameters differ in the 2-3-hour postprandial window
following a medium or high Gl meal (aim 2) and/or at breakfast or dinner (aim 3) among

persons with either early or late chronotype, multilevel linear regression models (PROC
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MIXED in SAS) were applied with glucose parameters as the dependent variables. By
using mixed models including both fixed and random effects, we account both for the
repeated measurements occurring for each participant and for variation between
measurements within an individual. Both the GI category of the meal (medium vs. high)
and the timing of the meal (breakfast vs. dinner) were used as independent variables.
Sex, age, BMI, fat mass, fat free mass, waist circumference, chronotype (early/late),
fasting insulin levels, HOMA-IR, and melatonin levels were each separately considered
as potential influencing factors. To keep the models minimally adjusted, only those
variables that substantially modified the association with glucose parameters,
significantly predicted the glucose parameters (Maldonado & Greenland, 1993), or
improved the coefficient of determination (Kirkwood, 2010) were:.considered. All
analyses are presented separately by chronotype since this study was performed in two

samples of persons with either an early or late chronotype.

To examine the association between selected postprandial glucose response
variables and the feeling of hunger/fullness after breakfast/before midmorning snack
consumption (aim 4), again multilevel linear regression models were applied with hunger
as the dependent and glucose parameters as independent variables. Of note, as
information on the feeling of hunger was only collected before the respective
meals/snacks, no information onthe feeling of hunger 2-3 hours after dinner is available.
Hence, only data for breakfast can be. considered for this last research aim. Model

adjustments were performed as-described above.

As the participants‘had to fast at least 2:30 hours before consuming their midmorning
snack, some of them had their snack before the 3-hour postprandial time period was
completed.. For those. participants, only data until start of snack consumption was
included in the analysis, resulting in less than 11 data points for glucose measurements.
Hence, additional sensitivity analyses were conducted including only those participants

with complete 180 min. postprandial glucose data (n=26).

3. RESULTS
The participants were young and healthy university students on average aged 22
years with a BMI of 22.5 kg/m?, Table 1. Participants with early and late chronotypes
differed in their MSFsc by approximately 1:54 h:min. Moreover, both chronotypes had
breakfast earlier and dinner later than normal on the intervention days. Among both

chronotype groups hunger increased throughout the day and was most pronounced
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before dinner. Of note, participants with an early chronotype already showed an
increased feeling of hunger before lunch, which was less pronounced among those with

late chronotype (-4.1 (-5.4; -1.7) cm; -1.8 (-4.1; 0.1) cm, respectively.

Figure 2 illustrates the diurnal developments of glucose and hunger values after
a high Gl breakfast/medium Gl dinner (panels a+b) or medium Gl breakfast/high Gl
dinner (panels c+d) (aim 1). Glucose levels were higher following the consumption of a
high GI breakfast and dinner, while medium Gl meals/snacks caused a smaller glucose
rise. Before breakfast, participants felt neither hungry nor full, but before the subsequent
midmorning snack those with a late chronotype felt rather full, while those with an early
chronotype again felt neither hungry nor full. After the midmorning snack, hunger
increased throughout the day with a peak before dinner irrespective of.breakfast Gl.
However, individuals with an early chronotype seemed to feel hungrier before their
afternoon snack when they consumed a medium Gl breakfast (panel c) than after
consuming a high Gl breakfast. In contrast, those with a late chronotype seemed to be
hungrier before their afternoon snack after having a high GI breakfast and less hungry

when consuming a breakfast with medium GI.

Table 2 presents the results of the analysis on the difference of examined glucose
parameters by Gl category (medium/high) and meal type (breakfast/dinner) (aims 2+3).
In both chronotype groups, lower glucose dips:.n-values were observed after medium
Gl meals in comparison to high Gl-meals (both p=0.03). However, for early chronotypes
only, glucose dip-values were below fasting state after breakfast and lower than after
dinner (breakfast -4.89 (-7.61, -0.54) % vs. dinner 5.45 (-7.26, 11.6) %, difference between
meal p=0.001)). Both highest glucose levels..s» and glucose riseq2n were significantly
higher after a high.Gl meal in comparison to a medium Gl meal in both early and late
chronotypes (all p:for GI <0.0001). There were no other differences between the meal
type (breakfast vs. dinner) for any of the glucose parameters among those with late
chronotype (all'p for meal >=0.05).

Results on aim 4, i.e. examining the association between glucose dips:z3» and
the feeling of hunger after breakfast consumption (Table 3), indicate no association
between the glucose parameters and the feeling of hunger for both chronotype groups
(all p20.2).

Results from sensitivity analyses on the association between glucose
parameters and the feeling of hunger after breakfast, including only those 26 of the 45

participants with complete 180 min. postprandial data, similarly revealed differences for
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medium vs high GI, however for the highest glucose values only; also differences in
glucose dips between breakfast and dinner continued to be seen for early chronotypes
only. No associations were seen between glucose parameters and the feeling of hunger.

(Supplemental Tables 1 and 2).

4. DISCUSSION

In this secondary analysis of a controlled nutrition trial we examined glucose dips
and other glucose parameters and the feeling of hunger/fullness among two selected
samples of young adults with early and late chronotype: Firstly, we observed that the
previously reported diurnal rhythm of hunger occurred irrespective of chronotype and
irrespective of a high Gl of the preceding meal (aim 1). Secondly, glucose dips were
more discernible after a medium GI meal compared to a-high Gl meal for both
chronotypes (aim 2). Furthermore, consistent glucose dips were only seen after medium
Gl breakfasts among participants with an early chronotype (aim 3): Finally, glucose

parameters were not related to the feeling of hunger following breakfast (aim 4).

4.1 Diurnal profile of hunger and glycemia (Aim 1)

Our observations underline the robust diurnal rhythm of hunger, which increases
throughout the day (Scheer et al., 2013).irrespective of circadian misalignment, meal
timing (McHill et al., 2022; McHill et al., 2018; Qian et al., 2019), and chronotype
(Beaulieu et al., 2020). Although the diurnal rhythm of subjective hunger was similar
among both chronotype groups, persons with late chronotype felt rather full before they
consumed their midmorning shack ~3 hours after breakfast irrespective of its Gl. This in
contrast to Beaulieu who observed a greater perceived fullness in early compared to late
chronotypes following meal.consumption in the morning (8:00-10:00 a.m.) (Beaulieu et
al., 2020). Such differences may arise from the fact that — in contrast to our study sample
— Beaulieau characterized the chronotype by a median split of the morningness-
eveningness. score, potentially resulting in less extreme chronotypes. In our study,
persons with late chronotype (MSF. of 5:50 a.m.) may have consumed the midmorning
snack (~10 a.m.) close to the end of their biological night (mean wake-up time ~10 a.m.
on work-free days), when circulating ghrelin levels are low, thus resulting in decreased

feeling of hunger and increased fullness (Chaput et al., 2023).
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4.2 Glucose parameters including glucose dips by meal Gl and

breakfast/dinner (Aims 2&3)

The use of the proc mixed model allowed for a separate appraisal of the relevance of GlI
(medium vs. high) and the relevance of meal (breakfast vs. dinner), independently of
each other (see table 2). At first glance, the more pronounced glucose dips 2-3 hours
after medium compared to high Gl meals (independently of meal) seems contradictory
to the concept of a ‘reactive hypoglycemia’, proposed to occur especially after the
consumption of high-Gl foods (Brand-Miller et al., 2009). However, particularly studies
on food structure (i.e. solid vs. liquid food items) and sugar components indicate that
even some low Gl foods induce glucose dips below baseline due to a higher as well as
earlier insulin secretion (Brand-Miller, 2009): For instance, juices cause:a rapid increase
in glucose levels, hence leading to exaggerating counter regulatory responses, i.e.
excessive insulin secretion, which consequently result in. glucose dips (~60 min.
postprandial) comparable to high-Gl food items. However, the Gl calculation according
to the ISO standard (International Standards Organisation, 2010).ignores glucose values
below baseline, hence, glucose dips may also occur after consumption of medium or
even low Gl foods like fruit juices. The testfoods used in our study (rye wheat sourdough
bread (medium Gl) and pretzel (high Gl)) did not induce glucose dips in the 120 min.
testing period for Gl determination. (Goletzke et al., 2016), but since Gl measurement
considers only the 120 min response they might have led to glucose levels below
baseline thereafter. Thus, from a methodological point of view in line with Wyatt’s study
(Wyatt et al., 2021) the present study suggests the need for more attention to the entire
glucose trajectories (i.e. the rise and potential fall below baseline levels) and the
extension to the postprandial window to 180 min.

Moreover, the proc mixed analysis revealed that — independently of meal Gl —
more negative glucose dips-values were seen after breakfast compared to dinner among
participants with 'an early chronotype only. This observation may be explained by the
diurnal rhythm of glucose and insulin homeostasis: Insulin secretion and/or sensitivity
decreases over the day, resulting in higher glucose levels and lower glucose tolerance
to the same meal in the evening (Morris et al., 2015; Saad et al., 2012). As an excessive
insulin secretion is one of the main hormonal pathways inducing postprandial
hypoglycemia (Ludwig, 2002), this pathway might be attenuated in the evening
compared to the morning, leading to less pronounced or no glucose dips below baseline
2-3 hours after dinner. Furthermore, the late dinner (8 p.m.) may have induced some

degree of circadian misalignment, which also decreases insulin sensitivity/secretion
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resulting in a lower glucose tolerance (Qian et al., 2019), thus presenting an additional
challenge for glucose homeostasis among participants with early chronotype. Hence, it
is not surprising that glucose dips did not differ between breakfast and dinner for persons
with late chronotype because breakfast time (7 a.m.) might have interfered with the
circadian rhythmicity reflected by a MSFsc at 5:50 a.m. In the evening, glucose dips may
not occur due to the lower glucose tolerance in the evening (Qian et al., 2019), which
may similarly affect persons with late chronotype despite their delayed endogenous
rhythm (Roenneberg et al., 2019).

4.3 Association between glycemic response and hunger after breakfast (Aim
4)

As mentioned above, Wyatt et al. identified glucose dips 2-3 hours after breakfast
consumption as the key postprandial glycemic measure associated with hunger and
subsequent food consumption (Wyatt et al., 2021). In this study, they analyzed 1.070
healthy participants from the PREDICT cohort,. who consumed in total 8.624
standardized breakfast meals followed by ad libitum meal consumption beginning 3
hours after breakfast (Wyatt et al., 2021).dnour study, we used estimated Gl values for
each meal/snack. Our results did not confirm Wyatt's data in several ways: Firstly, while
the Gl of the study foods was not-specifically considered in Wyatt’s study, the greatest
hypoglycemic state was observed after the OGTT (defined by a Gl of 100) (Wyatt et al.,
2021).

Secondly, we did not observe an association between glucose dips in
response to a standardized breakfast and hunger irrespective of meal Gl in the morning.
One reason may be that glucose dips were smaller in our cohort than in the PREDICT
study (mean glucose dip in our study after a medium Gl meal: -2.70 (-7.61, 2.88) % vs.
mean glucose dip inthe PREDICT study after the UK average breakfast: 6% (SD: 10%))
and hence did not stimulate the feeling of hunger in a comparable way. It might be
speculated that not only the percentage change to baseline levels but also the absolute
level below baseline is important, indicating that glucose levels, although falling partly
below baseline, never reached problematically low levels in our population (e.g. lowest
glucose valueo-an 4.42 (£0.83) mmol/L compared to hypoglycemia defined <3.9 mmol/L
in persons with diabetes (American Diabetes Association, 2019). Moreover, participants
of the PREDCIT study were older (mean age: 41-45 years (UK and US cohort,
respectively)) than our study sample. Our observations are also contradictory to an

observational study reporting that glucose nadirs preceding a meal significantly predicted
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hunger and subsequent energy intake among 31 obese and healthy individuals aged
~39 years old in free-living conditions (Kim et al. 2019). However, no information on meal
composition or Gl is provided in that study. Therefore, we can only speculate that glucose
dips may be negligible for hunger sensations in young and healthy persons and hence
do not bear the risk for increased energy intake (Ludwig et al., 1999; RofRbach et al.,
2018; Wyatt et al., 2021).

Some limitations of this study need to be considered. First, this is a secondary
analysis of a controlled nutrition study, which was designed to compare effects on
glycemic responses following high Gl meal consumption in the morning vs. evening
within two chronotype groups. Consequently, the study may have lacked statistical
power to detect an association between glucose dips and subjective hunger. Second,
we did not measure hunger/fullness after dinner, thus we could not compare the entire
diurnal effect of meal Gl on hunger nor analyze all diurnal differences in the association
between glucose dips and hunger. Considering the established lower glucose tolerance
in the evening (Morris et al., 2015), a higher glucose rise in response to a high Gl meal
may have resulted in longer subjective fullness after dinner than breakfast. Third, the
intervention schedule led to incomplete 2-3 hour windows for some of the participants.
Sensitivity analysis in the notably smaller sample with complete 180 min data supported
our main conclusions. Last, we did .not measure appetite or satiety hormones, e.g.
ghrelin, GLP-1, insulin, and leptin, which also display a circadian rhythm (Challet, 2019)
and may have given further insight on the participants” circadian rhythmicity at the time

of intervention.

Despite the limitations, this study is the first combining data of glucose dips after
medium and high:Gl with those of postprandial hunger after an extended time period up
to 180 min. It has a controlled design for energy intake accounting for the individual BMI
and sex. The high and medium GI meals consisted of food items with measured Gl
according to ISO guidelines (The University of Sydney). Moreover, this study has a well-
defined population stratified by the earliest and latest chronotype determined by MSF of
a cohort screened beforehand, which is in contrast to other studies that often use the

median split only (Beaulieu et al., 2020).

5. CONCLUSION

Taken together, in our young and healthy study sample, a medium but not a high

Gl was associated with lower glucose dip values 2-3 hours postprandially, particularly in
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the morning and among early chronotypes. These glucose dips did, however, not predict

hunger after breakfast irrespective of meal Gl and chronotype.
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Screening
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Figure 1: Overview of the controlled nutrition trial.

