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Preface to “The Impact of Altered Timing of Eating, 
Sleep and Work Patterns on Human Health” 

Some 20% of the population is required to work outside the regular 9:00 a.m.–5:00 p.m. working 
day, and this number is likely to increase as economic demands push work hours into the night for many 
companies. Long and irregular work hours mean workers are often sleep deprived, with working and 
sleeping hours that deviate from our diurnal biology. This causes a misalignment between normal day-
light entrained internal physiological processes, such as metabolism and digestion, and the external 
environment. As a direct consequence of sleep loss and disturbed circadian rhythms, workers on long 
and/or irregular schedules are at increased risk of chronic illness, even after controlling for lifestyle and 
socioeconomic status. Issues associated with sleep loss and circadian misalignment are not limited to 
populations working these schedules, they are also experienced by the broad population across 
development as a consequence of biological and social changes, and sleep disorders.  

The purpose of this book, compiled from a Special Issue of the journal Nutrients, is to consider the 
relationship between eating, sleep and circadian disruption. The book contains 14 chapters, with 
contributions from Australia, Brazil, China, Finland, Germany, Japan, Korea, Norway, and the U.S.A.  
There are 12 original research contributions and two reviews in research involving humans and rodent 
models, conducted in the laboratory and the field. Implications of these relationships are considered 
across the lifespan, with different models of sleep and circadian disturbance.  

The book is organised in three sections. The first section focuses on sleep deprivation and 
restriction, with three studies conducted with very different methods—one with humans in a laboratory 
(Dennis et al. 2016), one with humans in the field (Doo et al. 2017), and one that included a combination of 
animal and human laboratory studies (de Oliveira et al. 2017). These studies demonstrate that insufficient 
sleep adversely affects metabolic health and is an independent predisposing factor for obesity and insulin 
resistance.   

The second section focuses on changes in timing of daily rhythms. Two studies in human 
shiftworkers (Heath et al. 2016 and Bonnell et al. 2017) and one in rodent model of shiftwork (Marti et al. 
2016) demonstrate that long and irregular hours are associated with diet-related chronic conditions such 
as obesity and cardiovascular disease and that dietary profile/choices have differing effects.  One study 
shows that food timing is related to body composition in adolescents (Diederichs et al. 2016).  There are 
also two reviews in this section—one showing the link between food timing and weight (Hutchison et al. 
2017), and the other looking at the impact of typical shiftwork consequences on drivers of skeletal muscle 
health (Aisbett et al. 2017). 

The third section focuses on interactions between sleep and diet.  Komada et al. (2017) demonstrate 
the that sleep duration was associated with specific nutrients and foods in Japanese men, but not in 
women. Han et al. (2017), highlight the association between vitamin D and sleep disturbance, and Watson 
et al. (2016), show greater caffeine intake in those with shorter and poorer quality sleep.  Two intervention 
studies (Scholey et al. 2017 and Tan et al. 2016) explore whether dietary and supplement interventions can 
improve sleep quality. 

It is our hope that this book will strengthen our understanding of the importance of considering the 
interactions between diet, sleep and circadian patterns on health outcomes.  We acknowledge the 
excellent work of the authors and thank the reviewers who contributed their time to review each paper, 
without whom this book would not be possible. 

Siobhan Banks, Alison M. Coates and Jill Dorrian 
Special Issue Editors 
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Abstract: Experimental studies have shown that sleep restriction (SR) and total sleep deprivation
(TSD) produce increased caloric intake, greater fat consumption, and increased late-night eating.
However, whether individuals show similar energy intake responses to both SR and TSD remains
unknown. A total of N = 66 healthy adults (aged 21–50 years, 48.5% women, 72.7% African American)
participated in a within-subjects laboratory protocol to compare daily and late-night intake between
one night of SR (4 h time in bed, 04:00–08:00) and one night of TSD (0 h time in bed) conditions. We also
examined intake responses during subsequent recovery from SR or TSD and investigated gender
differences. Caloric and macronutrient intake during the day following SR and TSD were moderately
to substantially consistent within individuals (Intraclass Correlation Coefficients: 0.34–0.75). During
the late-night period of SR (22:00–04:00) and TSD (22:00–06:00), such consistency was slight to
moderate, and participants consumed a greater percentage of calories from protein (p = 0.01) and
saturated fat (p = 0.02) during SR, despite comparable caloric intake (p = 0.12). Similarly, participants
consumed a greater percentage of calories from saturated fat during the day following SR than TSD
(p = 0.03). Participants also consumed a greater percentage of calories from protein during recovery
after TSD (p < 0.001). Caloric intake was greater in men during late-night hours and the day following
sleep loss. This is the first evidence of phenotypic trait-like stability and differential vulnerability of
energy balance responses to two commonly experienced types of sleep loss: our findings open the
door for biomarker discovery and countermeasure development to predict and mitigate this critical
health-related vulnerability.

Keywords: individual differences; sleep restriction; total sleep deprivation; recovery; caloric intake;
late-night intake; macronutrients; gender differences

1. Introduction

Experimental studies have demonstrated causal mechanisms between short sleep duration and
obesity risk. In healthy adults, sleep restriction (curtailed sleep across multiple consecutive days) leads
to increases in caloric intake [1–10], snacking [7,11], fat and carbohydrate consumption [2,5,7,8,10,11],
late-night eating/delayed meal timing [1,2,10] and weight gain [1–3]. Similarly, during total sleep
deprivation (one night of continuous wakefulness), adults consume a large number of calories during
the overnight period [12], consume more fat the following day [12], make more food purchases [13],
consume larger portion sizes [14] and eat more calories from snacks [14].

This increased consumption of energy (via food/drink) [9] exceeds the additional energy required
to sustain the extended wakefulness associated with either type of sleep loss [1,15–17]. Notably,

Nutrients 2016, 8, 823 1 www.mdpi.com/journal/nutrients

Bo
ok
s

M
DP
I



Nutrients 2016, 8, 823

the additional energy cost differs by sleep loss type: approximately 100 additional calories are
required during sleep restriction [1,15], while 135 additional calories are required during total sleep
deprivation [16], suggesting that intake amounts may differ during and following these sleep loss
types to compensate for differential increases in energy expenditure.

Studies have found neurobehavioral vulnerability to sleep loss shows individual differences and
is trait-like and stable within individuals across sleep restriction and total sleep deprivation [18,19].
Previously, we observed individual differences in the increased caloric intake, late-night eating and
weight gain responses to sleep restriction but stability in the responses within individuals during
two sleep restriction exposures separated by long time intervals [20]. However, it remains unknown
whether energy balance responses are also trait-like and stable within individuals across different
types of sleep loss, namely sleep restriction and total sleep deprivation.

Separate studies of sleep restriction [1–3,21,22] and total sleep deprivation [16] have demonstrated
energy balance responses to sleep loss return to baseline levels after one or more nights of recovery
sleep. Whether this recovery and its time course is similar following sleep restriction and total sleep
deprivation remains unknown. Although the time course for recovery for some objective and subjective
measures of sleepiness and cognitive performance from sleep restriction and total sleep deprivation is
similar [23–30], this is not true for all tests [30,31]. Thus, it is possible that recovery of energy balance
measures may differ depending on the type of sleep loss experienced.

Gender differences also have been observed in the energy balance response to sleep loss. During
sleep restriction, men exhibit lower subjective ratings of fullness [5] and greater increases in caloric
intake [1,10,21], consume more calories during late-night hours [10], and gain more weight than
women [1,2]. Furthermore, these energy balance responses are more stable across repeated exposures
to sleep restriction in men than women [20]. Notably, evidence for gender differences in objective
energy balance responses during total sleep deprivation is limited since the majority of such studies
either have used only men or used sample sizes precluding reliable gender comparisons [32]. Thus,
additional research is needed to identify gender differences in energy balance responses during total
sleep deprivation, and moreover, to compare such responses to those observed during sleep restriction.

