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The timing and nutritional composition of food intake are important zeitgebers for the biological clocks in humans. Thus, eating at an inappropriate
time (e.g., during the night) may have a desynchronizing effect on the biological clocks and, in the long term, may result in adverse health outcomes
(e.g., weight gain, obesity, and poor metabolic function). Being a very late or early chronotype not only determines preferred sleep and wake times
but may also influence subsequent mealtimes, which may affect the circadian timing system. In recent years, an increased number of studies have
examined the relation between chronotype and health outcomes, with a main focus on absolute food intake and metabolic markers and, to a
lesser extent, on dietary intake distribution and eating behavior. Therefore, this review aimed to systematically determine whether chronotype
indirectly affects eating behaviors, dietary intake (timing, choice, nutrients), and biomarkers leading to body composition outcomes in healthy
adults. A systematic literature search on electronic databases (PubMed, CINAHL, MEDLINE, SCOPUS, Cochrane library) was performed (International
Prospective Register of Systematic Reviews number: CRD42020219754). Only studies that included healthy adults (aged >18y), classified according
to chronotype and body composition profiles, using outcomes of dietary intake, eating behavior, and/or biomarkers, were considered. Of 4404
articles, 24 met the inclusion criteria. The results revealed that late [evening type (ET)] compared with early [morning type (MT)] chronotypes were
more likely to be overweight/obese with poorer metabolic health. Both MT and ET had similar energy and macronutrient intakes, consuming food
during their preferred sleep-wake timing: later for ET than MT. Most of the energy and macronutrient intakes were distributed toward nighttime for
ET and exacerbated by unhealthy eating behaviors and unfavorable dietary intakes. These findings from our systematic review give further insight
why higher rates of overweight/obesity and unhealthier metabolic biomarkers are more likely to occurin ET.  Adv Nutr 2022;13:2357-2405.

Statement of significance: This systematic review exemplifies differences in food choice, timing and distribution during the day, nutritional
quality, and eating behaviors between chronotypes. To our knowledge, this is the first systematic review that comprehensively compares not
only dietary patterns and food composition but also eating behavior and metabolic outcome markers between morning and evening types.
Our findings highlight that it might be important for long-term metabolic health to include someone’s chronotype when tailoring meal and
food plans for healthy cohorts but also for patients.
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Introduction

Most organisms, including humans, have evolved an internal
timekeeping system that generates circadian rhythms of
metabolism, gene expression, and behaviors (1-5). The
circadian rhythms of clocks in each cell are controlled by
the central clock located in the suprachiasmatic nucleus
(SCN) in the hypothalamus of the brain (6). In turn, the
SCN is entrained to the earths 24-h light/dark cycle (7)

as it receives external light input via the eyes and optic
nerve and synchronizes the downstream peripheral cell and
tissue clocks (8, 9). Environmental light is the primary
zeitgeber (time cue) for the central circadian clock, but
other external cues, such as food intake, including the
timing and composition of food intake, are capable of setting
the rhythms in the peripheral clocks as well as the clock-
controlled genes in the body tissues and organs (5, 10,
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11). These clock genes in turn influence the timing of
digestion, nutrient uptake and metabolism, metabolite and
hormonal regulation, food intake, behavior, and appetite
(5, 11). Timing of food intake, as well as composition of
food intake (particularly macronutrients), is therefore an
important zeitgeber for the circadian timing system (12).

Humans are physiologically suited to spend about two-
thirds of their 24-h day awake, being active and eating and
storing energy. They usually spend one-third of their time
asleep, being in a fasting state at nighttime (13). During
the day, ingested food provides energy to support metabolic
processes, whereas during the night, when sleep usually
occurs, stored energy is mobilized to maintain homeostasis
(14, 15). Thus, eating at an inappropriate time can have a
desynchronizing effect on the biological circadian clocks,
resulting in adverse health outcomes, including weight gain,
obesity, and poor metabolic health outcomes (16-18). Studies
not considering different chronotypes have shown that a
higher energy intake during the biological night (the normal
resting and fasting cycles) results in enhanced fat storage
and ultimately obesity (19, 20). This is further supported
by McHill et al. (20), who showed that obese individuals
typically consume most of their energy an hour closer to
the melatonin secretion onset time (circadian phase marker,
which usually occurs 2-4 h before sleep onset) in comparison
to lean individuals. In addition, eating later in the day is
associated with an increased risk for type 2 diabetes mellitus
(21), as well as metabolic alterations, including impairment
of lipid profiles, daily cortisol concentrations, and glucose
tolerance (22-26).

Evidence from shift work studies has further accentuated
that incorrect timing of food intake in combination with
other dietary factors, such as poor food choices, eating
behaviors, and meal and snack frequency, plays a role
in the adverse health outcomes seen in individuals (27-
29). An eating pattern that is high in energy-dense foods,
such as sugar-sweetened beverages, fast foods, and fatty
foods, and low in micronutrient-rich foods, such as fruit,
vegetables, and fiber, is associated with weight gain (30) and
an increased risk of metabolic syndrome and diabetes (31,
32). Furthermore, disinhibited or restrained eating behaviors
are known to affect energy intake by influencing the types
and amounts of foods eaten, the timing of food intake, and
the eating occasion or where food intake occurs (33). This
ultimately leads to increases in BMI and body fat percentage
(34), as well as subsequent detrimental metabolic health
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outcomes such as poor glycemic control (35). These findings
can be explained by the various metabolic processes and
hormones involved in energy expenditure that are governed
in precise timed relations to each other across a 24-h day
(14, 15).