TABLE 1: Characteristics of the study population (n=45):

Early chronotype Late chrontoype
(n=22) (n=23)

Anthropometric and laboratory
characteristics
Female sex, n (%) 14 (64) 12 (52)
Age, years 22 (21; 23) 22 (21; 24)
BMI, kg/m? 224 (£ 2.2) 22.5(£2.6)
Waist circumference, m 0.74 (0.71; 0.80) 0.78 (0.75; 0.87)

Visceral fat mass, L

0.40 (0.31; 0.56)

(
0.66 (0.38; 1.25)

Skeletal muscleimass, kg

23.2 (20.1; 28.4)

24.9 (21.2; 31.3)

Fasting blood glucose, mmol/L 5.1(x0.4) 5.2 (£ 0.3)
Fasting insulin, pU/mL 6.9 (£2.7) 7.3 (£3.9)
HOMA-IR 1.6 (+ 0.6) 1.7 (£ 0.9)
Melatonin', ng/L 27.4 (22.7; 38.1) 36.0 (29.4; 57.1)
hsCRP, mg/dL 0.1 (0.0; 0.1) 0.0 (0.0; 0.1)
Non-esterified fatty acids, pmoL/L 359 (231; 589) 409 (309; 524)
Triglycerides, mg/dL 98.0 (+ 41.8) 98.9 (+ 44.8)
HDL-cholesterol, mg/dL 61.2 (£ 13.4) 63.6 (+ 15.1)
LDL-cholesterol, mg/dL 103.6 (+ 24.8) 97.0 (+ 25.0)

Circadian characteristics,
habitual meal/snack consumption
and feeling of hunger

Chronotype MSFsc (o’clock)?

3:26 (2:55; 3:38)

6:00 (5:35; 6:23)
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TABLE 1: continued.

Time when falling asleep (o’clock)

Workdays?®
Free days®
At evenings before intervention*

22:50 (22:25; 23:11)
23:32 (23:10; 00:00)
22:44 (22:44; 23:06)

1:00 (00:15; 1:10)
2:00 (1:20; 2:10)
23:38 (23:21; 00:29)

Wake-up time (o’clock)
Workdays?®

Free days?®

At intervention days®

7:00 (6:30; 7:30)
8:00 (7:15; 8:30)
6:29 (6:17; 6:42)

9:00 (8:00; 9:05)
10:00 (9:00; 10:45)
6:44 (6:26; 6:49)

Breakfast timing (o’clock)?
Workdays
Free days

7:52 (7:00; 8:15)
9:00 (8:37; 9:30)

10:00 (9:00; 10:00)
11:00 (10:00; 12:00)

Dinner timing (o’clock)?
Workdays
Free days

19:00 (18:30; 19:00)
19:00 (18:00; 19:00)

19:30 (19:00; 20:00)
19:30 (18:30; 20:46)

Snacking in the morning (n (%))?

Workdays 8 (36) 5(22)
Free days 5 (23) 4(17)
Diurnal feeling of hunger/satiety

at
intervention®, cm 0.0 (-1.8; 0:0) 0.0 (-3.4; 1.6)
Before breakfast -0.2 (-3.6; 0.3) 0.0 (-1.8; 1.6)
Midmorning -4.1(-54;-1.7) -1.8 (-4.1; 0.1)
Lunch -1.8/(-4.0; 0.0) -1.7 (-4.6; 0.0)
Afternoon snack -5.1 (-6.7;-4.0) -5.1 (-6.7; -3.6)

Before dinner*

Abbreviations: hsCRP, high-sensitivity C-reactive protein; HDL, high-density; LDL, low-density; MSFsc,
midpoint of sleep corrected, Gl, glycemic index. " onlyfor.n=44 available. 2 estimated time of the previous
month at screening (Roenneberg et al., 2019).3 estimated time of the past 4 weeks before intervention when
lectures were still held online due to the.COVID-19 pandemic. * mean of days 4 and 6.5 mean of intervention
days 5 and 7. * These data were examined to show if the early meal timing at the intervention days had an
impact on the habitual sleep timing. Negative values.indicate feeling of hunger (-9,5 cm), positive values a
feeling of fullness (9,5 cm), and value of 0 a feeling of neither hunger nor full (Zalifha et al., 2008). Data are
frequencies, means + standard deviation, or medians (Q1, Q3).
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Table 2: Glucose parameters after a medium- or high-Gl breakfast or dinner by chronotype group.

breakfast dinner P for GI' p for meal’
Medium Gl High-Gl Medium Gl High-GI
participants with an early
chronotype (n=22)
. 0/\23 -4.89 (-7.61, -
glucose dipz-3n (%) 0.54) 1.59 (-9.58, 13.3) | 5.45(-7.26, 11:6) 5.16.(-1.5,27.3) 0.03 0.001
lowest glucoseo-sh (mmol/l) 4.81 (0.60) 4.66 (0.74) 4.46 (0.69) 4.42 (0.83) 0.5 0.050
highest glucoseo-sh (mmol/l) 7.04 (0.80) 9.00 (1.36) 7.35.(1.00) 9.64 (1.32) <0.0001 0.055
glucose riseo-2n (%) 34 (13) 74 (27) 38 (18) 77 (27) <0.0001 0.5
participants with a late chronotype
(n=23)
glucose dipz-3n (%) 0 (-8.49, 4.92) 3.14 (-5.38, 18.4) | 2.52(-7.39,11.3) | 6.85(-0.45, 20.4) 0.03 0.09
lowest glucoseo-sh (mmol/l) 4.93 (0.49) 4.96 (0.62) 4.81 (0.60) 4.93 (0.52) 0.5 0.5
highest glucoseo-sh (mmol/l) 7.21 (0.75) 9.68 (1.58) 7.51(0.82) 9.42 (1.19) <0.0001 0.9
glucose riseo-2n (%) 34 (13) 78 (27) 35 (13) 69 (28) <0.0001 0.4

Data are means + standard deviation or medians (Q1, Q3).

" p values are derived from combined multilevel models with glucose parameters as the dependent variables and categories of Gl and meal as independent variables. Models were
additionally adjusted for sex and age at intervention.

2 Glucose dips were calculated as the difference between the lowest glucose readingiin.2-3 hours postprandial after i) high/medium Gl breakfast or directly before midmorning snack
consumption (whichever came first) and ii) high/medium GI dinner and the average baseline glucose level (glucose readings -5 min and min 0), presented as a percentage of average
baseline level. The glucose dip2-3nr is expressed as a percentage to adjustfor differences in participants’ baseline glucose levels. Negative glucose dip values indicate states of mild
hypoglycemia while positive glucose dip values indicate that glucose levels remain elevated above baseline level.

3n=21, since one participant had snack 120 min. after breakfast
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Table 3: Association between selected glucose parameters and the feeling of hunger 2-
3h after breakfast (n=45)

| R | SE | p’
Participants with an early chronotype (n=22)
glucose dipz.3n (%) 2°

unadjusted* -0.051 0.045 0.3
adjusted® -0.049 0.046 0.3
lowest glucoseq.zn (mg/dl)
unadjusted* 0.030 0.749 >0.9
adjusted® 0.127 0.753 0.9
highest glucoseq.an (mg/dl)
unadjusted* 0.043 0.452 0.9
adjusted® 0.060 0.455 0.9
glucose riseg.2n (%)
unadjusted* -0.003 0.024 0.9
adjusted® -0.004 0.024 0.9

Participants with a late chronotype (n=23)

glucose dip2.3n (%)?

unadjusted* 0.024 0.037 0.5
adjusted® 0.027 0.038 0.5
lowest glucoseq.zn (mg/dl)
unadjusted* -0.051 0.912 >0.9
adjusted® 0.233 0.941 0.8
highest glucoseq.an (mg/dl)
unadjusted* 0.469 0.404 0.3
adjusted® 0.858 0.430 0.053
glucose riseo-2n (%)
unadjusted* 0.020 0.024 0.4
adjusted® 0.034 0.025 0.2

" p derived from mixed models with the selected glucose parameter as the independent variable and hunger
after breakfast as the dependent;

2 Glucose dips were calculated as the difference between the lowest glucose reading in 2-3 hours
postprandial after i) high/medium GI breakfast or directly before midmorning snack consumption (whichever
came first) and ii) high/medium Gl dinner and the average baseline glucose level (glucose readings -5 min
and min 0), presented as a percentage of average baseline level. The glucose dipz-anr is expressed as a
percentage to adjust for differences in participants’ baseline glucose levels. Negative glucose dip values
indicate states of mild hypoglycemia while positive glucose dip values indicate that glucose levels remain
elevated above baseline level.

3n=21, since one participant had snack 120 min after breakfast

4model adjusted for Gl of breakfast (medium or high)

5model adjusted for Gl of breakfast (medium or high), sex, chronotype, age
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a) high Gl meal for breakfast (7 a.m.) and medium

Gl meal for dinner (8 p.m.) among early chronotypes b) high GI meal for breakfast (7 a.m.) and medium

Gl meal for dinner (8 p.m.) among late chronotypes
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Figure 2: Mean diurnal glucose (+ £%) (lines, anu median feeling of hunger/fuliness (diamonds) after breakfast with high glycemic index (Gl) (a+b)
and after medium Gl breakfast (c+d) ~mong « arly (c) and late (d) chronotypes. 'Negative values indicate feeling of hunger, positive values a
feeling of fullness, and value of 0 a feelir. > of n' ither hunger nor full (Zalifha et al., 2008).

143



APPENDIX D

Supplemental Table 1: Glucose parameters after a medium- or high-Gl breakfast or dinner by chronotype group for those participants with complete
180min postprandial data*

breakfast dinner P for p for
Gl meal’
Medium Gl | High-GI Medium Gl | High-GI
participants with an early (n=11) (n=22)
chronotype
glucose dipz.an (%)’ o %%30’ - 833 (7'(13?'37’ 5.45 (7.26,11.6) |+ 5.16 (15,27.3) | 0.1 0.004
lowest glucoseo-sn (mmol/l) 4.94 (0.57) 4.68 (0.73) 5.02 (0.55) 4.87 (0.72) 0.6 0.045
highest glucoseo-sn (mmol/l) 7.22 (0.78) 9.21 (1.36) 7.32.(0.82) 9.85 (1.41) <0.0001 0.6
participants with an late chronotype (n=15) (n=23)
glucose dipz.sh (%) 0 (-6.47, 3.26) 1'6‘1‘é';%79’ 252(-7.39,11.3) | 6.85(-0.45,20.4) | 0.07 0.09
lowest glucoseo-sh (mmol/l) 4.46 (0.69) 4.42 (0.83) 4.81 (0.60) 4.93 (0.52) 1.0 0.6
highest glucoseo-sn (mmol/l) 7.35 (1.00) 9.64 (1.32) 7.51(0.82) 9.42 (1.19) <0.0001 0.5

*please note that due to the study design, some of the participants have an incomplete 180 min time period after breakfast, as they had an earlier midmorning snack. Hence, complete 180 min
data for breakfast postprandial data was available for n=27 participants after the medium Gl breakfast and for n=26 participants after high-Gl breakfast. As dinner was the last meal of the day,
all participants had complete 180 min postprandial data.

Data are means + standard deviation or medians (Q1, Q3).

" p values are derived from combined multilevel models with glucose parameters as the dependent variables and categories of Gl and meal as independent variables. Models were additionally
adjusted for sex and age at intervention.
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Supplemental Table 2: Association between selected glucose parameters and the feeling of
hunger 2-3h after breakfast for those participants with complete 180 min postprandial data (n=26).

| R | SE | p’
participants with an early chronotype (n=11)
glucose dip2.3n (%) 22
unadjusted* -0.124 0.079 0.1
adjusted® -0.129 0.079 0.1
lowest glucoseg.zn (mg/dl)
unadjusted* -0.541 1.277 0.7
adjusted® -0.692 1.236 0.6
highest glucoseq.an (mg/dl)
unadjusted* 0.110 0.764 0.9
adjusted® 0.236 0.748 0.8
participants with a late chronotype (n=15)
glucose dip2.3n
(%) ®
unadjusted* -0.008 0.048 0.9
adjusted® -0.016 0.048 0.7
lowest glucoseq.an (mg/dl)
unadjusted* -0.802 1.056 0.5
adjusted® -0.569 1.051 0.6
highest glucoseq.zn (mg/dl)
unadjusted* 0.524 0.584 0.4
adjusted® 0.825 0.543 0.1

' p derived from mixed models with the selected glucose parameter as the independent variable and hunger
after breakfast as the dependent;

2 Glucose dips were calculated as the difference between the lowest glucose reading in 2-3 hours
postprandial after i) high/medium Gl breakfast or directly before midmorning snack consumption (whichever
came first) and ii) high/medium Gl dinner and the average baseline glucose level (glucose readings -5 min
and min 0), presented as a percentage of average baseline level. The glucose dip2-snr is expressed as a
percentage to adjust for differences in partiCipants’ baseline glucose levels. Negative glucose dip values
indicate states of mild hypoglycemia while positive glucose dip values indicate that glucose levels remain
elevated above baseline level.

3n=10, since one participant had snack 120min after breakfast

4model adjusted for'Gl.of breakfast (medium or high)

> model adjusted for Gl of breakfast (medium or high), sex, chronotype, age
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Screening (n=327)
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Supplemental figure 1: Flow chart of stus’, .opL’ «tion.
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Appendix Table 2: Midpoint of sleep examined by accelerometry and the participant’s diary entries during the controlled nutrition trial (study 2).

Partici- MSF (h:min) by | MSFsc (h:min) by | MSF (h:min) by | MSFsc (h:min) by AI?SOI‘fte difference of MSF Al?soll.fte difference of MSFsc
- . . - (h:mm:ss) (accelerometry vs. (h:mm:ss) (accelerometry vs.
pant accelerometry accelerometry diary entries diary entries diary) diary)
1 5:19 2:42 5:24 2:20 0:04:15 00:21:51
2 4:36 3:27 4:38 3:34 0:02:30 00:06:42
3 6:33 4:13 6:33 4:10 0:00:00 00:03:00
4 4:17 3:27 4:23 3:29 0:06:00 00:01:54
5 6:31 3:25 6:38 3:29 0:07:00 00:04:18
6 2:43 2:30 3:00 2:51 0:17:15 00:20:57
7 5:13 1:34 5:14 1:40 0:01:00 00:06:18
8 4:03 1:53 4:01 1:53 0:02:30 00:00:48
9 5:49 1:57 5:51 1:51 0:01:45 00:06:09
10 4:12 3:04 4:22 3:01 0:10:00 00:03:24
11 4:57 3:37 5:06 4:13 0:08:45 00:35:33
12 5:02 3:37 5:00 3:21 0:01:45 00:15:57
13 3:58 2:35 4:03 2:38 0:05:30 00:02:42
14 4:14 4:14 4:21 4:06 0:07:45 00:07:03
15 3:42 2:49 3:48 2:57 0:06:30 00:08:06
16 5:36 4:56 5:42 5:00 0:06:15 00:04:03
17 7:39 3:50 7:38 3:45 0:00:30 00:04:18
18 3:21 3:21 3:26 3:26 0:05:00 00:05:00
19 3:34 3:34 3:29 3:29 0:05:00 00:04:30
20 5:10 3:50 5:07 3:47 0:03:30 00:02:54
21 5:01 4:50 5:06 4:54 0:05:15 00:03:51
22 4:01 2:35 3:41 2:47 0:20:15 00:11:51
23 6:09 2:22 6:04 1:43 0:05:45 00:39:42
24 3:33 2:21 3:27 2:27 0:05:30 00:06:18
25 6:09 2:27 6:07 2:30 0:01:30 00:03:18
26 3:48 2:42 3:51 3:13 0:03:15 00:31:09
27 5:46 5:22 5:52 5:26 0:06:15 00:04:27
28 5:57 3:50 5:43 4:10 0:14:00 00:19:48
29 3:59 1:46 4:06 1:48 0:07:00 00:01:18
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Appendix Table 2: Continued.