In the current study, we examined daily and late-night caloric and macronutrient intake responses
to one night of sleep restriction and one night of total sleep deprivation, as well as intake responses
during subsequent recovery from both types of sleep loss. Given the stability of neurobehavioral
responses across sleep restriction and total sleep deprivation and the stability of energy balance
responses across two separate sleep restriction exposures, we hypothesized intake responses would
be consistent across one night of sleep restriction and one night of total sleep deprivation. We
also hypothesized recovery intake responses would be similar after sleep restriction or total sleep
deprivation, given prior neurobehavioral response findings. Finally, we predicted men would exhibit
greater late-night and caloric intake responses to both sleep restriction and total sleep deprivation,
given prior reports of gender differences in energy intake.

2. Materials and Methods

2.1. Participants

Healthy individuals between the ages of 21 and 50 years old were recruited in response to study
advertisements. Participants reported habitual nightly sleep durations between 6.5 h and 8.5 h, with
habitual bedtimes between 22:00 and 00:00 and habitual awakenings between 06:00 and 09:30; these
were confirmed via wrist actigraphy. Chronotype was determined via the Morningness–Eveningness
Composite Scale [33]. Participants did not engage in habitual napping and did not present with sleep
disturbances (i.e., no complaints of daytime sleepiness, insomnia, or other sleep–wake disturbances).
They did not have any acute or chronic psychological and medical conditions, as determined by
questionnaires, interviews, physical exams, clinical history, and urine and blood tests (including a
fasting blood glucose test). They were not taking any regular medications (except oral contraceptives)
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and were nonsmokers with body mass indices (BMIs) between 17.3 and 30.3 kg/m2. They did not
participate in transmeridian travel or shift work, or have irregular sleep–wake routines in the 60 days
before the study. Participants were monitored at home with actigraphy, sleep–wake diaries, and
time-stamped call-ins to determine bedtimes and waketimes during the 7–14 days before the laboratory
phase and the 7 days following the laboratory phase. Sleep disorders were excluded on the first
laboratory night by oximetry and polysomnography measurements. Participants were not allowed to
use tobacco during the 7 days before the study, as verified by blood and urine screenings. The protocol
was approved by the University of Pennsylvania’s Institutional Review Board (IRB number: 812523).
All participants provided written informed consent in accordance with the Declaration of Helsinki.
They received compensation for participation.

2.2. Procedure

Participants engaged in a 13-day laboratory study in which they were studied continuously,
and received daily checks of vital signs and symptoms by nurses (with a physician on call).
All participants experienced two types of sleep loss during the protocol—sleep restriction (SR) and total
sleep deprivation (TSD)—with the order of sleep loss exposures counterbalanced across conditions.
Participants were randomized as a group (N = 4 per group) to one of the two conditions after two
initial nights of baseline sleep (BL1-2) of 10 h (22:00–08:00) and 12 h (22:00–10:00) time in bed (TIB)
respectively, and were blinded to condition assignment until after the second night of baseline sleep.
Participants randomized to Condition A (N = 34) underwent five consecutive nights of sleep restricted
to 4 h TIB per night (SR1-5, 04:00–08:00) followed by four consecutive nights of 12 h recovery sleep
(R1–R4, 22:00–10:00), one night of total sleep deprivation (TSD, 0 h TIB) during which they were
kept awake for 36 h (10:00–22:00 the following day), and then a final night of recovery sleep (R5,
22:00–10:00). Participants randomized to Condition B (N = 32) underwent one night of total sleep
deprivation (TSD, 0 h TIB) during which they were kept awake for 36 h (10:00–22:00 the following
day), followed by four consecutive nights of 12 h recovery sleep (R1–R4, 22:00–10:00), five consecutive
nights of sleep restricted to 4 h TIB per night (SR1-5, 04:00–08:00) and then a final night of recovery
sleep (R5, 22:00–10:00). Participants were discharged from the study on the day following R5.

Participants were ambulatory and were permitted to perform sedentary activities such as watching
television, reading, and playing video or board games between cognitive test bouts (completed
while seated at a computer); however, they were not allowed to exercise. Ambient temperature was
maintained between 22 ◦C and 24 ◦C. Laboratory light levels remained constant at <50 lux during
scheduled wakefulness and <1 lux during scheduled sleep periods. Participants were monitored
continuously by trained staff throughout the study to ensure adherence.

2.3. Measures

Participants chose their meals/snacks from various menu options, and selected additional
food/drink (including chips, cookies, fruit, low-fat yogurt, caffeine-free soda and juices) available in
the laboratory kitchen, which included an industrial-size refrigerator, microwave, and toaster oven.
They could also make requests to the study coordinator and study monitors. To ensure participants
had sufficient time to eat each day, three 30 to 45-min meal opportunities were specified in the study
during days with a 22:00 bedtime and one additional 30-min meal opportunity was specified at 00:45
during SR and TSD. Beyond these allotted meal times, participants could also consume food/drink
at any time during the study during wakefulness except when they were performing cognitive tests.
Participants were not told they must eat/drink and they were instructed to eat/drink whenever they
desired as long as doing so did not interfere with cognitive testing. Furthermore, participants could
eat the items they had ordered or could select from other foods available in the laboratory kitchen,
and could eat as much or as little as they desired. Participants retrieved their own food/drink from
the laboratory kitchen when they wanted to eat/drink and had the choice of eating at a table in the
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common area or privately in their bedrooms. Participants were not permitted to consume caffeinated
beverages or chocolate during the protocol.

All food was weighed and recorded before being given to the participants. Food items were
served in individual containers to increase the measurement accuracy of each item’s weight. Each day,
trained monitors recorded a detailed description, the amount consumed and the intake time of the
items. In addition, any left-over food/drink after each meal was weighed and recorded. The intake
data were entered into The Food Processor SQL program (version 10.11; ESHA Research, Salem, OR,
USA), a validated [34] professional nutrition analysis software and database program that generates
food/drink intake components including calories and macronutrients.

2.4. Statistical Analyses

Mixed-model ANOVAs evaluated condition and sleep loss exposure type effects for late-night
intake during the first night of SR and during TSD (SR: 22:00–04:00; TSD: 22:00–06:00) as well as for
daily intake following the first night of SR (SR1: 08:00–22:00) and following TSD (06:00–22:00) for
calories, macronutrients, saturated fat, sugar, and fiber. Mixed-model ANOVAs assessed gender and
sleep loss exposure type effects for both late-night intake during and daily intake following sleep loss.

Between-subjects ANOVAs, covarying baseline intake, compared intake on the day following
recovery sleep from either SR or TSD (R1, recovery sleep between sleep loss exposures) for each intake
variable. Mixed-model ANOVAs, covarying baseline intake, compared the time course of intake across
the four recovery days (R1–R4) following consecutive recovery sleep nights from either SR or TSD for
each intake variable. Intraclass correlation coefficients (ICCs) examined consistency in intake responses
between SR and TSD. The following ranges characterize ICCs and reflect the stability of interindividual
differences: 0.0–0.2 (slight); 0.2–0.4 (fair); 0.4–0.6 (moderate); 0.6–0.8 (substantial); and 0.8–1.0 (almost
perfect) [35]. Statistical analyses were conducted using IBM SPSS Statistics for Windows (version 21).

3. Results

3.1. Participant Characteristics

Sixty-six participants (aged 21–50 years, 72.7% African American; 48.5% female) participated
in the study, with N = 34 randomly assigned to Condition A (experienced five consecutive nights of
SR first) and N = 32 randomly assigned to Condition B (experienced one night of TSD first). There
were no significant differences between conditions in age (p = 0.28), BMI (p = 0.60), the percentage of
participants who were African American (p = 0.69) or women (p = 0.81), or in chronotype (p = 0.07),
pre-study sleep duration (p = 0.74) or midpoint (p = 0.26) (Table 1). Participants also did not differ
significantly in caloric, macronutrient (protein, carbohydrate, fat), fiber, sugar or saturated fat intake
(p’s > 0.08) during the first baseline day (08:00–22:00), which occurred prior to randomization.

Table 1. Participant characteristics (Mean ± SD).