The altered timing of food intake, poor food choices,
and behaviors are influenced by various other factors, such
as work schedules and social events, but likely also by
individual chronotypes. The term chronotype (36) is widely
used to describe the preferred sleep-wake timing of an
individual relative to the light/dark cycle that influences
the timing of their diurnal preferences and the modulation
of physiologic functions and behavior. Intrinsic sleep-wake
time preferences in humans can be classified as early
[morning type (MT)], intermediate [intermediate type (IT)],
or late [evening type (ET)] chronotypes (37-39). The MTs
habitually prefer an early bedtime and early morning rise
time (37-39). On the other hand, ETs prefer a later bedtime
and a late morning rise time (37-39). Morning and evening
types have also been shown to exhibit genetic differences
in allele frequencies (40, 41) and different intrinsic period
length of the circadian clocks (42), as well as different phase
angles of entrainment (e.g., between circadian phase of the
melatonin rhythms and sleep-wake times) (43). Chronotype
may therefore drive not only sleep and wake time (43) but
also the timing of food intake (fasting or eating).

Assessment of a person’s chronotype can thus be used as
a proxy for the phase of entrainment between the external
24-h cycle and the internal circadian phase of sleep and
wakefulness. Hence, some of the assessment instruments
[e.g., the Munich Chronotype Questionnaire (MCTQ)] use
midsleep as proxy for chronotype (which is the midpoint
of the sleep episode after habitual sleep-onset and wakeup
times on free and workdays). Such differences in sleep-
wake timing consequently lead to differences in food intake
(44). However, not only the shift in mealtimes seems to be
different between chronotypes, but also nutrient and food
choices, behaviors, and consequently biomarkers may also
be important (44-46). There appears to be a difference in
inherent eating patterns displayed between MTs and ETs (44,
47), although the number of studies is limited. One study,
for example, has shown that normal-weight MTs consume
more energy earlier during the day, whereas normal-weight
ETs consume food later during the day (44), and another
study has found no association between chronotype and
BMI (47). One study has found that ETs have a poorer lipid
profile in comparison with MTs (44), but this has not been
extensively studied yet in a healthy population. Furthermore,
the ETs tend to display unhealthy eating behaviors, leading
to less control over their dietary intake, which may favor a
dietary pattern that results in weight gain and obesity (45,
46), although the effect on body composition has not been
explored.

A limited number of systematic reviews have been
conducted regarding chronotype and diet (48-51). Most of
these reviews had a specific focus on disease conditions (48,
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50) or included unhealthy (type 2 diabetes mellitus) indi-
viduals, specific populations (e.g., post-bariatric surgery),
or nightshift workers (49) or investigated eating patterns
including behavior related to temporal eating patterns (meal
frequency and skipping) and energy intake (51). The number
of studies investigating the potential link between different
chronotypes and the diet has grown in the past 10 y. This sys-
tematic review identified as a gap that the associations with
individual dietary aspects and health outcomes have not been
explored extensively, nor does a comprehensive framework
exist that presents the dietary components beyond energy
intakes together with eating behaviors as a whole. Therefore,
the aim of this systematic review was to determine whether
chronotype indirectly affects eating behavior, dietary intake
(timing, choice, nutrients), and biomarkers leading to body
composition outcomes in healthy adults.

Methods

Study design

This review was designed as a systematic review without
meta-analysis. It was conducted and reported according
to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines (52). The main
research question that was aimed to be answered was
the following: “Is body composition, dietary intake, eating
behavior, and biomarker outcomes in healthy adults de-
pendent on chronotype?” The systematic review protocol
was registered prospectively in the International Prospective
Register of Systematic Reviews (CRD42020219754) and
can be accessed at https://www.crd.york.ac.uk/PROSPERO/
display_record.php?RecordID=219754.

Search strategy and eligibility criteria

A systematic literature search was conducted in May 2020,
followed by a rerun in November-December 2020. The
following electronic databases were searched: PubMed,
CINAHL, MEDLINE, SCOPUS, and Cochrane library. The
search was limited to articles published in English, published
within the past 10 y reflecting the surge of chronotype
research, and including studies with participants older than
18 y. The search strategy was based on the following categor-
ical keywords and their synonyms: adults, chronotype, body
composition, dietary intake, eating behavior, and biomarkers
(see Supplemental Table 1 for the full list of search terms).
All relevant study designs except for conference proceed-
ings, editorial letters, review articles, and pharmacologic
studies were included. Studies that determined BMI and
used this anthropometrical measurement as a comparator
were included. Studies that recruited adults aged <18 v,
pregnant and lactating women, nightshift workers (these
individuals already exhibit altered sleep-wakefulness and
fasting-feeding cycles due to work obligations and not
necessarily because of their chronotype), and participants
with diagnosed acute, preexisting, and chronic conditions
that may influence sleep-wake timings (e.g., eating disorders,

bariatric patients, mental illness, sleep disorders, diabetes)
were excluded.