Partici- | MSF (h:min) by | MSFsc (h:min) by | MSF (h:min) by | MSFsc (h:min) by A?SOI‘fte difference of MSF Al?soll.fte difference of MSFsc
. . . . (h:mm:ss) (accelerometry vs. (h:mm:ss) (accelerometry vs.
pant accelerometry accelerometry diary entries diary entries diary) diary)
30 3:34 1:53 3:42 1:54 0:07:45 00:00:39
31 3:38 3:06 3:38 3:19 0:00:30 00:13:00
32 5:21 3:00 5:21 2:55 0:00:30 00:05:18
33 5:42 3:16 5:29 3:35 0:13:00 00:18:54
34 5:09 3:33 4:19 3:49 0:50:30 00:15:54
35 2:25 1:45 2:31 1:48 0:06:15 00:03:33
36 3:21 3:10 3:27 3:19 0:06:30 00:08:36
37 6:24 3:03 6:18 3:16 0:06:00 00:12:48
38 3:42 2:24 3:50 2:30 0:07:45 00:05:09
39 3:34 2:26 3:43 2:34 0:09:00 00:08:48
40 4:03 3:25 4:05 3:18 0:02:30 00:06:30
41 5:15 3:35 5:18 3:31 0:03:45 00:03:27
42 9:56 3:39 9:55 3:37 0:00:45 00:02:27
43 4:40 2:48 4:36 2:35 0:04:30 00:12:54
44 4:39 2:03 4:50 1:59 0:10:45 00:04:33
45 7:29 7:29 8:05 6:54 0:36:00 00:35:45

Abbreviations: MSF, midpoint of sleep; MSFsc; midpoint of sleep corrected

MSF (h:mm) was based on mean values of study days 4-8. MSFsc (h:mm) was calculated based on mean values of study days 1-4 (denoted work-free days) and 4-8
(denoted workdays) [26]. Absolute mean difference (+ standard deviation) of MSF and MSFsc between accelerometry and diary was 0:07:30 (+ 0:08:56) and 0:09:54 (+
0:09:44) h:mm:ss, respectively, i.e., 0,7% difference of MSFsc.

150




APPENDIX F

APPENDIX F
Appendix Table 3: Melatonin levels among participants of the controlled nutrition trial.
Participant | MSFsc at screening Chronotype Melatonin
1 03:55:43 early chronotype 16,2
2 02:40:21 early chronotype 18,6
3 03:35:21 early chronotype 20,2
4 03:10:00 early chronotype 21,0
5 03:31:26 early chronotype 21,6
6 03:17:30 early chronotype 22,7
7 03:03:13 early chronotype 22,7
8 03:12:30 early chronotype 23,4
9 03:51:26 early chronotype 24,1
10 03:28:56 early chronotype 25,1
11 03:45:21 early chronotype 27,1
12 03:27:30 early chronotype 27,7
13 03:48:56 early chronotype 28,6
14 02:52:30 early chronotype 29,7
15 03:24:47 early chronotype 32,3
16 03:38:56 early chronotype 37,3
17 03:27:09 early chronotype 38,1
18 02:52:30 early chronotype 38,2
19 04:10:00 early chronotype 38,4
20 02:30:00 early chronotype 39,5
21 03:33:34 early chronotype 42,2
22 02:55:00 early chronotype 54,4
23 06:00:00 late chronotype 18,4
24 05:55:00 late chronotype 19,0
25 06:00:00 late chronotype 27 1
26 05:34:17 late chronotype 28,3
27 06:47:30 late chronotype 28,3
28 07:29:17 late chronotype 29,4
29 06:00:00 late chronotype 31,0
30 05:50:00 late chronotype 31,5
31 05:45:00 late chronotype 32,8
32 05:35:00 late chronotype 32,9
33 06:40:43 late chronotype 32,9
34 06:23:00 late chronotype 39,1
35 06:44:17 late chronotype 40,6
36 06:05:21 late chronotype 43,0
37 06:37:09 late chronotype 44 1
38 07:22:30 late chronotype 50,9
39 05:35:00 late chronotype 571
40 05:34:17 late chronotype 61,0
41 06:00:30 late chronotype 64,6
42 05:52:30 late chronotype 90,3
43 06:05:00 late chronotype 98,5
44 05:48:17 late chronotype 98,6
45 07:00:00 late chronotype no plasma sample available

Abbreviation: MSFsc, midpoint of sleep.

151



REFERENCES OF THESIS

REFERENCES OF THESIS

1. References

[11 Poggiogalle E., Jamshed H., Peterson C.M., 2018. Circadian regulation of glucose,
lipid, and energy metabolism in humans. Metab Clin Exp 84:11-27.
https://doi.org/10.1016/j.metabol.2017.11.017.

[2] Magliano D., Boyko E.J., 2021. IDF diabetes atlas. 10th ed. Brussels: International
Diabetes Federation.

[3] NCD Risk Factor Collaboration (NCD-RisC), 2024. Worldwide trends in underweight
and obesity from 1990 to 2022: a pooled analysis of 3663 population-representative
studies with 222 million children, adolescents, and adults. Lancet(29:50140-
6736(23)02750-2). https://doi.org/10.1016/S0140-6736(23)02750-2.

[4] Katsoulis M., Lai A.G., Diaz-Ordaz K., Gomes M., Pasea L., Banerjee A. et al., 2021.
Identifying adults at high-risk for change in weight and BMI in England: a
longitudinal, large-scale, population-based cohort study using electronic health
records. Lancet Diabetes Endocrinol 9(10):681-94. https://doi.org/10.1016/S2213-
8587(21)00207-2.

[5] Xie J., Wang M., Long Z., Ning H., Li J., Cao Y. et al., 2022. Global burden of type
2 diabetes in adolescents and young adults, 1990-2019: systematic analysis of the
Global Burden of Disease Study  2019. BMJ 379:e072385.
https://doi.org/10.1136/bmj-2022-072385.

[6] Larkin H., 2023. More Adolescents and Young Adults Developing Type 2 Diabetes
Around the World. JAMA 329(3):200. https://doi.org/10.1001/jama.2022.23553.

[71 Chaput J.-P., McHill AW., Cox R.C., Broussard J.L., Dutil C., da Costa B.G.G. et
al., 2023. The role of insufficient sleep and circadian misalignment in obesity. Nat
Rev Endocrinol 19(2):82-97. https://doi.org/10.1038/s41574-022-00747-7.

[8] Mason I.C., Qian J., Adler G.K., Scheer F.A.J.L., 2020. Impact of circadian
disruption on glucose metabolism: implications for type 2 diabetes. Diabetologia
63(3):462-72. https://doi.org/10.1007/s00125-019-05059-6.

[9] Roenneberg T., Wirz-Justice A., Merrow M., 2003. Life between clocks: daily
temporal patterns of human chronotypes. J Biol Rhythms 18(1):80-90.
https://doi.org/10.1177/0748730402239679.

[10] Zeron-Rugerio M.F., Hernaez A., Porras-Loaiza A.P., Cambras T., Izquierdo-Pulido
M., 2019. Eating Jet Lag: A Marker of the Variability in Meal Timing and Its
Association with Body Mass Index. Nutrients 11(12):2980.
https://doi.org/10.3390/nu11122980.

[11] Scheer F.A.J.L., Hilton M.F., Mantzoros C.S., Shea S.A., 2009. Adverse metabolic
and cardiovascular consequences of circadian misalignment. Proc Natl Acad Sci U
S A 106(11):4453-8. https://doi.org/10.1073/pnas.0808180106.

[12] Morris C.J., Yang J.N., Garcia J.l., Myers S., Bozzi I., Wang W. et al., 2015.
Endogenous circadian system and circadian misalignment impact glucose tolerance
via separate mechanisms in humans. Proc Natl Acad Sci U S A 112(17):E2225-34.
https://doi.org/10.1073/pnas.1418955112.

[13] Leung G.K.W., Huggins C.E., Bonham M.P., 2019. Effect of meal timing on
postprandial glucose responses to a low glycemic index meal: A crossover trial in
healthy volunteers. Clin Nutr 38(1):465-71.
https://doi.org/10.1016/j.clnu.2017.11.010.

152



REFERENCES OF THESIS

[14] Morgan L.M., Shi J.-W., Hampton S.M., Frost G., 2012. Effect of meal timing and
glycaemic index on glucose control and insulin secretion in healthy volunteers. Br J
Nutr 108(7):1286-91. https://doi.org/10.1017/S0007114511006507.

[15] Scheer F.A.J.L., Morris C.J., Shea S.A., 2013. The internal circadian clock increases
hunger and appetite in the evening independent of food intake and other behaviors.
Obesity (Silver Spring) 21(3):421-3. https://doi.org/10.1002/0by.20351.

[16] Schienkiewitz A., Kuhnert R., Blume M., Mensink G.B., 2022. Ubergewicht und
Adipositas bei Erwachsenen in Deutschland - Ergebnisse der Studie GEDA
2019/2020-EHIS. https://doi.org/10.25646/10292.

[17] Wyatt P., Berry S.E., Finlayson G., O'Driscoll R., Hadjigeorgiou G., Drew D.A. et al.,
2021. Postprandial glycaemic dips predict appetite and energy intake in healthy
individuals. Nat Metab 3(4):523-9. https://doi.org/10.1038/s42255-021-00383-x.

[18] Sargent C., Zhou X., Matthews R.W., Darwent D., Roach G.D., 2016. Daily Rhythms
of Hunger and Satiety in Healthy Men during One Week of Sleep Restriction and
Circadian Misalignment. Int J Environ Res Public Health 13(2):170.
https://doi.org/10.3390/ijerph13020170.

[19] Dibner C., Schibler U., Albrecht U., 2010. The mammalian circadian timing system:
organization and coordination of central and peripheral clocks. Annual review of
physiology 72:517—49. https://doi.org/10.1146/annurev-physiol-021909-135821.

[20] Challet E., 2019. The circadian regulation of food intake. Nat Rev Endocrinol
15(7):393-405. https://doi.org/10.1038/s41574-019-0210-x.

[21] Stenvers D.J., Scheer F.A.J.L., Schrauwen P., La Fleur S.E., Kalsbeek A., 2019.
Circadian clocks and insulin resistance. Nat Rev Endocrinol 15(2):75-89.
https://doi.org/10.1038/s41574-018-0122-1.

[22] Perelis M., Ramsey K.M., Marcheva B., Bass J., 2016. Circadian Transcription from
Beta Cell Function to Diabetes Pathophysiology. J Biol Rhythms 31(4):323-36.
https://doi.org/10.1177/0748730416656949.

[23] Kalsbeek A., La Fleur S., Fliers E., 2014. Circadian control of glucose metabolism.
Mol Metab 3(4):372-83. https://doi.org/10.1016/j.molmet.2014.03.002.

[24] Chan K., Wong F.S., Pearson J.A., 2022. Circadian rhythms and pancreas
physiology: A  review. Front  Endocrinol (Lausanne) 13:920261.
https://doi.org/10.3389/fendo.2022.920261.

[25] Caliandro R., Streng A.A., van Kerkhof L. W.M., van der Horst G.T.J., Chaves I.,
2021. Social Jetlag and Related Risks for Human Health: A Timely Review.
Nutrients 13(12). https://doi.org/10.3390/nu13124543.

[26] Roenneberg T., Pilz L.K., Zerbini G., Winnebeck E.C., 2019. Chronotype and Social
Jetlag: A (Self-) Critical Review. Biology (Basel) 8(3).
https://doi.org/10.3390/biology8030054.

[27] Wehrens S.M.T., Christou S., Isherwood C., Middleton B., Gibbs M.A., Archer S.N.
et al.,, 2017. Meal Timing Regulates the Human Circadian System. Curr Biol
27(12):1768-1775.€3. https://doi.org/10.1016/j.cub.2017.04.059.

[28] Chaix A., Manoogian E.N.C., Melkani G.C., Panda S., 2019. Time-Restricted Eating
to Prevent and Manage Chronic Metabolic Diseases. Annu. Rev. Nutr. 39(1):291-
315. https://doi.org/10.1146/annurev-nutr-082018-124320.

[29] Bae S.-A., Androulakis I.P., 2017. The Synergistic Role of Light-Feeding Phase
Relations on Entraining Robust Circadian Rhythms in the Periphery. Gene Regul
Syst Bio 11:1177625017702393. https://doi.org/10.1177/1177625017702393.

[30] Benloucif S., Guico M.J., Reid K.J., Wolfe L.F., L'hermite-Balériaux M., Zee P.C.,
2005. Stability of melatonin and temperature as circadian phase markers and their

153



REFERENCES OF THESIS

relation to sleep times in humans. J Biol Rhythms 20(2):178-88.
https://doi.org/10.1177/0748730404273983.

[31] Kennaway D.J., 2023. The dim light melatonin onset across ages, methodologies,
and sex and its relationship with morningness/eveningness. Sleep 46(5).
https://doi.org/10.1093/sleep/zsad033.

[32] Roenneberg T., Daan S., Merrow M., 2003. The art of entrainment. J Biol Rhythms
18(3):183-94. https://doi.org/10.1177/0748730403018003001.

[33] Pandi-Perumal S.R., Smits M., Spence W., Srinivasan V., Cardinali D.P., Lowe A.D.
et al., 2007. Dim light melatonin onset (DLMO): a tool for the analysis of circadian
phase in human sleep and chronobiological disorders. Progress in Neuro-
Psychopharmacology and Biological Psychiatry 31(1):1-11.
https://doi.org/10.1016/j.pnpbp.2006.06.020.

[34] Reiter A.M., Sargent C., Roach G.D., 2020. Finding DLMO: estimating dim light
melatonin onset from sleep markers derived from questionnaires, diaries and
actigraphy. Chronobiology International 37(9-10):1412-24.
https://doi.org/10.1080/07420528.2020.1809443.

[35] Almoosawi S., Vingeliene S., Gachon F., Voortman T., Palla L., Johnston J.D. et al.,
2019. Chronotype: Implications for Epidemiologic Studies on Chrono-Nutrition and
Cardiometabolic Health. Advances in Nutrition 10(1):30-42.
https://doi.org/10.1093/advances/nmy070.