N Age
(Years)

BMI
(kg/m2)

Women
African

American
Chronotype a Sleep

Duration (h) b

Sleep
Midpoint

(Time ± h) b

All Participants 66 34.4 ± 9.0 24.4 ± 3.2 32 (48.5%) 48 (72.7%) 42.1 ± 5.9 8.0 ± 0.5 03:34 ± 0.8
Condition A (SR first) 34 33.2 ± 8.9 24.6 ± 3.0 16 (47.1%) 24 (70.6%) 40.9 ± 6.1 8.1 ± 0.4 03:41 ± 0.8

Condition B (TSD first) 32 35.6 ± 9.1 24.2 ± 3.3 16 (50.0%) 24 (75.0%) 43.6 ± 5.3 8.0 ± 0.6 03:27 ± 0.8
a Morningness–Eveningness Composite Scale [33]; b Determined by wrist actigraphy (one week prior to
study entry).

3.2. Late-Night Intake during Sleep Restriction and Total Sleep Deprivation

For late-night caloric intake, there was a significant sleep loss exposure (SR and TSD) × condition
(A and B) interaction (F(1, 64) = 18.05, p < 0.001) but no main effect of sleep exposure type (p = 0.12)
or condition (p = 0.85). In both conditions, participants consumed more late-night calories during
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their first sleep loss exposure than during their second (Figure 1); however, this was only statistically
significant for participants in Condition B (F(1, 31) = 18.49, p < 0.001) and not for those in Condition
A (F(1, 33) = 3.37, p = 0.08). When examining late-night macronutrient, sugar, saturated fat and
fiber intake, there were no significant sleep loss exposure × condition interactions (p’s > 0.11) or
condition main effects (p’s > 0.20). There were significant sleep loss exposure main effects for protein
and saturated fat: participants consumed a significantly larger percentage of calories from protein
(F(1, 64) = 6.79, p = 0.01) and saturated fat (F(1, 64) = 5.79, p = 0.02) during SR late-night hours than
during TSD late-night hours. By contrast, there were no significant sleep loss exposure main effects for
caloric, carbohydrate, sugar, fat, or fiber intake (p’s > 0.17) (Figure 2).

Figure 1. Mean ± SEM late-night caloric intake during sleep restriction (SR) and total sleep deprivation
(TSD). There was a significant sleep loss exposure type (SR and TSD) × condition (A and B) interaction
(p < 0.001), but no main effect of condition (p = 0.85). In both conditions, participants consumed more
late-night calories during their first sleep loss exposure; however, this was statistically significant for
Condition B (* p < 0.001), but not for Condition A († p = 0.08).

Figure 2. Mean ± SEM late-night intake during sleep restriction (SR) and total sleep deprivation (TSD).
(A) Late-night caloric intake during SR and TSD did not significantly differ (p = 0.12); (B) During
late-night hours, participants consumed a significantly larger percentage of calories from protein
(* p = 0.01) and saturated fat (* p = 0.02) during SR, but there were no differences in carbohydrate, sugar,
fat, or fiber (C) intake (p’s > 0.17).
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For late-night caloric intake, while there was no significant sleep loss exposure (SR and TSD)
× gender interaction effect (p = 0.24), there was a significant main effect of gender (F(1, 64) = 6.40,
p = 0.01), whereby men consumed more late-night calories than women during both types of sleep loss
(men: 878.4 ± 369.5 kcal, women: 687.5 ± 220.3 kcal). There were no significant sleep loss exposure
(SR and TSD) × gender interactions (p’s > 0.07) or gender main effects (p’s > 0.19) for late-night
macronutrient, sugar, saturated fat or fiber intake.

ICC analyses, which examined the consistency in the late-night intake response between SR and
TSD, ranged from slight to moderate: caloric intake: 0.18 (women: −0.42; men: 0.28); carbohydrate
(%kcal): 0.18 (women: 0.31; men: 0.08); fat (%kcal): 0.03 (women: 0.14; men: −0.15); protein (%kcal):
0.55 (women: 0.59; men: 0.51); sugar (%kcal): 0.16 (women: 0.34; men: −0.06); saturated fat (%kcal):
−0.25 (women: −0.90; men: −0.01); and fiber (g): 0.21 (women: 0.25; men: 0.19).

3.3. Daily Intake Following Sleep Restriction and Total Sleep Deprivation

For protein intake, there was a significant main effect of condition (F(1, 64) = 4.83, p = 0.03):
participants in Condition A consumed a greater percentage of calories from protein during the day
following SR and TSD compared to participants in Condition B (A: 13.3%, B: 11.9%). However, there
was no significant sleep loss exposure × condition interaction effect (p = 0.33) or main effect of sleep
loss exposure type (p = 0.58). In addition, for saturated fat, there was a significant main effect of
sleep loss exposure (F(1, 64) = 5.09, p = 0.03): participants consumed a greater percentage of calories
from saturated fat during the day following SR than TSD (p = 0.03; Table 2). However, there was no
significant sleep loss exposure × condition interaction effect (p = 0.09) or main effect of condition
(p = 0.11). There were no significant sleep loss exposure (SR and TSD) × condition (A and B) interaction
effects (p’s > 0.16) or main effects of sleep loss exposure type (p’s > 0.11, Table 2) or condition (p’s > 0.11)
for caloric (Figure 3), carbohydrate, fat, sugar or fiber intake.

Table 2. Mean ± SD daily intake during the day following sleep restriction (SR) and the day following
total sleep deprivation (TSD).

Day Following SR
(08:00–22:00; N = 66)

Day Following TSD
(06:00–22:00; N = 66)

p Values

Kcal 2326.6 ± 811.1 2178.9 ± 793.7 0.11
Protein (%kcal) 12.4 ± 3.3 12.8 ± 3.4 0.50

Carbohydrate (%kcal) 58.4 ± 7.3 59.0 ± 8.6 0.56
Fat (%kcal) 31.2 ± 7.1 30.4 ± 8.1 0.31

Sugar (%kcal) 28.7 ± 7.5 28.4 ± 8.8 0.94
Saturated Fat (%kcal) 11.0 ± 3.5 10.0 ± 3.5 0.03

Fiber (g) 19.6 ± 9.6 18.5 ± 10.0 0.38

While there were no significant sleep loss exposure (SR and TSD) × gender interactions for any
intake variables (p’s > 0.12), there were main effects of gender for caloric intake (F(1, 64) = 14.09,
p < 0.001) and protein intake (F(1, 64) = 5.02, p = 0.03). Compared to women, men consumed more
calories and a greater percentage of calories from protein during the day following SR and TSD
(Mean ± SD; men: 2546.4 ± 802.2 kcal, 13.3% ± 2.7% protein; women: 1940.8 ± 448.0 kcal, 11.9% ± 2.4%
protein). There were no significant main effects of gender for carbohydrate, fat, sugar, saturated fat, or
fiber intake (p’s > 0.22).

ICC analyses, which examined the consistency in daily intake following SR and TSD, ranged
from fair to substantial (Figure 4): caloric intake: 0.75 (women: 0.54; men: 0.74); carbohydrate (%kcal):
0.54 (women: 0.45; men: 0.64); fat (%kcal): 0.54 (women: 0.54; men: 0.57); protein (%kcal): 0.34 (women:
0.24; men: 0.34); sugar (%kcal): 0.70 (women: 0.61; men: 0.77); saturated fat (%kcal): 0.59 (women: 0.52;
men: 0.66); and fiber (g): 0.65 (women: 0.62; men: 0.67).
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Figure 3. Mean ± SEM daily caloric intake following one night of sleep restriction (SR) and one
night of total sleep deprivation (TSD). There was no significant sleep loss exposure type (SR and
TSD) × condition (A and B) interaction effect (p = 0.16), and no significant main effects of sleep loss
exposure type (p = 0.11) or condition (p = 0.61).