Study selection

In order to answer the research question (see above) the
Population, Intervention, Comparison, Outcomes, and Study
(PICOS) criteria (52) were used from primarily retrieved
publications:

Population: adults

Intervention: chronotype assessment

Comparisons: body composition measures including BMI
(in kg/m?) and body fat percentage categories, waist circum-
ference, and weight change

Outcomes: dietary intake, eating behavior, and biomarkers

Study design: all relevant designs except for conference
proceedings, editorial letters, review articles, and pharmaco-
logic studies (see Supplemental Table 1)

All records retrieved from the databases were exported us-
ing the Endnote X9 citation management software (Clarivate
Analytics) (53). Duplicates were removed using Endnote, and
the remaining references were exported into Rayyan QCRI
(54). Two authors (CvdM, RK) independently screened
the titles, abstracts, and full text for eligibility using the
PICOS criteria before final inclusion in the review (CvdM,
RK). In the case of conflicting decisions, a third reviewer
(MM) participated. Studies were included if participants
were classified according to chronotypes and their body
composition profiles were compared. Studies were included
if they reported at least 1 variable from the following 4
outcomes:

1. Dietary intake: diet composition (energy, macro- and
micronutrients); food groups or food and drink categories
(e.g., fruit and vegetables, sugar, fiber, alcohol, starch,
meat, and dairy), and portion sizes

2. Eating occasions: meal timing, frequency, or skipping

3. Eating behavior: dietary restraint (conscious restriction
of food intake to control body weight and shape),
disinhibition (loss of control of food intake that leads to
overconsumption), binge eating, and perceived hunger

4. Biomarkers: glucose, insulin, lipid profiles, and blood
pressure and genetic profiles (such as genotyping of the
PERIOD3 clock gene)

Studies were excluded if they did not include at least 1 of
the predefined outcomes, were not designed to compare body
composition profiles, or did not analyze nightshift workers
separately from day workers.

Detailed reasons for exclusion of studies are reported
in the PRISMA guidelines, and a PRISMA flow diagram
outlines the study selection for this review (Figure 1) (52).

Data extraction

Data were extracted by CvdM in table format with the
following variables: authors, publication year, country, study
design, number of participants, type of participants, age,
body composition, method of chronotype classification, and
distribution of chronotype. The study had the following
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Studies identified through database searching
(n = 4404)
Pubmed (n = 244) CINAHL (n =293)
SCOPUS (n = 3638) Cochrane library (n = 79)
.8 MEDLINE (n = 150)
s
=
% l
=
—_J
Studies after duplicates removed
(n=3954)
%D Studies screened for title & Studies excluded after title & abstract
§ abstract —_— screening
3 (n=3954) (n=3848)
—
— l Full-text articles excluded, with reasons
> Full-text articles assessed for (n=82)
E eligibility — > Participants < 18 years (n = 3)
& (n=106) Included night shift workers (n = 6)
= Diagnosed diseases & surgery (n = 27)
l Wrong comparator (n = 7)
S Wrong intervention (n = 20)
) Unpublished results/ ongoing trial/ protocol
Quality assessment of each (n=3)
(rfil(;}:l) Wrong publication type (n = 16)
2 Studies included in Full-text articles excluded, with reasons
= systematic review after quality assessment
2 (n=24) (n=0)
—
FIGURE 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram for search strategy and study
selection.

outcomes: dietary intake, eating behaviors, and biomarkers.
The information in the tables was organized into the specific
outcome categories and then presented according to the
differences between chronotypes. Additional analysis, such
as correlation analysis, was also reported next to each
outcome category. A second researcher (RK) reviewed the
extracted data for accuracy by using the full-text articles.
The quality of each study was assessed using the ap-
propriate Joanna Briggs Institute (JBI) checklists for an-
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alytical cross-sectional studies, cohort studies, and ran-
domized controlled trials (55). Each study was assessed
independently by 2 authors (CvdM, RK) using the ap-
propriate checklist for each study design assessing issues
of bias, data collection, analysis, and reporting. Stud-
ies were allocated a score according to the number of
JBI checklist criteria that were met (55) (Supplemen-
tal Table 2, Supplemental Table 3, and Supplemental
Table 4).



Only statistically significant differences between chrono-
types derived from the included articles and statistically
significant associations (correlations), including significant
linear relations (P-trend analyses), are reported in the text,
but all P values and additional analysis are reported in the
tables. If the mean differences (absolute or in percentage;
e.g., calories of energy intake per chronotype group) were
not directly available for this systematic review, they were
calculated based on information from the tables or figures in
the original journal papers (marked with ¥ in the text).

Results

A total of 4404 articles were initially identified, of which 339
were duplicates. After screening the remaining ones (title and
abstract), 106 full-text articles were assessed by applying the
eligibility criteria. Finally, 24 full-text articles were eligible
for inclusion in this review. The main reasons for exclusion
of studies were that participants with acute, preexisting, and
chronic diseases were included (n = 27) and/or incorrect
intervention (n = 20) and/or incorrect publication type
(n = 16) was used (Figure 1), based on predefined exclusion
criteria.