[36] Horne J.A., Ostberg O., 1976. A self-assessment questionnaire to determine
morningness-eveningness in human circadian rhythms. Int J Chronobiol 4(2):97—-
110.

[37] Randler C., 2009. Validation of the full and reduced Composite Scale of
Morningness. Biological Rhythm Research 40(5):413-23.
https://doi.org/10.1080/09291010902731213.

[38] Di Milia L., Adan A., Natale V., Randler C., 2013. Reviewing the psychometric
properties of contemporary circadian typology measures. Chronobiology
International 30(10):1261-71. https://doi.org/10.3109/07420528.2013.817415.

[39] Hu Y., Shmygelska A., Tran D., Eriksson N., Tung J.Y., Hinds D.A., 2016. GWAS of
89,283 individuals identifies genetic variants associated with self-reporting of being
a morning person. Nat Commun 7:10448. https://doi.org/10.1038/ncomms10448.

[40] Jones S.E., Lane J.M., Wood A.R., van Hees V.T., Tyrrell J., Beaumont R.N. et al.,
2019. Genome-wide association analyses of chronotype in 697,828 individuals
provides insights into circadian rhythms. Nat Commun 10(1):343.
https://doi.org/10.1038/s41467-018-08259-7.

[41] Jones S.E., Tyrrell J., Wood A.R., Beaumont R.N., Ruth K.S., Tuke M.A. et al., 2016.
Genome-Wide Association Analyses in 128,266 Individuals Identifies New
Morningness and Sleep Duration Loci. PLoS Genet 12(8):e1006125.
https://doi.org/10.1371/journal.pgen.1006125.

[42] Fei C.-J., Li Z.-Y., Ning J., Yang L., Wu B.-S., Kang J.-J. et al., 2024. Exome
sequencing identifies genes associated with sleep-related traits. Nat Hum Behav.
https://doi.org/10.1038/s41562-023-01785-5.

[43] Lane J.M., Vlasac |., Anderson S.G., Kyle S.D., Dixon W.G., Bechtold D.A. et al.,
2016. Genome-wide association analysis identifies novel loci for chronotype in
100,420 individuals from the UK Biobank. Nat Commun 7:10889.
https://doi.org/10.1038/ncomms10889.

154



REFERENCES OF THESIS

[44] Roenneberg T., Kuehnle T., Pramstaller P.P., Ricken J., Havel M., Guth A. et al.,
2004. A marker for the end of adolescence. Curr Biol 14(24):R1038-9.
https://doi.org/10.1016/j.cub.2004.11.039.

[45] Randler C., Engelke J., 2019. Gender differences in chronotype diminish with age:
a meta-analysis based on morningness/chronotype questionnaires. Chronobiology
International 36(7):888—905. https://doi.org/10.1080/07420528.2019.1585867.

[46] Duffy J.F., Cain S.W., Chang A.-M., Phillips A.J.K., Minch M.Y., Gronfier C. et al.,
2011. Sex difference in the near-24-hour intrinsic period of the human circadian
timing system. Proc Natl Acad Sci U S A 108 Suppl 3(Suppl 3):15602-8.
https://doi.org/10.1073/pnas.1010666108.

[47] Roenneberg T., Merrow M., 2007. Entrainment of the human circadian clock. Cold
Spring Harb Symp Quant Biol 72:293-9. https://doi.org/10.1101/sgb.2007.72.043.

[48] Ruiz F.S., Beijamini F., Beale A.D., Da Gongalves B.S.B., Vartanian D., Taporoski
T.P. et al., 2020. Early chronotype with advanced activity rhythms and dim light
melatonin onset in a rural population. J Pineal Res 69(3):e12675.
https://doi.org/10.1111/jpi.12675.

[49] Schantz M. von, Taporoski T.P., Horimoto A.R.V.R., Duarte N.E., Vallada H.,
Krieger J.E. et al.,, 2015. Distribution and heritability of diurnal preference
(chronotype) in a rural Brazilian family-based cohort, the Baependi study. Sci Rep
5:9214. https://doi.org/10.1038/srep09214.

[50] Facer-Childs E.R., Boiling S., Balanos G.M., 2018. The effects of time of day and
chronotype on cognitive and physical performance in healthy volunteers. Sports
Med Open 4(1):47. https://doi.org/10.1186/s40798-018-0162-z.

[51] Wittmann M., Dinich J., Merrow M., Roenneberg T., 2006. Social jetlag:
misalignment of biological and social time. Chronobiology International 23(1-
2):497-5009. https://doi.org/10.1080/07420520500545979.

[52] Roenneberg T., Allebrandt K.V., Merrow M., Vetter C., 2012. Social Jetlag and
Obesity. Current Biology 22(10):939-43. https://doi.org/10.1016/j.cub.2012.03.038.

[53] Bouman E.J., Beulens JW.J., Groeneveld L., Kruijk R.S. de, Schoonmade L.J.,
Remmelzwaal S. et al., 2023. The association between social jetlag and parameters
of metabolic syndrome and type 2 diabetes: a systematic review and meta-analysis.
J Sleep Res 32(3):e13770. https://doi.org/10.1111/jsr.13770.

[54] Wong P.M., Hasler B.P., Kamarck T.W., Muldoon M.F., Manuck S.B., 2015. Social
Jetlag, Chronotype, and Cardiometabolic Risk. The Journal of Clinical
Endocrinology & Metabolism 100(12):4612—-20. https://doi.org/10.1210/jc.2015-
2923.

[55] Koopman A.D.M., Rauh S.P., van 't Riet E., Groeneveld L., van der Heijden A.A.,
Elders P.J. et al., 2017. The Association between Social Jetlag, the Metabolic
Syndrome, and Type 2 Diabetes Mellitus in the General Population: The New Hoorn
Study. J Biol Rhythms 32(4):359-68. https://doi.org/10.1177/0748730417713572.

[56] Nakade M., Takeuchi H., Kurotani M., Harada T., 2009. Effects of meal habits and
alcohol/cigarette consumption on morningness-eveningness preference and sleep
habits by Japanese female students aged 18-29. J Physiol Anthropol 28(2):83-90.
https://doi.org/10.2114/jpa2.28.83.

[57] Sato-Mito N., Sasaki S., Murakami K., Okubo H., Takahashi Y., Shibata S. et al.,
2011. The midpoint of sleep is associated with dietary intake and dietary behavior
among young Japanese women. Sleep Medicine  12(3):289-94.
https://doi.org/10.1016/j.sleep.2010.09.012.

155



REFERENCES OF THESIS

[58] Teixeira G.P., Mota M.C., Crispim C.A., 2018. Eveningness is associated with
skipping breakfast and poor nutritional intake in Brazilian undergraduate students.
Chronobiology International 35(3):358-67.
https://doi.org/10.1080/07420528.2017.1407778.

[59] Nitta L., Tahara Y., Shinto T., Makino S., Kuwahara M., Tada A. et al., 2023.
Association of Eating Pattern, Chronotype, and Social Jetlag: A Cross-Sectional
Study Using Data Accumulated in a Japanese Food-Logging Mobile Health
Application. Nutrients 15(9):2165. https://doi.org/10.3390/nu15092165.

[60] Yang C.-L., Tucker R.M., 2022. Snacking behavior differs between evening and
morning chronotype individuals but no differences are observed in overall energy
intake, diet quality, or food cravings. Chronobiology International 39(5):616-25.
https://doi.org/10.1080/07420528.2021.2016795.

[61] Lucassen E.A., Zhao X., Rother K.I., Mattingly M.S., Courville A.B., Jonge L. de et
al., 2013. Evening Chronotype Is Associated with Changes in Eating Behavior, More
Sleep Apnea, and Increased Stress Hormones in Short Sleeping Obese Individuals.
PLoS ONE 8(3):e56519. https://doi.org/10.1371/journal.pone.0056519.

[62] Veronda A.C., Irish L.A., 2021. An examination of eating misalignment: The
discrepancy between preferred and actual timing of food intake. Chronobiology
International 38(4):557—64. https://doi.org/10.1080/07420528.2020.1861000.

[63] BiH., Gan Y., Yang C., Chen Y., Tong X, Lu Z., 2015. Breakfast skipping and the
risk of type 2 diabetes: a meta-analysis of observational studies. Public Health Nutr
18(16):3013-9. https://doi.org/10.1017/S1368980015000257.

[64] Ballon A., Neuenschwander M., Schlesinger S., 2019. Breakfast Skipping Is
Associated with Increased Risk of Type 2 Diabetes among Adults: A Systematic
Review and Meta-Analysis of Prospective Cohort Studies. J. Nutr. 149(1):106—13.
https://doi.org/10.1093/jn/nxy194.

[65] Wicherski J., Schlesinger S., Fischer F., 2021. Association between Breakfast
Skipping and Body Weight-A Systematic Review and Meta-Analysis of
Observational Longitudinal Studies. Nutrients 13(1).
https://doi.org/10.3390/nu13010272.

[66] Ma X., Chen Q., Pu Y., Guo M., Jiang Z., Huang W. et al., 2020. Skipping breakfast
is associated with overweight and obesity: A systematic review and meta-analysis.
Obes Res Clin Pract 14(1):1-8. https://doi.org/10.1016/j.orcp.2019.12.002.

[67] Fong M., Caterson I.D., Madigan C.D., 2017. Are large dinners associated with
excess weight, and does eating a smaller dinner achieve greater weight loss? A
systematic review and meta-analysis. Br J Nutr 118(8):616-28.
https://doi.org/10.1017/S0007114517002550.

[68] Nakajima K., Suwa K., 2015. Association of hyperglycemia in a general Japanese
population with late-night-dinner eating alone, but not breakfast skipping alone. J
Diabetes Metab Disord 14:16. https://doi.org/10.1186/s40200-015-0147-0.

[69] Lotti S., Pagliai G., Colombini B., Sofi F., Dinu M., 2022. Chronotype Differences in
Energy Intake, Cardiometabolic Risk Parameters, Cancer, and Depression: A
Systematic Review with Meta-Analysis of Observational Studies. Advances in
Nutrition 13(1):269-81. https://doi.org/10.1093/advances/nmab115.

[70] McHill AW., Wright K.P., 2017. Role of sleep and circadian disruption on energy
expenditure and in metabolic predisposition to human obesity and metabolic
disease. Obes Rev 18 Suppl 1:15-24. https://doi.org/10.1111/0br.12503.

156



REFERENCES OF THESIS

[71] Xiao Q., Garaulet M., Scheer F.A.J.L., 2019. Meal timing and obesity: interactions
with  macronutrient intake and chronotype. Int J Obes 43(9):1701-11.
https://doi.org/10.1038/s41366-018-0284-x.

[72] Yoshida J., Eguchi E., Nagaoka K., Ito T., Ogino K., 2018. Association of night
eating habits with metabolic syndrome and its components: a longitudinal study.
BMC Public Health 18(1):1366. https://doi.org/10.1186/s12889-018-6262-3.

[73] Allison K.C., Hopkins C.M., Ruggieri M., Spaeth A.M., Ahima R.S., Zhang Z. et al.,
2021. Prolonged, Controlled Daytime versus Delayed Eating Impacts Weight and
Metabolism. Curr Biol 31(3):650-657.e3. https://doi.org/10.1016/j.cub.2020.10.092.

[74] Makarem N., Sears D.D., St-Onge M.-P., Zuraikat F.M., Gallo L.C., Talavera G.A.
et al., 2021. Variability in Daily Eating Patterns and Eating Jetlag Are Associated
With Worsened Cardiometabolic Risk Profiles in the American Heart Association Go
Red for Women Strategically Focused Research Network. JAHA 10(18):e022024.
https://doi.org/10.1161/JAHA.121.022024.

[75] Wang B., Hou J., Mao Z., Chen C., Wang C., Yu S., 2024. Association between
dinner-bedtime interval and type 2 diabetes mellitus: a large-scale cross-sectional
study. J Diabetes Metab Disord. https://doi.org/10.1007/s40200-023-01382-3.

[76] GuptaN.J., Kumar V., Panda S., 2017. A camera-phone based study reveals erratic
eating pattern and disrupted daily eating-fasting cycle among adults in India. PLoS
ONE 12(3):e0172852. https://doi.org/10.1371/journal.pone.0172852.

[77] Gill S., Panda S., 2015. A Smartphone App Reveals Erratic Diurnal Eating Patterns
in Humans that Can Be Modulated for Health Benefits. Cell Metabolism 22(5):789—
98. https://doi.org/10.1016/j.cmet.2015.09.005.

[78] Palla L., Alimoosawi S., 2019. Diurnal Patterns of Energy Intake Derived via Principal
Component Analysis and Their Relationship with Adiposity Measures in
Adolescents: Results from the National Diet and Nutrition Survey RP (200872012).
Nutrients 11(2). https://doi.org/10.3390/nu11020422.

[79] Ali M., Reutrakul S., Petersen G., Knutson K.L., 2023. Associations between Timing
and Duration of Eating and Glucose Metabolism: A Nationally Representative Study
in the U.S. Nutrients 15(3). https://doi.org/10.3390/nu15030729.

[80] Dashti H.S., Scheer F.A., Jacques P.F., Lamon-Fava S., Ordovas J.M., 2015. Short
sleep duration and dietary intake: epidemiologic evidence, mechanisms, and health
implications. Advances in Nutrition 6(6):648-59.
https://doi.org/10.3945/an.115.008623.

[81] Cienfuegos S., McStay M., Gabel K., Varady K.A., 2022. Time restricted eating for
the prevention of type 2 diabetes. J Physiol 600(5):1253-64.
https://doi.org/10.1113/JP281101.

[82] Staller N., Randler C., 2020. Changes in sleep schedule and chronotype due to
COVID-19  restrictions and home  office. = Somnologie  25(2):1-7.
https://doi.org/10.1007/s11818-020-00277-2.

[83] Stafford N., 2020. Covid-19: Why Germany's case fatality rate seems so low. BMJ
369:m1395. https://doi.org/10.1136/bmj.m1395.

[84] Blume C., Schmidt M.H., Cajochen C., 2020. Effects of the COVID-19 lockdown on
human sleep and rest-activity rhythms. Curr Biol 30(14):R795-R797.
https://doi.org/10.1016/j.cub.2020.06.021.

[85] Leone M.J., Sigman M., Golombek D.A., 2020. Effects of lockdown on human sleep
and chronotype during the COVID-19 pandemic. Current Biology 30(16):R930-
R931. https://doi.org/10.1016/j.cub.2020.07.015.