3.4. Recovery Sleep Following Sleep Restriction or Total Sleep Deprivation

Because some participants received an Ensure nutrition shake during a metabolic testing
procedure on the first recovery day, recovery data analyses were conducted only in the subset of
participants who did not receive this nutrition shake (N = 24; Condition A: N = 12, Condition B: N = 12).
In this subset, there were no significant differences between conditions in age (p = 0.15), BMI (p = 0.49),
or in the percentage of participants who were African American (Condition A: 58.3%, Condition B:
41.7%; p = 0.51) or women (Condition A: 50.0%, Condition B: 50.0%, p = 1.0). Participants in each
condition also did not differ in chronotype (p = 0.08) or pre-study sleep duration (p = 0.86) or midpoint
(p = 0.14).

Between-subjects ANOVAs, covarying baseline intake for each variable, compared intake during
the day following the first recovery sleep night from either SR or TSD. Participants on the first day
of recovery from TSD consumed a greater percentage of calories from protein than those on the first
day of recovery from SR (F(1, 21) = 32.64, p < 0.001, Table 3). Participants on the first day of recovery
from SR tended to consume more calories than those on the first day of recovery from TSD; however,
this did not reach statistical significance (F(1, 21) = 3.80, p = 0.07, Table 3). There were no differences
between conditions in carbohydrate, fat, saturated fat, sugar or fiber intake (p’s > 0.08).

Mixed-model ANOVAs, covarying baseline intake for each measure, compared the time course
of intake across four recovery days following consecutive recovery nights (R1–R4, 10:00–22:00) from
either SR or TSD. There were no recovery day main effects (p’s > 0.10) or recovery day × condition
interaction effects for any intake measure (p’s > 0.06). There were no main effects of condition for daily
caloric, carbohydrate, fat, saturated fat, sugar, or fiber intake (p’s > 0.11); however, participants across
the four days of recovery from TSD consumed a greater percentage of calories from protein than those
across the four days of recovery from SR (F(1, 21) = 19.00, p < 0.001).
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4. Discussion

In this study, we found caloric and macronutrient intake during the day following one night of
SR and one night of TSD were moderately to substantially consistent within individuals and showed
differential vulnerability between individuals. During the late-night period of one night of SR and
one night of TSD, consistency was slight to moderate; furthermore, although caloric intake did not
differ, participants consumed a greater percentage of calories from protein and saturated fat during SR.
Similarly, participants also consumed a greater percentage of calories from saturated fat during the day
following SR than following TSD, despite comparable caloric intake. Notably, participants consumed a
greater percentage of calories from protein during recovery after TSD. Caloric intake was greater in
men during late-night hours and the day following sleep loss. These findings highlight the critical
relationship between energy balance and sleep, and underscore the need to identify biomarkers and
countermeasures to predict and mitigate energy balance vulnerability to sleep loss. Our findings are of
timely importance, given recent, marked escalations in nighttime and overall caloric consumption,
and the increased prevalence of both obesity and sleep loss in the population.

Caloric and macronutrient intake during the day following one night of SR and one night of
TSD showed moderate to substantial consistency within individuals and differential vulnerability
between individuals. Thus, if an individual was vulnerable to increased caloric and macronutrient
intake in one type of sleep loss, he/she was also remarkably vulnerable to this eating behavior in
the other type of sleep loss. These findings are in line with our prior study of the stability of energy
balance responses across two separate sleep restriction exposures [20], and with studies showing
stability of neurobehavioral responses across SR and TSD [18,19]. Future studies should examine the
stability and individual differences of responses for another key component of energy balance—energy
expenditure—as this measure differs between SR and TSD [1,15,16].

During the late-night period of one night of SR and one night of TSD, consistency was slight to
moderate. These findings are in agreement with our prior study examining the stability of late-night
responses across two separate sleep restriction exposures [20], which used comparable late-night
eating intervals. Interestingly, although caloric intake did not differ, participants consumed a greater
percentage of calories from protein and saturated fat during the late-night hours of SR than TSD,
despite similar time intervals for eating. Participants also consumed a greater percentage of calories
from saturated fat during the day following SR than following TSD, even though caloric intake was
comparable. Our findings are consistent with other research showing increased protein and saturated
fat intake during the SR period [36]. These macronutrient differences may be due to minor variations
in late-night or daytime food selection and consumption, which could lead to differences in salt intake
or other factors, by participants during SR and TSD.

Of interest, participants consumed more late-night calories during their first sleep loss exposure.
There are several possible explanations for this finding. Participants may have overindulged in the
first session due to the initial novelty of available food selections from the hospital menu and from
the laboratory kitchen. In addition, the recovery sleep between sleep loss periods (12 h TIB for four
nights) may have served as a partial buffer against the increase in late-night eating during the second
sleep loss period. There is evidence that “banking” sleep can mitigate some of the neurobehavioral
deficits resulting from sleep loss [37], and such banking may serve a similar purpose in regulating
intake behaviors. Further research is needed to explore these possibilities.

Although most intake variables did not differ during recovery from TSD or SR—as we had
hypothesized—participants consumed a greater percentage of calories from protein on the first day of
recovery from TSD, and tended to consume more calories on the first day of recovery from SR. These
findings are in line with studies showing most [23–30], but not all [30,31] neurobehavioral responses
recover similarly after TSD or SR. Intake differences following recovery sleep may be due to variations
in sleep duration, timing, quality and architecture. Notably, these sleep parameters, which may differ
when recovering after TSD versus SR, have been shown to modulate the percentage of caloric intake
derived from protein as well as other energy balance measures [35,38–43]. Future studies are needed
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to explore this and other possible mechanisms underlying recovery intake differences between SR
and TSD.

As predicted, in men, late-night caloric intake was nearly 200 kcals higher and caloric intake the
day following sleep loss was more than 600 kcals higher (with a 1.4% protein intake increase), across
SR and TSD. Our results are in concordance with prior studies showing marked gender differences in
energy intake with sleep loss [1,10,21]. In this study, daily caloric intake was also more stable in men,
consistent with our prior findings [20]. A number of reasons may explain these gender differences,
including differences between men and women in sex and metabolic hormones, peripheral controls of
eating, or in eating behaviors and attitudes about food [10].

Our study had a few limitations. The participants were all healthy, and between the ages of
21 and 50 years old with BMIs in the normal to overweight range. As such, our results may not be
generalizable to other groups, such as adolescents, obese individuals, or the elderly. In addition, we
examined only healthy adult sleepers with habitual sleep durations of approximately 8 h per night.
A recent study found habitually long sleepers had a higher sweet taste preference and decreased
activity following sleep restriction, whereas habitually short sleepers did not experience such changes,
suggesting the former group may be more vulnerable to energy balance changes following sleep
loss [44]. Thus, future research should determine the stability of caloric and macronutrient intake,
and late-night eating responses to sleep restriction and total sleep deprivation in normal weight,
overweight and obese individuals of varying ages and with varying habitual sleep durations.

5. Conclusions

Caloric and macronutrient intake during the late-night period of sleep loss and during the day
following one night of SR and one night of TSD were consistent within individuals with differential
vulnerability between individuals. Caloric intake did not differ during the late-night period of one
night of SR and one night of TSD, although participants consumed a greater percentage of calories from
protein and saturated fat during SR. Participants also consumed a greater percentage of calories from
saturated fat during the day following SR than following TSD, and a greater percentage of calories
from protein during recovery after TSD. Caloric intake was greater in men during the sleep loss period.
We show, for the first time, robust differential vulnerability and phenotypic stability of energy balance
responses to two commonly experienced types of sleep loss, heralding the use of biomarkers and
countermeasures for prediction and mitigation of this critical vulnerability. These novel findings are
timely, given worldwide increases in nighttime and overall caloric consumption, and in the prevalence
of obesity and sleep loss.
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Abstract: We previously reported that women with short sleep duration consumed more dietary
carbohydrate and showed an increased risk for obesity compared to those who slept adequately, but
not for men. Using a cross-sectional study of 17,841 Korean women, we investigated the influence of
sleep duration on obesity-related variables and consumption of dietary carbohydrate-rich foods in
relation to menopausal status. Premenopausal women with short sleep duration had significantly
greater body weight (p = 0.007), body mass index (p = 0.003), systolic and diastolic blood pressures
(p = 0.028 and p = 0.024, respectively), prevalence of obesity (p < 0.016), and consumption of more
carbohydrate-rich foods such as staple foods (p = 0.026) and simple sugar-rich foods (p = 0.044) than
those with adequate sleep duration after adjustment for covariates. Premenopausal women with
short sleep duration were more obese by 1.171 times compared to subjects adequate sleep duration
(95% confidence interval = 1.030–1.330). However, obesity-related variables, dietary consumption,
and odds of being obese did not differ according to sleep duration for postmenopausal women.
The findings suggest that the increased risk for obesity and consumption of dietary carbohydrate-rich
foods with short sleep duration appeared to disappear after menopause in Korean women.