Study and participant characteristics

The sample size of the 24 studies varied between 44 and 3304
participants (men and women), of which 3 studies recruited
women only (56-58). Most of the included studies (n = 20)
had a cross-sectional design (56, 58-76). The remaining
studies included 1 randomized controlled trail (57), 2 cohort
studies (77, 78), and 1 population-based study (79) (Table 1).

The included studies assessed chronotypes using 1 of
2 validated questionnaires: the Morningness-Eveningness
Questionnaire (MEQ) (39) or the MCTQ (80). Some of
the studies used a mixed methodology by calculating
midsleep from rest-activity recordings or using sleep and
wake timings (from sleep logs) to create MT and ET
categories. Most of the studies (n = 18) included in
this review determined chronotype using the MEQ (57-
59, 61-63, 65-67, 69, 70, 72-74, 76, 78, 79), 1 study
used the MCTQ (77), 4 studies used calculations of the
midpoint of sleep from rest-activity recordings (56, 60,
68, 75), and 1 used sleep and wake timings to create
4 categories (58) (Table 1). Therefore, there was some
heterogeneity among the classification of the different
chronotypes.

Most studies (n = 15) used the MEQ cutoff values to
classify chronotypes (57, 61-64, 66, 67, 69, 70, 72-74, 76, 78,
79). However, Xiao et al. (77) and Vera et al. (71) classified
participants as ET and MT based on the median chronotype
score instead of using the cutoff values from the MEQ (i.e.,
IT = scores 42-58, MT = scores >58, or ET = scores <42)
or the short version of the MEQ (see supplement) and the
MCTQ (i.e., midsleep time <3 = MT; midsleep time 3-
5 = IT; midsleep >5 = ET). Two studies used tertiles of
chronotype scores using the MEQ (59, 65). For a detailed
overview of the chronotype assessment methods used in each

publication and thresholds of scores, see Supplemental Table
5 as well as Table 1.

Differences between chronotype and body composition
or biomarkers

From the 24 included studies, 21 found significant differences
between body composition outcomes and the different
chronotypes (Table 2).

BMI, weight, and height.

In comparison with other chronotypes, 2 studies reported a
higher BMIin ET (64, 77), 1 study reported that ET compared
with MT women had a greater increase in BMI (0.7 compared
with —0.1, P = 0.024) (78), 1 study reported a linear relation
toward a higher BMI in ET (MT: 30.99; ET: 31.3) (71), and 2
studies reported a correlation between ET and a higher BMI,
ranging between 26.0 and 32.6 (70, 75). Three studies showed
that being an ET was associated with an increase in BMI
points of 0.50-1.2% (62, 72, 78). In contrast to these findings, 4
studies reported a higher BMI in MT than other chronotypes
(58, 65, 69, 74).

Weight loss/gain.

Four studies reported on weight gain/loss over time between
ET and MT (57, 63, 67, 78), of which only 1 study by
Maukonen et al. (78) reported that ET compared with MT
women had a greater mean weight gain (+2.4 kg compared
with +0.3 kg, P = 0.016) over a 7-y follow-up period.

Biomarkers.

Only 4 studies investigated chronotype
differences/associations with biomarkers (57, 62, 71, 73)
(Table 2). Investigating the differences in lipid profile
and glucose homeostasis, Vera et al. (71) found that
ETs compared with MTs had higher concentrations
of triglycerides (105 £ 1.79 mg/dL compared with
101 £+ 1.71 mg/dL, P = 0.009) and lower HDL
(55.6 £ 0.48 mg/dL compared with 57.1 + 0.46 mg/dL,
P = 0.026). The ETs had higher fasting blood insulin
(7.62 £ 0.23 pUI/mL compared with 7.40 4+ 0.22 xUI/mL,
P < 0.001) and HOMA-IR scores (1.68 £ 0.06 compared
with 1.61 & 0.05) than MTs. Vera et al. (71) also calculated
the metabolic syndrome score, which was higher for ETs
compared with MTs (2.16 = 0.04 compared with 2.06 & 0.04,
P = 0.011). Lucassen et al. (62) investigated resting heart
rate, epinephrine, and morning plasma adrenocorticotropic
hormone concentrations and found this to be higher in ETs
(P=0.007, P=0.039, and P = 0.019, respectively) compared
with ITs/MTs.

Differences between chronotype and dietary intake
Total daily energy intake.

Fifteen studies reported total energy intake among chrono-
types (56-59, 62, 63, 65, 66, 68, 69, 71, 75, 77-79) (Table
3). Only 1 study (63) found that chronotype scores (toward
ETs) were negatively associated with energy intake/day,
thus ET consuming significantly more energy than MTs
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(P = 0.02). However, across the other 14 studies, there were
no differences in energy intakes between chronotypes ( 56—
59, 62, 65, 66, 68, 69, 71, 75, 77-79). Furthermore, Teixeira et
al. (66) found that if ETs also skipped breakfast, they would
have a higher total energy intake per day.

Energy distribution.