157



REFERENCES OF THESIS

[86] Korman M., Tkachev V., Reis C., Komada Y., Kitamura S., Gubin D. et al., 2020.
COVID-19-mandated social restrictions unveil the impact of social time pressure on
sleep and body clock. Sci Rep 10(1):22225. https://doi.org/10.1038/s41598-020-
79299-7.

[87] Tahara Y., Otsuka M., Fuse Y., Hirao A., Shibata S., 2011. Refeeding after fasting
elicits insulin-dependent regulation of Per2 and Rev-erba with shifts in the liver
clock. J Biol Rhythms 26(3):230—40. https://doi.org/10.1177/0748730411405958.

[88] Bottary R., Fields E.C., Kensinger E.A., Cunningham T.J., 2022. Age and
chronotype influenced sleep timing changes during the first wave of the COVID-19
pandemic. J Sleep Res 31(2):e13495. https://doi.org/10.1111/jsr.13495.

[89] Wright K.P., Linton S.K., Withrow D., Casiraghi L., Lanza S.M., La Iglesia H.d. et al.,
2020. Sleep in university students prior to and during COVID-19 Stay-at-Home
orders. Curr Biol 30(14):R797-R798. https://doi.org/10.1016/j.cub.2020.06.022.

[90] Hochschulrektorenkonferenz, 22.02.2024. COVID-19-Pandemie und die
Hochschulen. [February 23, 2024]; Available from:
https://www.hrk.de/themen/hochschulsystem/covid-19-pandemie-und-die-
hochschulen/.

[91] Celorio-Sarda R., Comas-Basté O., Latorre-Moratalla M.L., Zerén-Rugerio M.F.,
Urpi-Sarda M., lllan-Villanueva M. et al., 2021. Effect of COVID-19 Lockdown on
Dietary Habits and Lifestyle of Food Science Students and Professionals from
Spain. Nutrients 13(5). https://doi.org/10.3390/nu13051494.

[92] Bosi Bagcl T.A., Kanadikirik A., Somyiirek E., Gergcek G., Tanrikulu H.B., Ontas E.
et al., 2021. Impact of COVID-19 on eating habits, sleeping behaviour and physical
activity status of final-year medical students in Ankara, Turkey. Public Health Nutr
24(18):6369-76. https://doi.org/10.1017/S1368980021003906.

[93] Larsson K., Onell C., Edlund K., Kallberg H., Holm L.W., Sundberg T. et al., 2022.
Lifestyle behaviors in Swedish university students before and during the first six
months of the COVID-19 pandemic: a cohort study. BMC Public Health 22(1):1207.
https://doi.org/10.1186/s12889-022-13553-7.

[94] Pendergast F.J., Livingstone K.M., Worsley A., McNaughton S.A., 2016. Correlates
of meal skipping in young adults: a systematic review. Int J Behav Nutr Phys Act
13(1):125. https://doi.org/10.1186/s12966-016-0451-1.

[95] Benedict C., Brandao L.E.M., Merikanto |., Partinen M., Bjorvatn B., Cedernaes J.,
2021. Meal and Sleep Timing before and during the COVID-19 Pandemic: A Cross-
Sectional Anonymous Survey Study from Sweden. Clocks & Sleep 3(2):251-8.
https://doi.org/10.3390/clockssleep3020015.

[96] Gallo L.A., Gallo T.F., Young S.L., Moritz K.M., Akison L.K., 2020. The Impact of
Isolation Measures Due to COVID-19 on Energy Intake and Physical Activity Levels
in Australian University Students. Nutrients 12(6):1865.
https://doi.org/10.3390/nu12061865.

[97] Gonzalez-Monroy C., Gémez-Gémez |., Olarte-Sanchez C.M., Motrico E., 2021.
Eating Behaviour Changes during the COVID-19 Pandemic: A Systematic Review
of Longitudinal Studies. Int J Environ Res Public Health 18(21).
https://doi.org/10.3390/ijerph182111130.

[98] Shimpo M., Akamatsu R., Kojima Y., 2022. Impact of the COVID-19 pandemic on
food and drink consumption and related factors: A scoping review. Nutr Health
28(2):177-88. https://doi.org/10.1177/02601060221078161.

[99] Morgan L., Arendt J., Owens D., Folkard S., Hampton S., Deacon S. et al., 1998.
Effects of the endogenous clock and sleep time on melatonin, insulin, glucose and

158



REFERENCES OF THESIS

lipid metabolism. J Endocrinol 157(3):443-51.
https://doi.org/10.1677/joe.0.1570443.

[100] Shea S.A., Hilton M.F., Orlova C., Ayers R.T., Mantzoros C.S., 2005.
Independent circadian and sleep/wake regulation of adipokines and glucose in
humans. The Journal of Clinical Endocrinology & Metabolism 90(5):2537-44.
https://doi.org/10.1210/jc.2004-2232.

[101] Owens D.S., Macdonald I., Benton D., Sytnik N., Tucker P., Folkard S., 1996. A
preliminary investigation into individual differences in the circadian variation of meal
tolerance: effects on mood and hunger. Chronobiology International 13(6):435-47.
https://doi.org/10.3109/07420529609020914.

[102] Leung G.K.W., Huggins C.E., Ware R.S., Bonham M.P., 2020. Time of day
difference in postprandial glucose and insulin responses: Systematic review and
meta-analysis of acute postprandial studies. Chronobiology International
37(3):311-26. https://doi.org/10.1080/07420528.2019.1683856.

[103] Almeida R.S. de, Marot L.P., Latorraca C.d.O.C., Oliveira R.d.A., Crispim C.A.,
2023. Is Evening Carbohydrate Intake in Healthy Individuals Associated with Higher
Postprandial Glycemia and Insulinemia When Compared to Morning Intake? A
Systematic Review and Meta-Analysis of Randomized Crossover Studies. J Am
Nutr Assoc 42(4):349-60. https://doi.org/10.1080/07315724.2022.2043199.

[104] Skyler J.S., Bakris G.L., Bonifacio E., Darsow T., Eckel R.H., Groop L. et al.,
2017. Differentiation of Diabetes by Pathophysiology, Natural History, and
Prognosis. Diabetes 66(2):241-55. https://doi.org/10.2337/db16-0806.

[105] Galicia-Garcia U., Benito-Vicente A., Jebari S., Larrea-Sebal A., Siddiqi H., Uribe
K.B. et al., 2020. Pathophysiology of Type 2 Diabetes Mellitus. Int J Mol Sci 21(17).
https://doi.org/10.3390/ijms21176275.

[106] Buyken A.E., Mitchell P., Ceriello A., Brand-Miller J., 2010. Optimal dietary
approaches for prevention of type 2 diabetes: a life-course perspective.
Diabetologia 53(3):406—18. https://doi.org/10.1007/s00125-009-1629-8.

[107] Garaulet M., Qian J., Florez J.C., Arendt J., Saxena R., Scheer F.A.J.L., 2020.
Melatonin Effects on Glucose Metabolism: Time To Unlock the Controversy. Trends
Endocrinol Metab 31(3):192—-204. https://doi.org/10.1016/j.tem.2019.11.011.

[108] Harmsen J.-F., Wefers J., Doligkeit D., Schlangen L., Dautzenberg B., Rense P.
et al., 2022. The influence of bright and dim light on substrate metabolism, energy
expenditure and thermoregulation in insulin-resistant individuals depends on time of
day. Diabetologia 65(4):721-32. https://doi.org/10.1007/s00125-021-05643-9.

[109] Lopez-Minguez J., Gomez-Abellan P., Garaulet M., 2016. Circadian rhythms,
food timing and obesity. Proc Nutr Soc 75(4):501-11.
https://doi.org/10.1017/S0029665116000628.

[110] Gil-Lozano M., Hunter P.M., Behan L.-A., Gladanac B., Casper R.F., Brubaker
P.L., 2016. Short-term sleep deprivation with nocturnal light exposure alters time-
dependent glucagon-like peptide-1 and insulin secretion in male volunteers. Am J
Physiol Endocrinol Metab 310(1):E41-50.
https://doi.org/10.1152/ajpendo.00298.2015.

[111] Kampmann U., Lauritzen E.S., Grarup N., Jessen N., Hansen T., Mgaller N. et al.,
2021. Acute metabolic effects of melatonin-A randomized crossover study in healthy
young men. J Pineal Res 70(2):e12706. https://doi.org/10.1111/jpi.12706.

[112] Jonsson A., Ladenvall C., Ahluwalia T.S., Kravic J., Krus U., Taneera J. et al.,
2013. Effects of common genetic variants associated with type 2 diabetes and

159



REFERENCES OF THESIS

glycemic traits on a- and B-cell function and insulin action in humans. Diabetes
62(8):2978-83. https://doi.org/10.2337/db12-1627.

[113] Alsalim W., Lindgren O., Ahrén B., 2023. Glucose-dependent insulinotropic
polypeptide and glucagon-like peptide-1 secretion in humans: Characteristics and
regulation. J Diabetes Investig 14(3):354—61. https://doi.org/10.1111/jdi.13962.

[114] Zhao Y.-F., 2022. Free fatty acid receptors in the endocrine regulation of glucose
metabolism: Insight from gastrointestinal-pancreatic-adipose interactions. Front
Endocrinol (Lausanne) 13:956277. https://doi.org/10.3389/fend0.2022.956277.

[115] Lindgren O., Mari A., Deacon C.F., Carr R.D., Winzell M.S., Vikman J. et al.,
2009. Differential islet and incretin hormone responses in morning versus afternoon
after standardized meal in healthy men. The Journal of Clinical Endocrinology &
Metabolism 94(8):2887-92. https://doi.org/10.1210/jc.2009-0366.

[116] Holst J.J., 2019. The incretin system in healthy humans: The role of GIP and
GLP-1. Metab Clin Exp 96:46-55. https://doi.org/10.1016/j.metabol.2019.04.014.

[117] Zhao L., Hutchison A.T., Heilbronn L.K., 2021. Carbohydrate intake and circadian
synchronicity in the regulation of glucose homeostasis. Curr Opin Clin Nutr Metab
Care 24(4):342-8. https://doi.org/10.1097/MC0O.0000000000000756.

[118] Lee A., Ader M., Bray G.A., Bergman R.N., 1992. Diurnal variation in glucose
tolerance. Cyclic suppression of insulin action and insulin secretion in normal-
weight, but not obese, subjects. Diabetes 41(6):750-9.
https://doi.org/10.2337/diab.41.6.750.

[119] Chamorro R., Kannenberg S., Wilms B., Kleinerischkamp C., Meyhéfer S., Park
S.Q. et al., 2022. Meal Timing and Macronutrient Composition Modulate Human
Metabolism and Reward-Related Drive to Eat. Nutrients 14(3).
https://doi.org/10.3390/nu14030562.

[120] Bao J., Atkinson F., Petocz P., Willett W.C., Brand-Miller J.C., 2011. Prediction
of postprandial glycemia and insulinemia in lean, young, healthy adults: glycemic
load compared with carbohydrate content alone. The American Journal of Clinical
Nutrition 93(5):984-96. https://doi.org/10.3945/ajcn.110.005033.

[121] Galgani J., Aguirre C., Diaz E., 2006. Acute effect of meal glycemic index and
glycemic load on blood glucose and insulin responses in humans. Nutr J 5:22.
https://doi.org/10.1186/1475-2891-5-22.

[122] International Standards Organisation, 2010-10-01. Food Products—
Determination of the Glycaemic Index (Gl) and Recommendation for Food
Classification: ISO 26642-2010. Geneva, Switzerland.

[123] Atkinson F.S., Brand-Miller J.C., Foster-Powell K., Buyken A.E., Goletzke J.,
2021. International tables of glycemic index and glycemic load values 2021: a
systematic review. The American Journal of Clinical Nutrition 114(5):1625-32.
https://doi.org/10.1093/ajcn/nqab233.

[124] Arvidsson-Lenner R., Asp N.-G., Axelsen M., Bryngelsson S., Haapa E., Jarvi A.
et al., 2004. Glycaemic Index. Relevance for health, dietary recommendations and
food labelling. Food & Nutrition Research 48(2).
https://doi.org/10.3402/fnr.v48i2.1509.

[125] Buyken A.E., Goletzke J., Joslowski G., Felbick A., Cheng G., Herder C. et al.,
2014. Association between carbohydrate quality and inflammatory markers:
systematic review of observational and interventional studies. The American Journal
of Clinical Nutrition 99(4):813-33. https://doi.org/10.3945/ajcn.113.074252.

160



REFERENCES OF THESIS

[126] Brand-Miller J.C., 2009. Glycaemic index and glycaemic load: Crunch time?
Nutrition & Dietetics 66(3):136—7. https://doi.org/10.1111/j.1747-
0080.2009.01356.x.

[127] Livesey G., Taylor R., Livesey H.F., Buyken A.E., Jenkins D.J.A., Augustin L.S.A.
et al., 2019. Dietary Glycemic Index and Load and the Risk of Type 2 Diabetes:
Assessment of Causal Relations. Nutrients 11(6).
https://doi.org/10.3390/nu11061436.

[128] Gibbs M., Harrington D., Starkey S., Williams P., Hampton S., 2014. Diurnal
postprandial responses to low and high glycaemic index mixed meals. Clin Nutr
33(5):889-94. https://doi.org/10.1016/j.clnu.2013.09.018.

[129] Haldar S., Egli L., Castro C.A. de, Tay S.L., Koh M.X.N., Darimont C. et al., 2020.
High or low glycemic index (Gl) meals at dinner results in greater postprandial
glycemia compared with breakfast: a randomized controlled trial. BMJ Open Diab
Res Care 8(1):e001099. https://doi.org/10.1136/bmjdrc-2019-001099.

[130] Ludwig D.S., 2002. The glycemic index: physiological mechanisms relating to
obesity, diabetes, and cardiovascular disease. JAMA 287(18):2414-23.
https://doi.org/10.1001/jama.287.18.2414.

[131] MAYER J., 1952. The glucostatic theory of regulation of food intake and the
problem of obesity. Bull New Engl Med Cent 14(2):43-9.

[132] Ludwig D.S., Majzoub J.A., Al-Zahrani A., Dallal G.E., Blanco I., Roberts S.B.,
1999. High glycemic index foods, overeating, and obesity. Pediatrics 103(3):E26.
https://doi.org/10.1542/peds.103.3.e26.

[133] Campfield L.A., Smith F.J., 2003. Blood glucose dynamics and control of meal
initiation: a pattern detection and recognition theory. Physiol Rev 83(1):25-58.
https://doi.org/10.1152/physrev.00019.2002.

[134] McMillan-Price J., Brand-Miller J., 2006. Low-glycaemic index diets and body
weight regulation. Int J Obes 30(S3):S40-S46.
https://doi.org/10.1038/sj.ij0.0803491.