Keywords: menopausal status; sleep duration; carbohydrate-rich foods; obesity; Korean national
health and nutrition examination survey

1. Introduction

Sleep duration is regarded as a risk factor for obesity. It is generally accepted that poor sleep
duration is associated with higher obesity-related variables and an increased risk for developing
obesity as well as being associated with dietary consumption patterns [1–3]. However, poor sleep
duration is more prevalent in women, and these associations are not comparable between men and
women. Interestingly, our previous study reported these associations only for women, and not for
men [3]. Women with poor sleep duration were particularly associated with increased odds of being
obese among women who consumed more dietary carbohydrate (CHO) than subjects with adequate
sleep duration [3].

Unlike men, women are greatly affected by hormone fluctuations during the menstrual cycle,
which regulate dietary consumption and metabolic and physiological conditions [4]. Menopause
is the cessation of reproductive ability in a woman’s life and is associated with a decrease in
hormone production [4,5]. The decrease in estrogen levels is known to be associated with behavioral
changes such as stress, nervousness, depression, and poor sleep as well as physiological changes [6].
Postmenopausal women tend to show an increased prevalence for poor sleep compared with
premenopausal women [7]. However, some studies have reported that poor sleep is not primarily
attributed to decreases in the production of estrogen [8,9].
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Therefore, we hypothesized that the gender differences in the interaction between short sleep
duration and dietary consumption in relation to obesity in our previous study was caused by
differences in reproductive hormones. To determine this hypothesis, we conducted a study in
which menopausal status was divided into two categories, premenopausal and postmenopausal
women, by considering the data of women who participated in the Korean National Health and
Nutrition Examination Survey (KNHANES). Further, we investigated the influence of sleep duration on
obesity-related variables and consumption of dietary CHO-rich foods in relation to menopausal status.

2. Subjects and Methods

2.1. Study Population and Subject Selection

The study was based on data from the KNHANES VI (2007–2009) and V (2010–2012), which is a
national representative and cross-sectional survey carried out by the Korea Centers for Disease Control
and Prevention (KCDC). The KNHANES was conducted to investigate the health and nutritional
status of selective participants from a non-institutionalized civilian Korean population. The survey
used a complex and stratified multi-stage probability clustered sampling design and consisted of a
health interview, a physical health examination, and a nutritional survey. Detailed information can
be found elsewhere [10]. From a total of 50,405 participants (22,926 men and 27,479 women) in the
KNHANES IV–V (2007–2012), 21,620 women over the age of 19 years were selected for this study.
Women with missing and inadequate sleep duration (n = 1690) and menopausal status (n = 850) data
were excluded. Additionally, women who reported an implausible daily total energy consumption
of ≤500 kcal or ≥3500 kcal (n = 1239) were excluded. Finally, 17,841 women were selected for the
final analysis (Figure 1). Analysis before and after excluding missing and inadequate data showed no
significant differences in sleep duration and energy consumption compared with menopausal status.
All participants signed the provided written informed consent, and the survey protocol was approved
by the Institutional Review Board of the KCDC.

Figure 1. Framework of participants’ selection.

2.2. Measurements

Menopausal status, anthropometric and blood biochemical factors, sleep duration, and dietary
consumption were collected from the KNHANES data. Menopausal status and sleep duration data
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from the health interview and dietary consumption data from the nutritional survey were collected
by trained specialists using questionnaires. Anthropometric and blood biochemical variables were
obtained from the health examination using a direct measurement method.

2.3. Menopausal Status

Menopausal status was determined based on the following question: “Have you menstruated for
the past 12 consecutive months?” If “yes”, participants were defined as premenopausal, and if “no”,
participants were defined as postmenopausal.

2.4. Anthropometric Variables and Obesity Definition

Anthropometric variables were measured directly as part of the health examination [11]. Height
and body weight were measured with participants wearing light clothing and no shoes to the nearest
0.1 cm using a stadiometer (SECA 225; seca GmbH, Co., KG., Hamburg, Germany) and 0.1 kg using an
electronic scale (GL-6000-20; G-tech, Seoul, Korea), respectively. Body mass index (BMI) was calculated
by dividing weight (kg) by height squared (m2). The definition of obesity (based on criteria from the
International Obesity Task Force of adults in the Asia-Pacific region) was BMI > 25 kg/m2 [12]. Waist
circumference (WC) was measured at the narrowest point between the lower borders of the rib cage
and the uppermost borders of the iliac crest at the end stage of a normal expiration to the nearest
0.1 cm using a measuring tape (SECA 200; seca GmbH, Co., KG., Hamburg, Germany).

2.5. Biochemical Variables

Blood pressure (BP) was measured using a mercury sphygmomanometer (Baumanometer; WA
Baum, Co., Copiague, NY, USA) and an average of three readings with 5-min rest intervals in the
sitting position was used for the analysis [11]. Blood samples were collected after an overnight fast.
Fasting glucose (FG), total cholesterol (TC), triglycerides (TG), and high-density lipoprotein (HDL-C)
were analyzed using a Hitachi 7000 automatic analyzer (Hitachi, Tokyo, Japan) in a certified clinical
laboratory [11].

2.6. Sleep Duration Assessment

Sleep was assessed using a self-reported questionnaire about average sleeping hours per day.
Participants were divided into two categories according to their sleep duration: short sleep duration
(≤6.9 h/day) and adequate sleep duration (≥7.0 h/day). A sleep duration of 7–8 h/day was taken as
the recommended time for sleeping in accordance with previous studies [13,14].

2.7. Dietary Consumption Assessment

Assessment of dietary consumption was conducted by face-to-face interviews by trained dietitians.
A single 24-h recall record method was used to obtain food items, which were categorized into 18 food
groups based on common food groups classified in the Korean Nutrient Database [15]. Among 18 food
groups, the drink group was divided into three subgroups: sweet; non-sugar (e.g., green tea, black
tea, pure coffee); and alcohol. Consumption of CHO-rich foods as the staple foods or dessert foods is
considered to be generally high in Korean women and to be influenced by sleep duration [3]. As a
result, CHO-rich foods were defined as either staple foods such as a combination of grain and potato
products or simple sugar-rich foods such as a combination of sugary products and sweet beverages.

2.8. Statistical Analyses

To reflect estimates of the entire Korean population, sample weights were applied in all analyses.
To evaluate general characteristics and food group consumption by menopausal status, categorical
variables, such as obesity prevalence, physical activity, current smoking, and drinking status were
analyzed by Pearson’s Chi-square test. Continuous variables, such as age, height, weight, BMI,
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BP, FG, TG, TC, HDL-C, sleep duration, and dietary consumption were analyzed by independent
t-tests. Because data were divided by menopausal status, generalized linear models were used to
analyze the effects of sleep duration on anthropometric and biochemical variables and on food-group
consumption as well as the interaction between menopausal status and sleep duration with respect to
the anthropometric and biochemical variables and on food-group consumption after adjustment for
covariates. Socioeconomic variables (age, education level, and monthly household income), disease
prevalence-related variables (hypertension, cardiovascular disease, and diabetes), and health-related
variables (age, smoking status, alcohol drinking status, and physical activity) were adjusted to prevent
confounding effects. The interaction between menopausal status and sleep duration on the risk for
being obese was determined using a multivariable logistic regression model. According to menopausal
status, the odds ratio (OR) and 95% confidence intervals (CI) for the risk for being obese were estimated
in reference to sleep duration of ≥7.0 h/day. A p-value < 0.05 was considered statistically significant.
All statistical analyses were performed using SPSS (version 21.0; IBM Corp., Armonk, NY, USA)
software for Windows.