Calculated across studies, ETs consumed an overall mean
intake of 6-90 kcal® less during the morning/at breakfast/by
10:00 (clock hour) (58, 75, 78, 79) and a total mean intake
of 102-378 kcal* more energy during the evening/at din-
ner/after 20:00 than MTs (58, 62, 75, 78, 79) (Table 3). Xiao
et al. (77) showed a significant linear association between
energy distribution and being an ET and the likelihood of
being overweight or obese. The MTs consumed more energy
in the morning (within 2 h after waking up) and were less
likely to be overweight or obese (OR: 0.32; 95% CI: 0.16, 0.66;
P =0.0006). The ETs consumed more energy in the evening
(within 2 h before bedtime) and were 4.94 times more likely
to be overweight or obese than MTs (OR: 4.94; 95% CI: 1.61,
15.1; P-trend = 0.01) (77).

Total daily carbohydrate, protein, and fat intake.

Eight (57, 59, 62, 66, 68, 71, 77, 79) of 11 studies (56, 57, 59,
62, 63, 65, 66, 68, 71, 75, 79) reported macronutrient intakes
but found no differences/associations between chronotypes.
Three studies (56, 71, 79) reported significantly higher
carbohydrate intakes in MTs (230 g/d*) compared with ETs
(217 g/d*), 2 studies (63, 66) reported that ETs had a higher
carbohydrate intake, and 1 study reported this was found
only in ETs who also skipped breakfast regularly (P < 0.05)
(66). Maukonen et al. (79) also found that sucrose intakes
increased for ETs on weekdays (P = 0.020) in comparison
with other chronotypes.

Two studies reported that MTs had a significantly higher
daily intake of 4 g/d* of total protein (56, 63) than ITs and ETs.
Another study reported a higher intake of 3 g/d only over the
weekend in MTs in comparison with ITs and ETs (79).

Two studies reported that ETs compared with MTs were
significantly associated with a higher total fat intake of
1 g/d* (56, 65), although Maukonen et al. (65) reported this
linear association in ET women (compared with MT and IT
women) only (31 of energy intake (E%) compared with 30
E%; P-trend = 0.018). Teixeira et al. (66) reported a higher
total fat intake in ETs who regularly skip breakfast, whereas
Maukonen et al. (79) reported an inverse association between
total fat intake over weekends and ETs in comparison with
MTs and ITs (P < 0.05).

Daily carbohydrate, protein, and fat distribution.

Only 3 studies investigated the distribution of macronutrient
intakes between chronotypes throughout the day (68, 77,
79). Both carbohydrate and protein intakes after 20:00 were
higher in ETs than in MTs (68, 79). Maukonen et al. (79)
found that ETs consumed more fat after 20:00 on both
weekdays (10 g more*) and weekends (19 g* more) compared
with other types. They also showed that ETs compared with

other types consumed more SFAs on both weekdays (3.4
g*) and weekends (8 g*) after 20:00 (79). Similarly, Baron et
al. (68) found that being an ET compared with an IT was
associated with a higher fat intake (14 g*) after 20:00 (68).
Interestingly in the morning, ETs compared with other types
consumed 3.5 g* less fat on weekends by 10:00 (79) and 1 g
less® fat in the 4 h before habitual bedtime (68).

Xiao et al. (77) also demonstrated that MTs who con-
sumed more carbohydrates and protein during the morn-
ing (within 2 h after getting out of bed) were 80% (P-
trend < 0.0001) and 61% (P-trend = 0.03) less likely to
be overweight or obese than ETs (77). Conversely, ETs who
consumed more carbohydrates and protein in the evening (2
h before bedtime) were respectively 4.5 (OR: 4.48; 95% CI:
1.64, 12.2; P-trend = 0.009) and 3.7 times (OR: 3.74; 95% CI:
1.33, 10.5; P-trend = 0.02) more likely to be overweight or
obese (77) (Table 3).

Total daily micronutrient intake.

Only 1 study by Sato-Mito et al. (56) reported on micronu-
trient intakes. Being an ET was associated with significantly
lower potassium, calcium, magnesium, iron, zinc, vitamin
A, thiamine, riboflavin, pyridoxine, folate, and vitamin D
intakes compared with being an MT (P-trend < 0.05,
Table 3).

Total daily food group intake.

Thirteen of the included studies reported on total food group
intakes (56, 59, 60, 63, 65, 70-76, 79). The ETs consumed
larger quantities of energy-dense foods such as confectionary
and sweets (56, 59, 63, 70, 79), sugar-sweetened beverages
(59, 70, 74, 75), butter, cream, margarine (70), cholesterol-
rich foods (63), meat (56, 60, 70), fast foods (75), caffeine (73,
76), and alcohol (56, 65, 71-73, 79) in comparison with other
chronotypes. Four studies reported that ETs consumed fewer
healthy foods such as fish (6 g/d less, P-trend < 0.05) (79),
cereals (65, 71), and vegetables (17 g/1000 kcal*, P < 0.001)
(56) in comparison with other chronotypes. Similarly, Baron
et al. (75) reported that ETs consumed only 1.9 servings/wk
of fruit and vegetables compared with 3.4 servings/wk in
ITs (75). The MTs consumed more nutrient-dense foods
such rice and potatoes (56, 59), fiber (79), vegetables (56,
59), pulses (56), eggs (56), dairy (56), fruit and algae (P-
trend < 0.05) (59), and wine (70) than ETs.

Differences between chronotype and eating behavior.