[135] 23.02.2024. About Glycemic Index. [February 23, 2024]; Available from:
https://mail.glycemicindex.com/about.php.

[136] Kim J., Lam W., Wang Q., Parikh L., Elshafie A., Sanchez-Rangel E. et al., 2019.
In a Free-Living Setting, Obesity Is Associated With Greater Food Intake in
Response to a Similar Premeal Glucose Nadir. The Journal of Clinical
Endocrinology & Metabolism 104(9):3911-9. https://doi.org/10.1210/jc.2019-00240.

[137] Isherwood C.M., van der Veen D.R., Hassanin H., Skene D.J., Johnston J.D.,
2023. Human glucose rhythms and subjective hunger anticipate meal timing. Curr
Biol 33(7):1321-1326.e3. https://doi.org/10.1016/j.cub.2023.02.005.

[138] Woods S.C., D'Alessio D.A., 2008. Central control of body weight and appetite.
The Journal of Clinical Endocrinology & Metabolism 93(11 Suppl 1):S37-50.
https://doi.org/10.1210/jc.2008-1630.

[139] Flint A., Gregersen N.T., Gluud L.L., Mgller B.K., Raben A., Tetens I. et al., 2007.
Associations between postprandial insulin and blood glucose responses, appetite
sensations and energy intake in normal weight and overweight individuals: a meta-
analysis of test meal studies. Br J Nutr 98(1):17-25.
https://doi.org/10.1017/S000711450768297 X.

[140] Sun F.-H., Li C., Zhang Y.-J., Wong S.H.-S., Wang L., 2016. Effect of Glycemic
Index of Breakfast on Energy Intake at Subsequent Meal among Healthy People: A
Meta-Analysis. Nutrients 8(1):37. https://doi.org/10.3390/nu8010037.

161



REFERENCES OF THESIS

[141] Tremblay A., Bellisle F., 2015. Nutrients, satiety, and control of energy intake.
Appl. Physiol. Nutr. Metab. 40(10):971-9. https://doi.org/10.1139/apnm-2014-0549.

[142] NIWANO Y., ADACHI T., KASHIMURA J., Sakat T., Sakasi H., Sekne K. et al,,
2009. Is glycemic index of food a feasible predictor of appetite, hunger, and satiety?
J Nutr Sci Vitaminol 55(3):201-7. https://doi.org/10.3177/jnsv.55.201.

[143] Wu M.-Y., Bowtell J.L., Williams C.A., 2014. Glycaemic index of meals affects
appetite sensation but not energy balance in active males. Eur J Nutr 53(1):309-19.
https://doi.org/10.1007/s00394-013-0529-3.

[144] Chaput J.-P., Tremblay A., 2009. The glucostatic theory of appetite control and
the risk of obesity and diabetes. Int J Obes 33(1):46-53.
https://doi.org/10.1038/ijo.2008.221.

[145] Beaulieu K., Blundell J., 2021. The Psychobiology of Hunger — A Scientific
Perspective. Topoi 40(3):565—74. https://doi.org/10.1007/s11245-020-09724-z.
[146] Flint A., Raben A., Blundell J.E., Astrup A., 2000. Reproducibility, power and
validity of visual analogue scales in assessment of appetite sensations in single test
meal studies. Int J Obes Relat Metab Disord 24(1):38—48.

https://doi.org/10.1038/sj.ij0.0801083.

[147] Amin T., Mercer J.G., 2016. Hunger and Satiety Mechanisms and Their Potential
Exploitation in the Regulation of Food Intake. Curr Obes Rep 5(1):106-12.
https://doi.org/10.1007/s13679-015-0184-5.

[148] Rynders C.A., Morton S.J., Bessesen D.H., Wright K.P., Broussard J.L., 2020.
Circadian Rhythm of Substrate Oxidation and Hormonal Regulators of Energy
Balance. Obesity (Silver Spring) 28 Suppl 1(Suppl 1):S104-S113.
https://doi.org/10.1002/0by.22816.

[149] St-Onge M.-P., Pizinger T., Kovtun K., RoyChoudhury A., 2019. Sleep and meal
timing influence food intake and its hormonal regulation in healthy adults with
overweight/obesity. Eur J Clin Nutr 72(Suppl 1):76-82.
https://doi.org/10.1038/s41430-018-0312-x.

[150] Qian J., Morris C.J., Caputo R., Garaulet M., Scheer F.A.J.L., 2019. Ghrelin is
impacted by the endogenous circadian system and by circadian misalignment in
humans. Int J Obes 43(8):1644-9. https://doi.org/10.1038/s41366-018-0208-9.

[151] Gonnissen H.K.J., Rutters F., Mazuy C., Martens E.A.P., Adam T.C., Westerterp-
Plantenga M.S., 2012. Effect of a phase advance and phase delay of the 24-h cycle
on energy metabolism, appetite, and related hormones. The American Journal of
Clinical Nutrition 96(4):689-97. https://doi.org/10.3945/ajcn.112.037192.

[152] Maukonen M., Kanerva N., Partonen T., Kronholm E., Tapanainen H., Kontto J.
et al., 2017. Chronotype differences in timing of energy and macronutrient intakes:
A population-based study in adults. Obesity (Silver Spring) 25(3):608-15.
https://doi.org/10.1002/0by.21747.

[153] Beaulieu K., Oustric P., Alkahtani S., Alhussain M., Pedersen H., Quist J.S. et al.,
2020. Impact of Meal Timing and Chronotype on Food Reward and Appetite Control
in Young Adults. Nutrients 12(5). https://doi.org/10.3390/nu12051506.

[154] Young K.P. de, Bottera A.R., Kambanis P.E., 2022. Sleep/waketime preference
and delayed diurnal eating rhythms are associated through light exposure timing
and modified by sleep efficiency. Appetite 170:105904.
https://doi.org/10.1016/j.appet.2021.105904.

[155] Reiter A.M., Roach G.D., Sargent C., 2022. No Effect of Chronotype on Hunger
or Snack Consumption during a Night Shift with Acute Sleep Deprivation. Nutrients
14(7). https://doi.org/10.3390/nu14071324.

162



REFERENCES OF THESIS

[156] Chellappa S.L., Qian J., Vujovic N., Morris C.J., Nedeltcheva A., Nguyen H. et
al., 2021. Daytime eating prevents internal circadian misalignment and glucose
intolerance in night work. Sci Adv 7(49).eabg9910.
https://doi.org/10.1126/sciadv.abg9910.

[157] Kelly R.M., Finn J., Healy U., Gallen D., Sreenan S., McDermott J.H. et al., 2020.
Greater social jetlag associates with higher HbA1c in adults with type 2 diabetes: a
cross sectional study. Sleep Medicine 66:1-9.
https://doi.org/10.1016/j.sleep.2019.07.023.

[158] Gonnissen H.K.J., Hulshof T., Westerterp-Plantenga M.S., 2013. Chronobiology,
endocrinology, and energy- and food-reward homeostasis. Obes Rev 14(5):405—
16. https://doi.org/10.1111/0br.12019.

[159] Qian J., Dalla Man C., Morris C.J., Cobelli C., Scheer F.A.J.L., 2018. Differential
effects of the circadian system and circadian misalignment on insulin sensitivity and
insulin secretion in humans. Diabetes Obes Metab 20(10):2481-5.
https://doi.org/10.1111/dom.13391.

[160] Sondrup N., Termannsen A.-D., Eriksen J.N., Hjorth M.F., Feerch K., Klingenberg
L. et al., 2022. Effects of sleep manipulation on markers of insulin sensitivity: A
systematic review and meta-analysis of randomized controlled trials. Sleep
Medicine Reviews 62:101594. https://doi.org/10.1016/j.smrv.2022.101594.

[161] Wolever T.M., Jenkins D.J., 1986. The use of the glycemic index in predicting the
blood glucose response to mixed meals. The American Journal of Clinical Nutrition
43(1):167-72. https://doi.org/10.1093/ajcn/43.1.167.

[162] Rusu A., Ciobanu D., Vonica C.L., Bala C., Mocan A., Sima D. et al., 2021.
Chronic disruption of circadian rhythm with mistimed sleep and appetite - an
exploratory research. Chronobiology International 38(6):807-16.
https://doi.org/10.1080/07420528.2021.1895196.

[163] Kim J.H., Lyu Y.S., Kim S.Y., 2020. Impact of Social Jetlag on Weight Change in
Adults: Korean National Health and Nutrition Examination Survey 2016-2017. Int J
Environ Res Public Health 17(12). https://doi.org/10.3390/ijerph17124383.

[164] McHill AW., Hull J.T., Klerman E.B., 2022. Chronic Circadian Disruption and
Sleep Restriction Influence Subjective Hunger, Appetite, and Food Preference.
Nutrients 14(9). https://doi.org/10.3390/nu14091800.

[165] Harris P.A., Taylor R., Thielke R., Payne J., Gonzalez N., Conde J.G., 2009.
Research electronic data capture (REDCap)--a metadata-driven methodology and
workflow process for providing translational research informatics support. Journal of
Biomedical Informatics 42(2):377—-81. https://doi.org/10.1016/j.jbi.2008.08.010.

[166] Mitteldeutscher Rundfunk, 2020. Die Chronik der Corona-Krise, 2020. [October

16, 2021].
[167] Dexcom, Inc., 2022. Dexcom G6: Using your G6. user manual. [August 17, 2023];
Available from: https://dexcompdf.s3.us-west-

2.amazonaws.com/Downloads+and+Guides+Updates/AW00101+Using+Your+G6
%2C+G6%2C+Singapore%2C+English%2C+MMOL.pdf.

[168] Solah V.A., Meng X., Wood S., Gahler R.J., Kerr D.A., James A.P. et al., 2015.
Effect of training on the reliability of satiety evaluation and use of trained panellists
to determine the satiety effect of dietary fibre: a randomised controlled trial. PLoS
ONE 10(5):e0126202. https://doi.org/10.1371/journal.pone.0126202.

[169] Buyken A.E., Dettmann W., Kersting M., Kroke A., 2005. Glycaemic index and
glycaemic load in the diet of healthy schoolchildren: trends from 1990 to 2002,

163



REFERENCES OF THESIS

contribution of different carbohydrate sources and relationships to dietary quality. Br
J Nutr 94(5):796-803. https://doi.org/10.1079/bjn20051537.

[170] The University of Sydney. Glycemic Index. [October 01, 2019]; Available from:
http://www.glycemicindex.com/index.php.

[171] DGE, 2011. Richtwerte fur die Energiezufuhr aus Kohlenhydraten und Fetten:
DGE-Position. [December 21, 2022]; Available from:
https://www.dge.de/fileadmin/public/doc/ws/position/DGE-Positionspapier-
Richtwerte-Energiezufuhr-KH-und-Fett.pdf.

[172] Stutz B., Buyken A.E., Schadow A.M., Jankovic N., Alexy U., Krueger B., 2023.
Associations of chronotype and social jetlag with eating jetlag and their changes
among German students during the first COVID-19 lockdown. The Chronotype and
Nutrition study. Appetite 180:106333. https://doi.org/10.1016/j.appet.2022.106333.

[173] Thomas E.A., Zaman A., Cornier M.-A., Catenacci V.A., Tussey E.J., Grau L. et
al., 2020. Later Meal and Sleep Timing Predicts Higher Percent Body Fat. Nutrients
13(1). https://doi.org/10.3390/nu13010073.

[174] Salfi F., Amicucci G., Corigliano D., Viselli L., D'Atri A., Tempesta D. et al., 2023.
Two years after lockdown: Longitudinal trajectories of sleep disturbances and
mental health over the COVID-19 pandemic, and the effects of age, gender and
chronotype. J Sleep Res 32(3):e13767. https://doi.org/10.1111/jsr.13767.

[175] Ramirez-Contreras C., Zerén-Rugerio M.F., lzquierdo-Pulido M., 2022. Life
before and after COVID-19: The 'New Normal' Benefits the Regularity of Daily Sleep
and Eating Routines among College Students. Nutrients  14(2).
https://doi.org/10.3390/nu14020351.

[176] Hense G., 2023. HFD_AP_68_Monitor_Digitalisierung 360°: Wo stehen die
deutschen Hochschulen?(68).

[177] UPP Foundation, 2022. A-Student-Futures-Manifesto-Final-Report-of-the-
Student-Futures-Commission.

[178] XieZ.,,SunY. YeY. HuD., Zhang H., He Z. et al., 2022. Randomized controlled
trial for time-restricted eating in healthy volunteers without obesity. Nat Commun
13(1):1003. https://doi.org/10.1038/s41467-022-28662-5.

[179] Zhang L.-M., Liu Z., Wang J.-Q., Li R.-Q., Ren J.-Y., Gao X. et al., 2022.
Randomized controlled trial for time-restricted eating in overweight and obese
young adults. iScience 25(9):104870. https://doi.org/10.1016/j.isci.2022.104870.

[180] Peters B., Koppold-Liebscher D.A., Schuppelius B., Steckhan N., Pfeiffer A.F.H.,
Kramer A. et al.,, 2021. Effects of Early vs. Late Time-Restricted Eating on
Cardiometabolic Health, Inflammation, and Sleep in Overweight and Obese
Women: A Study Protocol for the ChronoFast Trial. Front Nutr 8:765543.
https://doi.org/10.3389/fnut.2021.76554 3.

[181] Galindo Mufioz J.S., Godmez Gallego M., Diaz Soler I., Barbera Ortega M.C.,
Martinez Caceres C.M., Hernandez Morante J.J., 2020. Effect of a chronotype-
adjusted diet on weight loss effectiveness: A randomized clinical trial. Clin Nutr
39(4):1041-8. https://doi.org/10.1016/j.clnu.2019.05.012.

[182] Strojny Z., Rutkowski R., Kanikowska A., Zawada A., Juchacz A., Grzymistawski
M. et al., 2021. No Significant Effect of the Individual Chronotype on the Result of
Moderate Calorie Restriction for Obesity-A Pilot Study. Nutrients 13(11).
https://doi.org/10.3390/nu13114089.

[183] Mazri F.H., Manaf Z.A., Shahar S., Mat Ludin A.F., Abdul Basir S.M., 2022.
Development and Evaluation of Integrated Chrono-Nutrition Weight Reduction

164



REFERENCES OF THESIS

Program among Overweight/Obese with Morning and Evening Chronotypes. Int J
Environ Res Public Health 19(8). https://doi.org/10.3390/ijerph19084469.

[184] McHill AW., Phillips A.J., Czeisler C.A., Keating L., Yee K., Barger L.K. et al.,
2017. Later circadian timing of food intake is associated with increased body fat.
The American Journal of Clinical Nutrition 106(5):1213-9.
https://doi.org/10.3945/ajcn.117.161588.