3. Results

The general characteristics stratified by menopausal status are shown in Table 1. The average
age was 35.71 and 62.85 years for premenopausal and postmenopausal women, respectively, and the
percentage of women participating with each menopausal status was 51.9% and 48.1%, respectively.
There were significant differences between menopausal statuses for all anthropometric and blood
biochemical variables except for weight. BMI, WC, systolic blood pressure (SBP), diastolic blood
pressure (DBP), FG, TG, and TC were significantly higher in postmenopausal women, but height
and HDL-C were significantly higher in premenopausal women (p < 0.001 for all). Postmenopausal
women showed higher prevalence of obesity than premenopausal women (p < 0.001 for both). Among
health-related habits, premenopausal women showed a higher proportion who currently smoked and
drank alcohol compared with menopausal women (p < 0.001 for both). Sleep duration was significantly
higher in premenopausal compared with postmenopausal women (7.06 and 6.47 h, respectively,
p < 0.001).

Table 1. General characteristics of Korean women study participants.

Premenopausal
(n = 9268)

Postmenopausal
(n = 8573)

p-Value *

Age (years) 35.71 ± 0.14 62.85 ± 0.15 <0.001
Height (cm) 159.46 ± 0.08 153.34 ± 0.09 <0.001
Weight (kg) 57.38 ± 0.13 57.24 ± 0.14 0.460

BMI (kg/m2) 22.58 ± 0.05 24.31 ± 0.05 <0.001
WC (cm) 75.37 ± 0.14 82.51 ± 0.17 <0.001

Obesity prevalence (%) 21.0 38.2 <0.001
SBP (mmHg) 108.39 ± 0.18 126.83 ± 0.30 <0.001
DBP (mmHg) 71.68 ± 0.14 77.13 ± 0.15 <0.001
FG (mg/dL) 91.06 ± 0.21 101.50 ± 0.39 <0.001
TG (mg/dL) 96.29 ± 0.99 138.29 ± 1.22 <0.001
TC (mg/dL) 179.34 ± 0.42 201.93 ± 0.55 <0.001

HDL-C (mg/dL) 56.06 ± 0.20 51.43 ± 0.20 <0.001
Sleep duration (h/day) 7.06 ± 0.02 6.47 ± 0.02 <0.001

Physical activity (%) 49.4 47.6 0.050
Current smoking (%) 6.8 4.7 <0.001
Alcohol drinking (%) 49.8 26.1 <0.001

BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure;
FG, fasting glucose; TG, triglycerides TC, total cholesterol; HDL-C, high density lipoprotein cholesterol. Values are
means ± SE or %; * p-values calculated using t-test or chi-square test.
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Among the different food groups, consumption of grains, potatoes, sugar, nuts, vegetables, fruit,
eggs, fish, seaweed, milk, oil, seasoning, sweet drinks, tea, and alcohol were significantly different
according to menopausal status (Table 2). The staple foods (177.49 ± 3.61 g vs. 166.43 ± 2.77 g,
p < 0.001) were consumed more, but simple sugar foods (84.95 ± 4.67 g vs. 79.95 ± 2.92 g, p < 0.001)
were consumed less in postmenopausal women compared with premenopausal women.

Table 2. Food group consumption in Korean women participants.

Premenopausal
(n = 9268)

Postmenopausal
(n = 8573)

p-Value *

Grains and products (g) 134.79 ± 1.69 155.82 ± 2.30 <0.001
Potatoes and products (g) 42.23 ± 1.28 63.69 ± 1.98 <0.001

Sugar and products (g) 4.98 ± 0.12 4.63 ± 0.13 0.034
Tofu and products (g) 30.02 ± 0.74 29.82 ± 0.83 0.844
Nuts and products (g) 2.64 ± 0.13 3.08 ± 0.17 0.030

Vegetables and products (g) 144.29 ± 2.64 159.60 ± 3.23 <0.001
Mushrooms and products (g) 10.65 ± 0.37 10.45 ± 0.57 0.765

Fruits and products (g) 158.49 ± 2.67 169.06 ± 3.16 0.006
Meats and products (g) 54.49 ± 1.05 51.85 ± 1.48 0.122
Eggs and products (g) 22.57 ± 0.44 20.60 ± 0.53 0.003
Fish and shellfishes (g) 29.68 ± 0.59 24.91 ± 0.66 <0.001

Seaweed and products (g) 5.20 ± 0.22 6.81 ± 0.34 <0.001
Milk and products (g) 123.18 ± 2.18 132.71 ± 2.68 0.003

Oil (g) 4.03 ± 0.07 2.83 ± 0.07 <0.001
Seasoning (g) 36.30 ± 2.01 25.21 ± 1.46 <0.001

Sweet beverages (g) 79.48 ± 2.36 45.18 ± 2.05 <0.001
Tea (g) 89.14 ± 4.18 46.01 ± 6.26 <0.001

Alcohol drinks (g) 174.97 ± 6.85 122.77 ± 7.44 <0.001
Staple foods (g) 169.96 ± 2.49 207.29 ± 3.26 <0.001

Simple sugar-rich foods (g) 81.50 ± 2.51 53.20 ± 2.67 <0.001

Values are means ± SE represented as grams per 1000 kcal. * p-values calculated using t-test.

Significant differences in obesity-related variables and BP by sleep duration were observed
in premenopausal women after adjustment for age, education level, monthly household income,
hypertension, cardiovascular disease, diabetes, smoking status, alcohol drinking, and physical activity
(Table 3). Premenopausal women with short sleep duration had significantly higher body weight
(58.09 ± 0.22 kg vs. 57.04 ± 0.15 kg, p = 0.007) and BMI (22.96 ± 0.08 kg/m2 vs. 22.39 ± 0.06 kg/m2,
p = 0.003) compared with those with adequate sleep duration after adjustment for the covariates.
Moreover, SBP (109.68 ± 0.28 mmHg vs. 107.76 ± 0.21 mmHg, p = 0.028) and DBP (72.54 ± 0.21 mmHg
vs. 71.26 ± 0.16 mmHg, p = 0.024) were higher among premenopausal women with short sleep duration
compared with those with adequate sleep duration. All anthropometric and blood biochemical
variables by sleep duration were not significantly different for postmenopausal women, except
for HDL-C (p = 0.005). Significant interactions between menopausal status and sleep duration
were observed for body weight, BMI, SBP, DBP, TC, and HDL-C (p-interaction < 0.001 for all), WC
(p-interaction = 0.008), and TG (p-interaction = 0.015). The prevalence of obesity according to sleep
duration was significantly different only for premenopausal women and not for postmenopausal
women; premenopausal women with short sleep duration showed a higher proportion with obesity
after adjustment for the covariates (24.1% vs. 19.5%, p = 0.016, Figure 2).
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Figure 2. Prevalence of obesity and metabolic syndrome by sleep duration in participating Korean
women. Premenopausal, n = 2906 for ≤6 h, n = 6308 for ≥7 h. Postmenopausal, n = 4297 for ≤6 h,
n = 4276 for ≥7 h. p-values were calculated using a general linear model test after adjustment for age,
education level, monthly household income, hypertension, cardiovascular disease, diabetes, smoking
status, alcohol drinking, and physical activity

Significant differences in food-group consumption by sleep duration were observed only for
premenopausal women, but not for postmenopausal women after adjustment for the covariates
(Table 4). Among premenopausal women, those with short sleep duration showed significantly
higher consumption of milk and milk products (p = 0.042), seasoning (p = 0.020), sweet beverages
(p = 0.027), and tea (p = 0.013) compared with those with adequate sleep duration. Only among
premenopausal women was short sleep duration associated with the consumption of CHO-rich foods
in the adjusted model. In other words, premenopausal women with short sleep duration consumed
more CHO-rich foods with respect to the staple foods (177.49 ± 3.61 g vs. 166.43 ± 2.77 g, p = 0.026)
and simple sugar-rich foods (84.95 ± 4.67 g vs. 79.95 ± 2.92 g, p = 0.044) compared with those
with adequate sleep duration. Interactions between menopausal status and sleep duration with
respect to food-group consumption were found to be significant after adjustment for the covariates
(p-values for the interaction for potatoes and products, vegetables and products, milk and products,
seasoning, sweet drinks, and tea were 0.025, 0.031, 0.038, 0.025, <0.001, and 0.006, respectively).
Furthermore, significant interactions between menopausal status and sleep duration by CHO-rich
food consumption were observed (p-interaction for staple foods and simple sugar-rich foods were
0.028 and <0.001, respectively).