The eating behaviors most investigated among chronotypes
were meal timing (clock hours for meals), meal skipping, and
portion sizes (Table 4).

Meal timing, skipping, and intervals between meals and
bedtime.

Compared with other types, ETs were more likely to display
undesirable eating behavior, for example, reporting later
clock times for main meals (56, 60, 62, 66, 71, 75,77). As to be
expected, the ETs had later clock times for breakfast than MTs
(56,60, 62,66,71,75,77) or even skipped breakfast altogether
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(56, 60, 66). Based on their individual preferences, ETs also
had later habitual clock times for lunch (56, 60, 66, 71, 75, 77)
and dinner (56, 71, 75, 77) than MTs. Across the studies, ETs
had breakfast from 14 min to 2 h 44 min* later, lunch from
2 min to 1 h and 23 min* later, and dinner from 3 minto 1 h
¥ later (56, 62, 66, 71, 77). Interestingly, ETs had a longer time
interval between the last meal or snack of the day (dinner)
and bedtime (average of 316 min*) compared with ITs/MTs
(average of 231 min*) (75, 77).

Portion sizes, number of servings, and eating occasions.
ETs were 1.4 times (OR: 1.44; 95% CI: 1.16, 1.78; P = 0.001)
more likely to consume larger portion sizes and 1.3 times
(OR: 1.27; 95% CI: 1.04, 1.56; P < 0.019) more likely to
have second servings (71), as well as to watch television
while eating (56), compared with MTs and ITs. There were
no differences or associations between the number of eating
occasions per day (62, 66).

Eating behavior scores.

Four studies (61, 69, 71, 73) investigated the associations
and differences between chronotypes and the Three-Factor
Eating Questionnaire (TFEQ) scores (restraint, which is the
conscious restriction of food intake to control body weight
and shape; disinhibition, which is the loss of control of food
intake that leads to overconsumption of food; and hunger,
which is feelings and subjective perceptions of hunger that
lead to food intake) (81) and their subcategories (flexible and
rigid control; habitual, emotional, and situational disinhibi-
tion; internal and external locus for hunger). A higher score
indicates a higher level of these eating behaviors. Vera et al.
(71) observed that ETs had a higher total eating behavior
score (1.93 & 0.26) (higher scores = more deleterious eating
behaviors) and emotional eating score (12.40 % 0.19) (<12,
nonemotional; >12, emotional) than the MTs with scores of
0.01 £ 0.25 and 11.85 % 0.19, respectively (P < 0.001 and
P < 0.046, respectively). The ETs also felt less in control
over their diet (OR: 1.33; 95% CI: 1.10, 1.60; P = 0.003),
experienced more stress-related eating (OR: 1.27; 95% CI:
1.04, 1.55; P = 0.019) and food cravings (OR: 1.20; 95% CI:
0.99, 1.45; P = 0.063), and had greater problems controlling
the amount of food consumed (OR: 1.31; 95% CI: 1.03, 1.58;
P =10.006) (71).

Discussion

The aim of this project was to systematically review the
existing evidence that chronotype affects body composition
and biomarker outcomes by also considering behavioral
factors such dietary intake and eating habits/behavior in
healthy adults. In this systematic review, we consistently
found that ETs compared with MTs were more likely to
be overweight/obese. This finding may be linked to their
irregular eating patterns and unhealthy eating behaviors that
could lead to circadian misalignment. Both MTs and ETs had
very similar dietary intakes (energy and macronutrients), but
clear differences were apparent regarding the distribution of
food intake throughout the 24-h day, skipping and timing
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of meals, and diet quality (micronutrients, food groups,
and types), which may lead to body composition changes.
Furthermore, ETs displayed a higher risk of metabolic disease
(see Figure 2 depicting the main outcomes ).

Most of the studies that explored meal timing found
that individuals tend to consume food based on preferences
according to their chronotype (48, 49, 51, 71). In ETs, most
of their energy and macronutrient intake were distributed to-
ward the biological night (82), and clock times for meals were
later than those of MTs. The mechanisms of this chronotype-
body composition relation are yet to be fully explained;
however, it may be hypothesized and in part supported from
data of this systematic review that several interconnected
mechanisms, including mistimed food intake, lower diet
quality, and eating behaviors that favor weight gain and
metabolic alterations, have an influence.

Meal skipping, especially breakfast skipping, was also
prevalent in ETs. These irregular eating patterns, including
later timing of food intake and skipping of meals, seen in
ETs may be explained by their later preferred sleep and wake
timing (44, 56, 75, 83, 84) and are often in conflict with
work time obligations or social demands (85). Those extreme
ETs may experience significant misalignment between their
internal circadian rhythms and their work hours as well as
social demands. For example, during the week, ETs have
to wake up early for work and subsequently go to sleep
earlier, in contrast with their internal timing, but during
the weekends, they stay up longer and wake up later. This
difference between sleep and wake times during the week
and the weekend has been termed “social jetlag” (86) and
may result in adverse health outcomes such as greater
risks for obesity and adverse metabolic health outcomes
(87).