[185] Culnan E., Reid K.J., Zee P.C., Crowley S.J., Baron K.G., 2021. Meal timing
relative to DLMO: Associations with BMI and body fat. Sleep Health 7(3):339—44.
https://doi.org/10.1016/j.sleh.2021.01.001.

[186] McHill A.W., Czeisler C.A., Phillips A.J.K., Keating L., Barger L.K., Garaulet M. et
al., 2019. Caloric and Macronutrient Intake Differ with Circadian Phase and between
Lean and Overweight Young Adults. Nutrients 11(3).
https://doi.org/10.3390/nu11030587.

[187] Zerén-Rugerio M.F., Longo-Silva G., Hernaez A., Ortega-Regules A.E., Cambras
T., Izquierdo-Pulido M., 2020. The Elapsed Time between Dinner and the Midpoint
of Sleep is Associated with Adiposity in Young Women. Nutrients 12(2).
https://doi.org/10.3390/nu12020410.

[188] LidJ., Somers V.K., Xu H., Lopez-Jimenez F., Covassin N., 2022. Trends in Use
of Melatonin Supplements Among US Adults, 1999-2018. JAMA 327(5):483-5.
https://doi.org/10.1001/jama.2021.23652.

[189] Skrzelowski M., Brookhaus A., Shea L.A., Berlau D.J., 2021. Melatonin Use in
Pediatrics: Evaluating the Discrepancy in Evidence Based on Country and
Regulations Regarding Production. J Pediatr Pharmacol Ther 26(1):4-20.
https://doi.org/10.5863/1551-6776-26.1.4.

[190] European Food Safety Authority, 2011. Scientific Opinion on the substantiation
of a health claim related to melatonin and reduction of sleep onset latency (ID 1698,
1780, 4080) pursuant to Article 13(1) of Regulation (EC) No 1924/2006. EFSA
Journal 9(6):2241. https://doi.org/10.2903/j.efsa.2011.2241.

[191] Kuehn B.M., 2022. Climbing Melatonin Use for Insomnia Raises Safety
Concerns. JAMA 328(7):605-7. https://doi.org/10.1001/jama.2022.11506.

[192] Alqutub S.T., Alzahrani F.A., Hassan A.S., Alirbidi A.H., Alraddadi O.A., AlSadah
O.A. et al.,, 2024. Exogenous Melatonin Use in University Students: A Cross-
Sectional Survey. Pharmacy 12(2):41. https://doi.org/10.3390/pharmacy12020041.

[193] Pérez T., Pardo M.C., Cabellos Y., Peressini M., Urefia-Vacas I., Serrano D.R.
et al., 2023. Mental health and drug use in college students: Should we take action?
Journal of Affective Disorders 338:32—40. https://doi.org/10.1016/j.jad.2023.05.080.

[194] Grigg-Damberger M.M., lanakieva D., 2017. Poor Quality Control of Over-the-
Counter Melatonin: What They Say Is Often Not What You Get. J Clin Sleep Med
13(2):163-5. https://doi.org/10.5664/jcsm.6434.

[195] Givler D., Givler A., Luther P.M., Wenger D.M., Ahmadzadeh S., Shekoohi S. et
al.,, 2023. Chronic Administration of Melatonin: Physiological and Clinical
Considerations. Neurol Int 15(1):518-33.
https://doi.org/10.3390/neurolint15010031.

[196] Cohen P.A., Avula B., Wang Y.-H., Katragunta K., Khan I., 2023. Quantity of
Melatonin and CBD in Melatonin Gummies Sold in the US. JAMA 329(16):1401-2.
https://doi.org/10.1001/jama.2023.2296.

[197] Bouloukaki I., Tsiligianni I., Stathakis G., Fanaridis M., Koloi A., Bakiri E. et al.,
2023. Sleep Quality and Fatigue during Exam Periods in University Students:

165



REFERENCES OF THESIS

Prevalence and  Associated Factors. Healthcare (Basel) 11(17).
https://doi.org/10.3390/healthcare11172389.

[198] Watson N.F., Badr M.S., Belenky G., Bliwise D.L., Buxton O.M., Buysse D. et al.,
2015. Recommended Amount of Sleep for a Healthy Adult: A Joint Consensus
Statement of the American Academy of Sleep Medicine and Sleep Research
Society. Sleep 38(6):843—4. https://doi.org/10.5665/sleep.4716.

[199] Guo C., Piao S., Wang C., Yu L., Wang K., Qu Q. et al., 2023. The prevalence
and associated factors of sleep deprivation among healthy college students in
China: a cross-sectional survey. PeerJ 11:e160009.
https://doi.org/10.7717/peerj.16009.

[200] Garaulet M., Lopez-Minguez J., Dashti H.S., Vetter C., Hernandez-Martinez
A.M., Pérez-Ayala M. et al., 2022. Interplay of Dinner Timing and MTNR1B Type 2
Diabetes Risk Variant on Glucose Tolerance and Insulin Secretion: A Randomized
Crossover Trial. Diabetes Care 45(3):512-9. https://doi.org/10.2337/dc21-1314.

[201] Barragan R., Zuraikat F.M., Tam V., RoyChoudhury A., St-Onge M.-P., 2023.
Changes in eating patterns in response to chronic insufficient sleep and their
associations with diet quality: a randomized trial. J Clin Sleep Med 19(11):1867-75.
https://doi.org/10.5664/jcsm.10696.

[202] McHill AW., Hull J.T., McMullan C.J., Klerman E.B., 2018. Chronic Insufficient
Sleep Has a Limited Impact on Circadian Rhythmicity of Subjective Hunger and
Awakening Fasted Metabolic Hormones. Front Endocrinol (Lausanne) 9:319.
https://doi.org/10.3389/fendo.2018.00319.

[203] Buxton O.M., Cain S.W., O'Connor S.P., Porter J.H., Duffy J.F., Wang W. et al.,
2012. Adverse metabolic consequences in humans of prolonged sleep restriction
combined with circadian disruption. Sci Transl Med 4(129):129ra43.
https://doi.org/10.1126/scitransimed.3003200.

[204] Leproult R., Holmback U., van Cauter E., 2014. Circadian misalignment
augments markers of insulin resistance and inflammation, independently of sleep
loss. Diabetes 63(6):1860-9. https://doi.org/10.2337/db13-1546.

[205] Jakubowicz D., Barnea M., Wainstein J., Froy O., 2013. High caloric intake at
breakfast vs. dinner differentially influences weight loss of overweight and obese
women. Obesity (Silver Spring) 21(12):2504—12. https://doi.org/10.1002/oby.20460.

[206] Ruddick-Collins L.C., Morgan P.J., Fyfe C.L., Filipe J.A.N., Horgan G.W.,
Westerterp K.R. et al., 2022. Timing of daily calorie loading affects appetite and
hunger responses without changes in energy metabolism in healthy subjects with
obesity. Cell Metabolism 34(10):1472-1485.€6.
https://doi.org/10.1016/j.cmet.2022.08.001.

[207] van der Merwe C., Minch M., Kruger R., 2022. Chronotype Differences in Body
Composition, Dietary Intake and Eating Behavior Outcomes: A Scoping Systematic
Review. Advances in Nutrition 13(6):2357—-405.
https://doi.org/10.1093/advances/nmac093.

[208] Chowdhury E.A., Richardson J.D., Tsintzas K., Thompson D., Betts J.A., 2018.
Postprandial Metabolism and Appetite Do Not Differ between Lean Adults that Eat
Breakfast or Morning Fast for 6 Weeks. J. Nutr. 148(1):13-21.
https://doi.org/10.1093/jn/nxx004.

[209] Cheon E., Mattes R.D., 2023. Interindividual variability in appetitive sensations
and relationships between appetitive sensations and energy intake. Int J Obes:1-9.
https://doi.org/10.1038/s41366-023-01436-9.

166



REFERENCES OF THESIS

[210] Thiese M.S., 2014. Observational and interventional study design types; an
overview. Biochem Med (Zagreb) 24(2):199-210.
https://doi.org/10.11613/BM.2014.022.

[211] Kreienbrock L., Pigeot I., Ahrens W., 2012. Epidemiologische Methoden. 5th ed.
Berlin, Heidelberg: Springer Spektrum.

[212] Alfawaz H., Amer O.E., Aljumah A.A., Aldisi D.A., Enani M.A., Aljohani N.J. et al.,
2021. Effects of home quarantine during COVID-19 lockdown on physical activity
and dietary habits of adults in Saudi Arabia. Sci Rep 11(1):5904.
https://doi.org/10.1038/s41598-021-85330-2.

[213] Ammar A., Brach M., Trabelsi K., Chtourou H., Boukhris O., Masmoudi L. et al.,
2020. Effects of COVID-19 Home Confinement on Eating Behaviour and Physical
Activity: Results of the ECLB-COVID19 International Online Survey. Nutrients 12(6).
https://doi.org/10.3390/nu12061583.

[214] Bertrand L., Shaw K.A., Ko J., Deprez D., Chilibeck P.D., Zello G.A., 2021. The
impact of the coronavirus disease 2019 (COVID-19) pandemic on university
students' dietary intake, physical activity, and sedentary behaviour. Appl. Physiol.
Nutr. Metab. 46(3):265—72. https://doi.org/10.1139/apnm-2020-0990.

[215] Robinson E., Boyland E., Chisholm A., Harrold J., Maloney N.G., Marty L. et al.,
2021. Obesity, eating behavior and physical activity during COVID-19 lockdown: A
study of UK adults. Appetite 156:104853.
https://doi.org/10.1016/j.appet.2020.104853.

[216] Wellek S., Blettner M., 2012. On the proper use of the crossover design in clinical
trials: part 18 of a series on evaluation of scientific publications. Dtsch Arztebl Int
109(15):276-81. https://doi.org/10.3238/arztebl.2012.0276.

[217] Lim C.-Y., In J., 2021. Considerations for crossover design in clinical study.
Korean J Anesthesiol 74(4):293-9. https://doi.org/10.4097/kja.21165.

[218] Brookes S.T., Whitely E., Egger M., Smith G.D., Mulheran P.A., Peters T.J., 2004.
Subgroup analyses in randomized trials: risks of subgroup-specific analyses; power
and sample size for the interaction test. J Clin Epidemiol 57(3):229-36.
https://doi.org/10.1016/j.jclinepi.2003.08.009.

[219] Nair B., 2019. Clinical Trial Designs. Indian Dermatol Online J 10(2):193—-201.
https://doi.org/10.4103/idoj.IDOJ_475_18.

[220] Schifferstein H.N., 2012. Labeled Magnitude Scales: A critical review. Food
Quality and Preference 26(2):151-8.
https://doi.org/10.1016/j.foodqual.2012.04.016.

[221] Maldonado G., Greenland S., 1993. Simulation study of confounder-selection
strategies. American Journal of Epidemiology 138(11):923-36.
https://doi.org/10.1093/oxfordjournals.aje.a116813.

[222] Kirkwood B.R., Sterne J., 2003. Essential Medical Statistics. 2nd ed. Malden, MA,
USA: Blackwell Science.

[223] SAS Institute Inc., 2015. The MIXED Procedure: SAS/STAT® 14.1 User's
Guide(Chapter 77):6048-234.

[224] Steinberg J.R., Turner B.E., Weeks B.T., Magnani C.J., Wong B.O., Rodriguez
F. et al., 2021. Analysis of Female Enrollment and Participant Sex by Burden of
Disease in US Clinical Trials Between 2000 and 2020. JAMA Netw Open
4(6):2113749. https://doi.org/10.1001/jamanetworkopen.2021.13749.

[225] Yu J.H., Yun C.-H., Ahn J.H., Suh S., Cho H.J.,, Lee S.K. et al., 2015. Evening
chronotype is associated with metabolic disorders and body composition in middle-

167



REFERENCES OF THESIS

aged adults. J Clin Endocrinol Metab 100(4):1494-502.
https://doi.org/10.1210/jc.2014-3754.

[226] Mazza S., Bastuji H., Rey A.E., 2020. Objective and Subjective Assessments of
Sleep in Children: Comparison of Actigraphy, Sleep Diary Completed by Children
and Parents' Estimation. Front Psychiatry 11:495.
https://doi.org/10.3389/fpsyt.2020.00495.

[227] Gobkce F., Ehring T., Werner G.G., Takano K., 2020. Misperception of sleep is
associated with intrinsic motivation toward thinking about sleep. J Behav Ther Exp
Psychiatry 69:101591. https://doi.org/10.1016/j.jbtep.2020.101591.

[228] Eissa M.A., Poffenbarger T., Portman R.J., 2001. Comparison of the actigraph
versus patients' diary information in defining circadian time periods for analyzing
ambulatory blood pressure monitoring data. Blood Press Monit 6(1):21-5.
https://doi.org/10.1097/00126097-200102000-00004.

[229] Schneider J., Farkova E., Bakstein E., 2022. Human chronotype: Comparison of
questionnaires and wrist-worn actigraphy. Chronobiology International 39(2):205—
20. https://doi.org/10.1080/07420528.2021.1992418.

[230] Hoekert M., der Lek R.F.R., Swaab D.F., Kaufer D., van Someren E.J.W., 2006.
Comparison between informant-observed and actigraphic assessments of sleep-
wake rhythm disturbances in demented residents of homes for the elderly. Am J
Geriatr Psychiatry 14(2):104-11.
https://doi.org/10.1097/01.JGP.0000192481.27931.c5.

[231] Bhutani S., vanDellen M.R., Cooper J.A., 2021. Longitudinal Weight Gain and
Related Risk Behaviors during the COVID-19 Pandemic in Adults in the US.
Nutrients 13(2):671. https://doi.org/10.3390/nu13020671.

[232] ChewH.S.J., Lopez V., 2021. Global Impact of COVID-19 on Weight and Weight-
Related Behaviors in the Adult Population: A Scoping Review. Int J Environ Res
Public Health 18(4):1876. https://doi.org/10.3390/ijerph18041876.

[233] Buckland N.J., Swinnerton L.F., Ng K., Price M., Wilkinson L.L., Myers A. et al.,
2021. Susceptibility to increased high energy dense sweet and savoury food intake
in response to the COVID-19 lockdown: The role of craving control and acceptance
coping strategies. Appetite 158:105017.
https://doi.org/10.1016/j.appet.2020.105017.

[234] Coakley K.E., Le H., Silva S.R., Wilks A., 2021. Anxiety is associated with
appetitive traits in university students during the COVID-19 pandemic. Nutr J
20(1):45. https://doi.org/10.1186/s12937-021-00701-9.

[235] Burnatowska E., Surma S., Olszanecka-Glinianowicz M., 2022. Relationship
between Mental Health and Emotional Eating during the COVID-19 Pandemic: A
Systematic Review. Nutrients 14(19). https://doi.org/10.3390/nu14193989.