Adjusted OR for the risk for being obese and the interaction between menopausal status and
sleep duration were examined using a multivariate logistic regression model after adjustment for age,
education level, monthly household income, hypertension, cardiovascular disease, diabetes, smoking
status, alcohol drinking, and physical activity (Figure 3). A significant interaction between menopausal
status and sleep duration was found to be associated with the risk for being obese (p-interaction = 0.002).
However, among postmenopausal women, no significant association was observed between obesity
and sleep duration (p = 0.632). On the other hand, only among premenopausal women with short
sleep duration, the adjusted OR for the risk for being obese significantly increased (p = 0.016). After
adjusting for covariates, premenopausal women with short sleep duration showed a significantly
increased risk for being obese (1.171 times) compared with women with adequate sleep duration
(95% CI = 1.030–1.330).
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Figure 3. Adjusted odds ratio for obesity and for sleep duration in participating Korean women.
OR, odds ratio; CI, confidence interval. The ORs (95% CI) were calculated in reference to sleep
duration ≥7.0 h/day using multivariate logistic regression after adjustment for age, education level,
monthly household income, hypertension, cardiovascular disease, diabetes, smoking status, alcohol
drinking, and physical activity (P-interaction between menopausal status and sleep duration = 0.002).

4. Discussion

In this study, which was based on a national representative Korean women population,
obesity-related variables and consumption of CHO-rich foods were found to be different according
to menopausal status. Among premenopausal women, sleep duration appeared to influence
obesity-related variables, consumption of CHO-rich food, and the risk for being obese in the model
adjusted for age, education level, monthly household income, hypertension, cardiovascular disease,
diabetes, smoking status, alcohol drinking, and physical activity.

Associations between sleep duration and obesity-related variables in women but not men are
reported to be because of hormone differences [3]. In the current study, to investigate hormonal effects,
a large population of women was divided by menopausal profile, which was considered to be a
critical contributing factor in determining hormonal differences in women. Our finding was consistent
with previous studies [16–18], which reported an increased trend in the prevalence of obesity after
menopause. It is possible that the findings are associated with changes in reproductive hormones, such
as estrogen, follicle stimulating hormone (FSH), and luteinizing hormone (LH) as well as melatonin
secretion after entering menopause [15,16]. These changes lead to metabolic changes such as increases
in appetite, dietary consumption, and adiposity as well as alternation in energy homeostasis [19–21].
A study of a population of Brazilian females reported that postmenopausal women with higher BMI
levels had high levels of TG and FG but low levels of HDL-C [22].

Generally, for Koreans, the traditional main meal consists of rice and potatoes, and these products,
which are consumed two to three times per day as staple food, provide about 37.9% of the total daily
energy [23]. In the current study, postmenopausal women consumed more staple food and less simple
sugar food compared with premenopausal women. Premenopausal women, who were mostly younger,
had a higher consumption of simple sugar food and consumed more grams of food in the form of
snacks than as the main meal when compared with postmenopausal women.

Interestingly, after adjustment for age, education level, monthly household income, hypertension,
cardiovascular disease, diabetes, smoking status, alcohol drinking, and physical activity,
premenopausal women with short sleep duration showed a significant association with both higher
obesity-related variables and the risk for being obese, but this was not found for postmenopausal
women. Previous clinical studies [24–26] have reported that a shorter sleep duration is associated with
increases in the intake of dietary CHO or CHO-rich foods, which is consistent with our results
in premenopausal women, and may be associated with decreased leptin and increased ghrelin
levels [24–26].
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In our previous study, we reported that increased dietary consumption of CHO-rich foods
in relation to short sleep duration potentially induced obesity in women, but not in men [3].
The correlation was explained by the combination of appetite controlling hormones such as leptin
and ghrelin as well as the reproductive steroid hormones. When circulating estrogen levels decrease,
levels of FSH and LH increase [27]. Increases in FSH and LH are reported to be associated with a low
blood melatonin level, and injection of melatonin has been shown to reinforce the effects of FSH and
LH [28]. Low levels of blood melatonin in the fall–winter period [29], which is a main marker of the
circadian system, are reported to increase appetite and influence poor sleep duration [29,30]. Normal
levels of estrogen, FSH, and LH in premenopausal women may affect the levels of blood melatonin,
which controls adequate sleep duration and status. Moreover, melatonin regulates appetite controlling
hormones such as leptin and ghrelin, which are associated with the consumption of CHO-rich foods. It
is suggested that the increased risk for obesity caused by short sleep duration in premenopausal women
might decrease in postmenopausal women due to abnormal changes in the levels of reproductive
hormones, such as estrogen, FSH, and LH.

These interesting data suggest that menopausal status may be related to the consumption of
CHO-rich foods, and may therefore influence obesity. However, this study has several limitations.
First, the data that is used in this study is from a cross-sectional study. Consequently, the results of
this study, per se, could not explain the sequence of associations between variables. Second, the age
of the postmenopausal women was substantially higher compared to the premenopausal women.
Although age as a confounding factor was adjusted, physical and psychological changes related with
age may influence obesity status and dietary intake in addition to menopausal status. Third, we
classified two categories for sleep duration; “short” and “proper”. Although some studies [31,32]
showed the association of long sleep duration with obesity, the participants with long sleep duration
(≥9.0 h/day) were low (8.0%) in this study. Finally, the menopausal status in this study was divided
into two categories. However, more detailed menopausal conditions should be considered in future
studies. For example, the 3 to 5 years preceding menopause could be taken into consideration because
other physiological changes may occur during the menopausal transition period.

5. Conclusions

In conclusion, the results using representative subject data of Korean women from KNHANE,
demonstrated that menopausal status is related to the differences in obesity-related variables and
consumption of CHO-rich foods. Indeed, short sleep duration was associated with increased levels of
obesity-related variables and increased consumption of CHO-rich foods in premenopausal women,
but not in postmenopausal women. These findings suggest that the increased risk for being obese and
the consumption of dietary CHO-rich foods that are associated with short sleep duration are likely to
be modulated after menopause in Korean women.
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Abstract: Serum amyloid A (SAA) was recently associated with metabolic endotoxemia, obesity
and insulin resistance. Concurrently, insufficient sleep adversely affects metabolic health and is
an independent predisposing factor for obesity and insulin resistance. In this study we investigated
whether sleep loss modulates SAA production. The serum SAA concentration increased in C57BL/6
mice subjected to sleep restriction (SR) for 15 days or to paradoxical sleep deprivation (PSD) for 72 h.
Sleep restriction also induced the upregulation of Saa1.1/Saa2.1 mRNA levels in the liver and Saa3
mRNA levels in adipose tissue. SAA levels returned to the basal range after 24 h in paradoxical sleep
rebound (PSR). Metabolic endotoxemia was also a finding in SR. Increased plasma levels of SAA
were also observed in healthy human volunteers subjected to two nights of total sleep deprivation
(Total SD), returning to basal levels after one night of recovery. The observed increase in SAA levels
may be part of the initial biochemical alterations caused by sleep deprivation, with potential to drive
deleterious conditions such as metabolic endotoxemia and weight gain.