Such results are exacerbated by too short sleep durations
during the week, as often occurs in ETs, because they
are more prone to accumulate sleep debt throughout their
workweek and consequently attempt to resolve this by
altering their sleep schedules over the weekend, resulting
in a higher social jetlag and altered circadian rhythms (86,
88). Forced early wake times (for school or work), as often
found in ETs, especially in teenagers and young adults, may
then lead to redistribution or “catchup” of the skipped meals
to later in the day, because “normal” breakfast times would
still be closer to their biological night, which is supported
similar to the findings from this review. This may support
the popular breakfast skipping theory, which poses that those
individuals who omit breakfast tend to be hungrier later in
the day, leading to an overcompensation of energy intake,
especially during the evening (89). This occurs despite ETs
and MTs still consuming the same amount of food within
24 h (46, 85). According to Manoogian and Panda (12),
the external cues of feeding and fasting can affect metabolic
processes. If these cues are disrupted, it can lead to increased
risk of disease. Since ETs eat closer to their bedtime, and
they wake up late, their fasting period is shortened, which
may be more detrimental to their health, potentially delaying
digestion. In time-restricted eating (TRE) studies, it was



Eating Behaviour
Meal Timing & Skipping
* Later clock time for breakfast,
linch & dinner
* Frequent breakfast skipping

Time Interval between Meals &
Bedtime

* Longer time interval between last
meal/snack & bedtime

Portion Sizes & Servings
* 1 Large portion sizes
* T Second servings

Eating Behaviour Scores

1 Eating behaviour score

1 Emotional eating score

| Control over diet

1 Stress-related eating

1 Food cravings

1 Problems controlling amount of
food eaten

Dietary Intake
Distribution
* | Energy during momning

* 1 Energy, protein, carbohydrate, fat
& SFA in evening

Distribution & Obesity Risk
* 1 Energy, protein & carbohydrates
in evening, | OR for overweight

Nautritional Intake

* | Potassiom, calcium, magnesium,
iron, zinc, vitamin A and -D, folate
thiamine, riboflavin & pyridoxine

* Total energy, carbohydrate, protein
& fat intake — most studies no
difference

Food Group Intake

* 1 Confectionary, sweets, sugar-
sweetened beverages, fats, meats,
fast foods, caffeine & alcohol

* | Fruits, vegetables, fish, eggs,

dairy, pulses & cereals

Biomarkers
Lipid Profile
* | HDL-cholesterol
* 1 Triglycerides

Glucose Homeostasis
* 1 Insulin
* T HOMA-IR

Body Composition
* 1 BMI
* T Weight gain over time
Other
* 1 MetS score
* 1 Heart rate
* T Epinephrine
* | Moring plasma ACTH

FIGURE 2 Main outcomes—Ilate chronotypes (evening types) in comparison to early chronotypes (morning types). ACTH,

adrenocorticotropic hormone; MetS, metabolic syndrome.

demonstrated that longer fasting periods are more beneficial
for health than shorter ones (12). However, this review
found that ET had a longer time interval between the last
snack/meal of the day and sleep onset in comparison with
IT (75).

Metabolically, ingested calories are optimally used during
the morning, possibly due to the higher thermic effect of food
in comparison with the evening. When healthy individuals
omit breakfast, they are in a fasted state at the beginning of
their biological day (90). Consequently, the overnight fasting
period is prolonged and an increase in postprandial insulin
concentrations and fat oxidation is seen (91). Ultimately,
low-grade inflammation and impaired glucose metabolism
may result in the development of metabolic inflexibility and
weight gain (91). This review found that MTs were more
likely to have more regular eating patterns, and this has
been linked by another researcher to higher postprandial
thermogenesis and lower fasting and total LDL cholesterol
(92). This highlights the endogenous circadian control of
metabolic responses and the importance of meal timing.
Glucose tolerance changes during the day, peaking during
the daylight hours when food is normally eaten, and troughs
during the night when fasting occurs. Therefore, if ETs shift
their eating to later in the day than MTs, they may develop
poor glycemic control (93). In comparison, this review found
that ETs were at higher risk of adverse metabolic health, as
shown by their lower HDL cholesterol and higher triglyc-
eride concentrations, higher metabolic syndrome scores

(71), urinary epinephrine concentrations (62, 71), insulin
concentrations and HOMA-IR (73), similar to the findings
of Lotti et al. (48). Other studies have also linked hormonal
alterations and altered glucose metabolism, in conjunction
with misaligned eating, as further mechanisms by which ETs
are more likely to become overweight/obese and are also at
higher risk for preclinical states of diabetes (45, 94-96).

These findings align well with previous studies (not
chronotype focused) that have linked aspects of mistimed
food intake in humans such as breakfast skipping, late lunch
eating, and higher energy intake at dinner with indicators of
obesity (97-101).

Energy requirements and the oxidation of macronutrients
vary across the 24-h light/dark cycle (102); consequently,
the timing of food intake has different effects on energy
utilization and as a result may change weight-loss effective-
ness and body composition (103, 104). In this systematic
review, only 1 study found that consuming a higher amount
of energy and proportion of carbohydrates and protein
in the morning and during the early part of the day
seemed to be protective against developing obesity in MTs.
Consuming more energy, protein, and carbohydrates toward
the evening in ETs was found to favor weight gain and
obesity (77). This reinforced previous studies that showed
the detrimental effect of late eating (103). Generally, it
seems that the timing of eating in alignment with one’s
chronotype could be an important and beneficial factor
when considering body composition outcomes (57). When
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participants of the latter study were following chronotype-
adjusted diets, they had greater weight-loss success compared
with the traditional, hypocaloric control diet. The weight loss
between MTs and ETs was similar, suggesting that this may
be an effective approach for any chronotype (57). Besides
chronotype, other factors also target the circadian metabolic
functions (including effective weight loss and reducing fat
mass in obese adults), for example, TRE, which has also been
widely known for its beneficial effects on cardiometabolic
health (including lipid profiles and glucose concentrations)
in humans (105).