[236] Cecchetto C., Aiello M., Gentili C., lonta S., Osimo S.A., 2021. Increased
emotional eating during COVID-19 associated with lockdown, psychological and
social distress. Appetite 160:105122. https://doi.org/10.1016/j.appet.2021.105122.

[237] Machado B.C., Pinto E., Silva M., Veiga E., Sa C., Kuhz S. et al., 2023. Impact
of the COVID-19 pandemic on the mental and physical health and overall wellbeing
of university students in Portugal. PLoS ONE 18(5):e0285317.
https://doi.org/10.1371/journal.pone.0285317.

[238] Conteh |, Yan J., Dovi K.S., Bajinka O., Massey |.Y., Turay B., 2022. Prevalence
and associated influential factors of mental health problems among Chinese college
students during different stages of COVID-19 pandemic: A systematic review.

168



REFERENCES OF THESIS

Psychiatry Res Commun 2(4):100082.
https://doi.org/10.1016/j.psycom.2022.100082.

[239] Keyserlingk L. von, Yamaguchi-Pedroza K., Arum R., Eccles J.S., 2022. Stress
of university students before and after campus closure in response to COVID-19. J
Community Psychol 50(1):285-301. https://doi.org/10.1002/jcop.22561.

[240] Mikolajczyk R.T., Maxwell A.E., Naydenova V., Meier S., El Ansari W., 2008.
Depressive symptoms and perceived burdens related to being a student: Survey in
three European countries. Clin Pract Epidemiol Ment Health 4:19.
https://doi.org/10.1186/1745-0179-4-19.

[241] Auerbach R.P., Alonso J., Axinn W.G., Cuijpers P., Ebert D.D., Green J.G. et al.,
2016. Mental disorders among college students in the World Health Organization
World Mental Health Surveys. Psychol Med 46(14):2955-70.
https://doi.org/10.1017/S0033291716001665.

[242] Aceijas C., Waldhausl S., Lambert N., Cassar S., Bello-Corassa R., 2016. Health
related lifestyles among university students. Having the time of their lives? European
Journal of Public Health 26(suppl_1). https://doi.org/10.1093/eurpub/ckw166.011.

[243] Aristovnik A., Kerzi€ D., Ravselj D., Tomazevi¢ N., Umek L., 2021. Impacts of the
Covid-19 Pandemic on Life of Higher Education Students: Global Survey Dataset
from the First Wave. Data Brief 39:107659.
https://doi.org/10.1016/j.dib.2021.107659.

[244] Lin P., Hillstrom K., Gottesman K., Jia Y., Kuo T., Robles B., 2023. Financial and
Other Life Stressors, Psychological Distress, and Food and Beverage Consumption
among Students Attending a Large California State University during the COVID-19
Pandemic. Int J Environ Res Public Health 20(4).
https://doi.org/10.3390/ijerph20043668.

[245] Meda N., Pardini S., Slongo I., Bodini L., Zordan M.A., Rigobello P. et al., 2021.
Students' mental health problems before, during, and after COVID-19 lockdown in
Italy. J Psychiatr Res 134:69-77. https://doi.org/10.1016/j.jpsychires.2020.12.045.

[246] Marelli S., Castelnuovo A., Somma A., Castronovo V., Mombelli S., Bottoni D. et
al., 2021. Impact of COVID-19 lockdown on sleep quality in university students and
administration staff. J Neurol 268(1):8—15. https://doi.org/10.1007/s00415-020-
10056-6.

[247] Salfi F., Lauriola M., D'Atri A., Amicucci G., Viselli L., Tempesta D. et al., 2021.
Demographic, psychological, chronobiological, and work-related predictors of sleep
disturbances during the COVID-19 lockdown in lItaly. Sci Rep 11(1):11416.
https://doi.org/10.1038/s41598-021-90993-y.

[248] Dai Q., Smith G.D., 2023. Resilience to depression: Implication for psychological
vaccination. Front Psychiatry 14:1071859.
https://doi.org/10.3389/fpsyt.2023.1071859.

[249] Orzechowska A., Zajgczkowska M., Talarowska M., Gatecki P., 2013.
Depression and ways of coping with stress: a preliminary study. Med Sci Monit
19:1050-6. https://doi.org/10.12659/MSM.889778.

[250] Palagini L., Moretto U., Novi M., Masci |., Caruso D., Drake C.L. et al., 2018. Lack
of Resilience Is Related to Stress-Related Sleep Reactivity, Hyperarousal, and
Emotion Dysregulation in Insomnia Disorder. J Clin Sleep Med 14(5):759-66.
https://doi.org/10.5664/jcsm.7100.

[251] Pelucio L., Simées P., Dourado M.C.N., Quagliato L.A., Nardi A.E., 2022.
Depression and anxiety among online learning students during the COVID-19

169



REFERENCES OF THESIS

pandemic: a cross-sectional survey in Rio de Janeiro, Brazil. BMC Psychol
10(1):192. https://doi.org/10.1186/s40359-022-00897-3.

[252] Aktuelle Ernahrungsmedizin.

[253] Babicka-Wirkus A., Wirkus L., Stasiak K., Koztowski P., 2021. University
students' strategies of coping with stress during the coronavirus pandemic: Data
from Poland. PLoS ONE 16(7):e0255041.
https://doi.org/10.1371/journal.pone.0255041.

[254] Rogowska A.M., Ochnik D., Kuénierz C., Jakubiak M., Schitz A., Held M.J. et al.,
2021. Satisfaction with life among university students from nine countries: Cross-
national study during the first wave of COVID-19 pandemic. BMC Public Health
21(1):2262. https://doi.org/10.1186/s12889-021-12288-1.

[255] Sabrina F., Chowdhury M.T.H., Nath S.K,, Imon A.A., Quader S.M.A., Jahan M.S.
et al., 2021. Psychological Distress among Bangladeshi Dental Students during the
COVID-19 Pandemic. Int J Environ Res Public Health 19(1).
https://doi.org/10.3390/ijerph19010176.

[256] Lorini C., Cavallo G., Vettori V., Buscemi P., Ciardi G., Zanobini P. et al., 2023.
Predictors of well-being, future anxiety, and multiple recurrent health complaints
among university students during the COVID-19 pandemic: the role of
socioeconomic determinants, sense of coherence, and digital health literacy. An
Italian cross-sectional study. Front Public Health 11:1210327.
https://doi.org/10.3389/fpubh.2023.1210327.

[257] Gallego-Gomez J.l., Campillo-Cano M., Carriéon-Martinez A., Balanza S.,
Rodriguez-Gonzalez-Moro M.T., Simonelli-Mufioz A.J. et al., 2020. The COVID-19
Pandemic and Its Impact on Homebound Nursing Students. Int J Environ Res Public
Health 17(20). https://doi.org/10.3390/ijerph17207383.

[258] Matos Fialho P.M., Spatafora F., Kilhne L., Busse H., Helmer S.M., Zeeb H. et
al., 2021. Perceptions of Study Conditions and Depressive Symptoms During the
COVID-19 Pandemic Among University Students in Germany: Results of the
International COVID-19 Student Well-Being Study. Front Public Health 9:674665.
https://doi.org/10.3389/fpubh.2021.674665.

[259] Kupcewicz E., Mikla M., Kadu¢akova H., Grochans E., 2022. Loneliness and
Satisfaction with Life among Nursing Students in Poland, Spain and Slovakia during
the COVID-19 Pandemic. Int J Environ Res Public Health 19(5).
https://doi.org/10.3390/ijerph19052929.

[260] Holm-Hadulla R.M., Klimov M., Juche T., Mdltner A., Herpertz S.C., 2021. Well-
Being and Mental Health of Students during the COVID-19 Pandemic.
Psychopathology 54(6):291-7. https://doi.org/10.1159/000519366.

[261] Wenig V., Heumann E., Stock C., Busse H., Negash S., Pischke C.R. et al., 2023.
Associations of loneliness with mental health and with social and physical activity
among university students in Germany: results of the COVID-19 German student
well-being study (C19 GSWS). Front Public Health 11:1284460.
https://doi.org/10.3389/fpubh.2023.1284460.

[262] Zhang Y., Tao S.,QuY., Mou X., Gan H., Zhou P. et al., 2022. Lifestyle behaviors
and mental health during the coronavirus disease 2019 pandemic among college
students: a  web-based study. BMC Public Health 22(1):2140.
https://doi.org/10.1186/s12889-022-14598-4.

[263] Haider S.I., Ahmed F., Pasha H., Pasha H., Farheen N., Zahid M.T., 2022. Life
satisfaction, resilience and coping mechanisms among medical students during

170



REFERENCES OF THESIS

COVID-19. PLoS ONE 17(10):e0275319.
https://doi.org/10.1371/journal.pone.0275319.

[264] Bazzani A., Marantonio S., Andreozzi G., Lorenzoni V., Bruno S., Cruz-Sanabria
F. et al., 2022. Late chronotypes, late mealtimes. Chrononutrition and sleep habits
during the COVID-19 lockdown in Iltaly. Appetite 172:105951.
https://doi.org/10.1016/j.appet.2022.105951.

[265] Bessot N., Langeard A., Dosseville F., Quarck G., Freret T., 2023. Chronotype
influence on the effects of COVID-19 lockdown on sleep and psychological status
in France. J Sleep Res 32(4):e13864. https://doi.org/10.1111/jsr.13864.

[266] Merikanto I., Kortesoja L., Benedict C., Chung F., Cedernaes J., Espie C.A. et
al., 2022. Evening-types show highest increase of sleep and mental health problems
during the COVID-19 pandemic-multinational study on 19 267 adults. Sleep 45(2).
https://doi.org/10.1093/sleep/zsab216.

[267] Garaulet M., Vizmanos B., Muela T., Betancourt-Nunez A., Bonmati-Carrion M.-
A., Vetter C. et al., 2023. Evening types as determined by subjective and objective
measures are more emotional eaters. Obesity (Silver Spring) 31(5):1192-203.
https://doi.org/10.1002/0by.23749.

[268] Hess J.M., Jonnalagadda S.S., Slavin J.L., 2016. What Is a Snack, Why Do We
Snack, and How Can We Choose Better Snacks? A Review of the Definitions of
Snacking, Motivations to Snack, Contributions to Dietary Intake, and
Recommendations for Improvement. Advances in Nutrition 7(3):466—75.
https://doi.org/10.3945/an.115.009571.

[269] Chapelot D., 2011. The role of snacking in energy balance: a biobehavioral
approach. J. Nutr. 141(1):158—62. https://doi.org/10.3945/jn.109.114330.

[270] Leech R.M., Worsley A., Timperio A., McNaughton S.A., 2015. Understanding
meal patterns: definitions, methodology and impact on nutrient intake and diet
quality. Nutr Res Rev 28(1):1-21. https://doi.org/10.1017/S0954422414000262.

[271] Shim J.-S., Oh K., Kim H.C., 2014. Dietary assessment methods in epidemiologic
studies. Epidemiol Health 36:62014009. https://doi.org/10.4178/epih/e2014009.

[272] Ceriello A., Prattichizzo F., Phillip M., Hirsch I.B., Mathieu C., Battelino T., 2022.
Glycaemic management in diabetes: old and new approaches. Lancet Diabetes
Endocrinol 10(1):75-84. https://doi.org/10.1016/S2213-8587(21)00245-X.

[273] Wolever T.M.S., 2004. Effect of blood sampling schedule and method of
calculating the area under the curve on validity and precision of glycaemic index
values. Br J Nutr 91(2):295-301. https://doi.org/10.1079/bjn20031054.

[274] Ceriello A., Esposito K., Piconi L., lhnat M.A., Thorpe J.E., Testa R. et al., 2008.
Oscillating glucose is more deleterious to endothelial function and oxidative stress
than mean glucose in normal and type 2 diabetic patients. Diabetes 57(5):1349-54.
https://doi.org/10.2337/db08-0063.

[275] Service F.J., 2013. Glucose \variability. Diabetes 62(5):1398—404.
https://doi.org/10.2337/db12-1396.

[276] Rodbard D., 2009. Interpretation of continuous glucose monitoring data: glycemic
variability and quality of glycemic control. Diabetes Technol Ther 11 Suppl 1:S55-
67. https://doi.org/10.1089/dia.2008.0132.

[277] Suh S., Kim J.H., 2015. Glycemic Variability: How Do We Measure It and Why Is
It Important? Diabetes Metab J 39(4):273-82.
https://doi.org/10.4093/dm;j.2015.39.4.273.

[278] Zalifah M.K., Greenway D.R., Caffin N.A., D’Arcy B.R., Gidley M.J., 2008.
Application of labelled magnitude satiety scale in a linguistically-diverse population.

171



REFERENCES OF THESIS

Food Quality and Preference 19(6):574-8.
https://doi.org/10.1016/j.foodqual.2008.03.001.

[279] Hayes J.E., Allen A.L., Bennett S.M., 2013. Direct comparison of the generalized
Visual Analog Scale (gVAS) and general Labeled Magnitude Scale (gLMS). Food
Quality and Preference 28(1):36-44.
https://doi.org/10.1016/j.foodqual.2012.07.012.

[280] Kennaway D.J., 2019. A critical review of melatonin assays: Past and present. J
Pineal Res 67(1):e12572. https://doi.org/10.1111/jpi.12572.

[281] Teixeira G.P., da Cunha N.B., Azeredo C.M., Rinaldi A.E.M., Crispim C.A., 2024.
Eating time variation from weekdays to weekends and its association with dietary
intake and BMI in different chronotypes: findings from National Health and Nutrition
Examination Survey (NHANES) 2017-2018. Br J Nutr 131(7):1281-8.
https://doi.org/10.1017/S0007 1145230027 38.

172



Selbststandigkeitserklarung

Hiermit erklare ich, dass ich die vorliegende Arbeit mit dem Titel

THE RELEVANCE OF CHRONOTYPE FOR MEAL TIMING,
GLYCEMIC RESPONSE AND HUNGER SENSATIONS
THE CHRONU STUDY

selbststandig und ohne unerlaubte fremde Hilfe angefertigt, keine anderen als die
angegebenen Quellen und Hilfsmittelverwendet und die den verwendeten Quellen
und Hilfsmitteln wortlich oder inhaltlich entnommenen Stellen als solche kenntlich
gemacht habe.

Paderborn, 2.04.2024
Ort, Datum

5 =

Unterschrift

*ChatGPT wurde verwendet, um die englische Sprache und Lesbarkeit dieser
Doktorbarbeit zu Uberprifen und zu verbessern. ChatGPT wurde nicht fie die
Erstellung der Manuskripte verwendet.