Eating behaviors may alter energy intake by influencing
the types and amounts of foods eaten, timing of food
intake, and where food intake occurs, ultimately affecting
body weight (33). The ETs often displayed unhealthy eating
behaviors such as consuming larger portion sizes, second
servings, experiencing more food cravings, emotional- and
stress-related eating, and presenting TFEQ scores that reflect
unhealthy eating behaviors (71, 73). Studies have found
that emotional eaters consumed snacks more often than
nonemotional eaters. This suggests that there is a link
between diet and body weight that may be mediated in part
by dieting behavior. In comparison, MTs showed greater
control of their eating behaviors (73). MTs had higher
restraint scores (73), which have been linked by other
researchers to a higher consumption of “healthy food” such
as green vegetables and fewer energy-dense foods such as fats
(106), which was also seen in this review.

Other studies showed that insufficient sleep (shorter
sleep duration) and being an ET impaired the appetite-
regulating hormone leptin (107), as well as increased insulin
concentrations (108), which may lead to insulin resistance.
Therefore, chronic misalignment of the circadian clocks leads
to elevated leptin concentrations during the day and night,
possibly due to oversecretion and leptin resistance, which is
a vicious circle because, in turn, it can contribute again to
overeating (108).

These often unhealthy eating behaviors among ETs are
further exaggerated by the higher intake of unhealthy,
stimulating, and energy-dense foods (56, 59, 63, 70-77, 79).
Exploring food group intake differences between chrono-
types gives an idea of the micronutrient intakes. The fruit and
vegetables intakes of ETs found in this review are far below
the World Health Organization guidelines of 5 servings per
day (109) and may account for the lower micronutrient
intake reported by Sato-Mito et al. (56). The ETs also
consumed more caffeine and alcohol. The stimulating effects
of these items may account for the higher intake (110). In
comparison, MTs reported healthier, nutrient-dense food
choices (56, 59, 79). They also displayed more control over
their eating behavior, which may account for the higher
prevalence of a normal BMI in MTs.

Strengths and Limitations

To our knowledge, this is the most comprehensive review of
different dietary elements, including nutrients and energy,
but also taking into account food intake, eating patterns,

2402 van der Merwe et al.

and timing and composition of meals that compare extreme
chronotypes with different body compositions. This system-
atic review has several strengths: first, we included not only
dietary intake (energy and macronutrient intakes) and body
composition profiles but also eating and behavioral aspects
and biomarkers as outcomes for different chronotypes. Sec-
ond, the formatting of the data tables to compare the different
chronotypes allowed a more comprehensive review of the
literature, rather than only listing the specific outcomes.
Another strength of this systematic review is that it did
not include studies that recruited participants with acute,
preexisting, and chronic diseases, which may have influenced
chronotype.

One limitation of this systematic review was that included
studies varied considerably in their classification method
of chronotypes, the statistical analysis approach, and study
design, which made comparisons between chronotypes
challenging. Another limitation was that not all the included
studies were designed to assess differences between body
composition groups as their main comparator.

Recommendations for Research

Further studies are needed to explore interindividual and
personalized optimal meal timing and the distribution of
macronutrients at eating occasions with regard to weight
management. Such optimization could be alleviated by
assessment of the persons chronotype. In the same vein,
the pathogenesis of obesity is not yet fully understood
despite decades of research dedicated to the investigation
of the underlying mechanisms and the development of
successful interventions and treatments. Thus, it is crucial
to add emerging evidence that consideration of extreme
chronotypes and circadian misalignment is a contributing
factor. More research is required to establish whether food
intake that is in “misalignment with one’s chronotype” is
an important factor to consider (and to potentially adress)
in weight management. It should also be explored whether
food intake should be adapted to chronotype-related wake
and sleep-wake timing or whether food intake should simply
be prioritized to “day” hours and limited during “night”
hours.

In conclusion, this systematic review showed that ETs
were more likely to be overweight/obese and have poorer
metabolic health in comparison with MTs (and ITs). It
also highlighted key areas for clarification; first, this re-
view found limited evidence of detailed assessment of diet
quality, micronutrient intakes, food choices, and quantities
consumed between chronotypes, as well as an inadequate
focus on timing of intake or investigating both in conjunction
with eating and other eating behaviors. Such data could
inform strategies (e.g., eating in alignment with internal body
clocks, improvement of sleep timing and quality, adjusting
mealtimes to improve the eating and fasting windows, e.g.,
TRE) around healthy weight management in the future. This
systematic review supports the assumptions that chronotype
have an impact on body composition through interconnected



mechanisms, including mistimed food intake, eating behav-
iors and food choices that favor weight gain, and metabolic
alterations.
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