Keywords: sleep curtailment; sleep loss; obesity; type 2 diabetes; SAA

1. Introduction

Obesity is now reaching pandemic proportions across much of the world and its consequences
includes unprecedented health, social and economic issues. Several aggravating factors have been
identified and are considered contributors to the current epidemic of obesity. Sleep disorders are
among the factors that raised more concerns (for review see [1,2]).

Sleep loss induces metabolic and endocrine alterations, such as decreased glucose tolerance,
decreased insulin sensitivity, increased concentrations of cortisol and ghrelin, decreased levels of
leptin, and increased hunger and appetite [2]. Although these metabolic and endocrine alterations are
frequently used to support a causal relationship between sleep loss and obesity/insulin resistance, it is
still missing the identification of a triggering factor for weight gain in sleep disorders.

The difficulty of translating findings directly from animal models to humans and the challenge of
finding an experimental model that leads to weight gain are some of the elements that prevent new
discoveries regarding the mechanisms involved in weight gain led by sleep loss. Recently, using the
multiple platform sleep restriction (SR) experimental model, we were able to link a past history of
sleep restriction to subsequent complications arising from a high-fat diet [3].

Several possible causes linking reduced sleep and obesity, such as neuroendocrine changes,
increased food intake, decreased energy expenditure and circadian disruption, share an inflammatory
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status as a common factor. Here, we focused in a specific inflammatory protein that has progressively
gained recognition for its role in the obesity process, the acute phase protein serum amyloid A (SAA).
Recently, we used SAA-targeted antisense oligonucleotide (ASOSAA) on a high-fat diet-induced obesity
model and identified SAA as an additional trigger driving endotoxemia, weight gain and insulin
signaling impairment [4].

SAA production is upregulated in the liver and adipose tissue in the acute inflammatory process
and it has been considered to have a role in the activation of immune cells triggering inflammatory
responses [5]. Moreover, SAA has growth factor–like activity, such as increasing the proliferation
of different cell types, including preadipocytes [6,7]. SAA is also able to bind to members of the
Toll-like receptors (TLRs) family that are involved in the inflammatory process and metabolic control
in obesity [8,9]. Here, we addressed if the production of SAA is one of the biochemical factors present
in sleep restriction.

2. Materials and Methods

Animals. Male C57BL/6 mouse (three months of age) from CEDEME Universidade Federal de
São Paulo (UNIFESP), housed in a room maintained at 20 ± 2 ◦C in 12:12 h light/dark cycle, chow diet
(Nuvilab CR-1, Colombo, Brazil) and water ad libitum, were submitted to sleep restriction (SR) or
paradoxical sleep deprivation (PSD) protocols. For each experimental group, six to 12 animals were
used. The experimental protocol was approved by the Ethical Committee of UNIFESP (approval
No. 0474/09). The euthanasia occurred immediately after each last experimental period by anesthesia
overdose (i.p. administration of a combination of ketamine (100 mg/kg) and xylazine (15 mg/kg)),
and ensured by cervical dislocation. During terminal anesthesia, serum samples were collected by
cardiac puncture.

Sleep restriction (SR) protocol. The SR method used in this study was an adaptation of the multiple
platform method, originally developed for rats [10], and performed as previously described [3,11,12].
The animals were randomly assigned into control group and SR group. The SR group was sleep
restricted for 15 days, 21 h daily. After each 21 h period of SR, the mice were allowed to sleep for 3 h
(sleep opportunity beginning at 10 a.m.).

Paradoxical sleep deprivation (PSD) and paradoxical sleep rebound (PSR) protocols. For PSD
experiments, the animals were randomly assigned into three groups: the control group, the PSD
group and the PSR group. PSD animals were sleep deprived for 72 consecutive hours, using the
multiple platform method as previously described [3,13–15]. The PSR mice were sleep deprived for
72 consecutive hours followed by 24 h in sleep rebound period. A home cage control group was in
the same room for the duration of the experiment, sleeping ad libitum. During the 72 h PSD period
mice were placed inside a water tank (41 cm × 34 cm × 17.5 cm), filled up to 1 cm of the upper border
and containing 12 circular platforms, 3.5 cm in diameter. Animals could thus move around inside the
tank by jumping from one platform to another. When PSD was reached, muscle atonia set in, animals
fell into the water and woke up. Food and water were provided ad libitum. Water in the tank was
changed daily throughout the study period.

Human sleep deprivation. The experimental protocol was performed as previously described [16,17]
with 30 healthy male volunteers ranging from 19 to 29 years. The exclusion criteria included sleep
disorders, shift work, extreme morningness-eveningness, neurological or psychiatric diseases, smoking
and alcohol or substance abuse, including any medicine able to change sleep patterns. The participants
had normal results on Pittsburgh Sleep Quality Index, Epworth Sleepness Scale and Beck Depression
Inventory. Briefly, three experimental groups were randomly assigned (10 non-sleep deprived, 10 total
sleep deprived, and 10 REM sleep deprived) and the protocol was performed on nine consecutive days:
one adaptation night, one baseline night, two nights of total sleep deprivation (Total SD) or four nights
of REM sleep deprivation (REM SD), followed by three nights of sleep recovery for both groups.
The control group was also maintained in the laboratory during the entire experimental protocol and
had regular nights of sleep monitored by polysomnography (uninterrupted sleep showing normal
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sleep patterns). All subjects remained in the research center throughout the study period respecting
a bedtime schedule (from 11 p.m. to 8 a.m.), in accordance with their regular habits (7–9 h sleep
per night), and receiving 4 meals per day [17]. Total SD volunteers could read, play games, watch
television or ambulate within the building to help them stay awake. Therefore, we cannot exclude
circadian interference on SAA levels. The subjects were also abstained from running or any other
type of resistance exercise. The investigators were continuously present to monitor wakefulness to
ensure that subjects would not fall asleep during the study. REM SD volunteers were awakened
when observed desynchronized EEG without spindles or K complexes and the concomitant reduction
of the tonic electromyogram amplitude. The volunteers were kept awake for a sufficient time to
avoid an immediate relapse into REM sleep while keeping the waking episodes short enough to
allow frequent interventions. The study was conducted at the Sleep Laboratory of the Department
of Psychobiology at the Universidade Federal de São Paulo (UNIFESP) with the approval of the
Ethics Committee of the University (#1163/2016). All participants provided informed consent prior to
enrolling in the study. Blood samples were obtained every morning (8 a.m.) during the experimental
protocol (baseline, two nights of Total SD, four nights of REM SD and three nights of recovery). Blood
samples were centrifuged immediately at 4 ◦C, and then the plasma were stored at −80 ◦C until the
assays were conducted.

Quantitative real-time PCR. Total RNA from epididymal adipose tissue and liver was isolated
using Qiagen RNeasy® Lipid Tissue Mini kit (Qiagen, Hilden, Germany). cDNA was then
synthesized from 1 μg of RNA using the High Capacity cDNA Reverse Transcription (Life
Technologies®, Grand Island, NY, USA). Real-time PCR were performed using SyBr® Green Master
Mix (Life Technologies®, Grand Island, NY, USA) for Saa1.1/2.1 (F-5′-AGA CAA ATA CTT CCA
TGC TCG G-3′ and R-5′-CAT CAC TGA TTT TCT CAG CAG C-3′). Real-time PCR for Saa3 was
performed using the TaqMan® assay (Applied Biosystems®, Grand Island, NJ, USA), catalogue number
Mm00441203_m1–Saa3 and β-actin (Actb), number 4552933E, as an endogenous housekeeping gene
control. Relative gene expression was determined using the 2−ΔΔCt method [18].

SAA and endotoxin quantification. Serum/plasma concentrations of SAA were determined using
ELISA following the manufacturer’s instructions: mouse SAA (Tridelta Development Ltd., Maynooth,
Ireland) and human SAA (Invitrogen®, Camarillo, CA, USA). Endotoxin was measured with the
limulus amoebocyte lysate (LAL) chromogenic endpoint assay (Lonza, Allendale, NJ, USA).

Immunofluorescence. Using paraffin-embedded sections (5 μm thick) from epididymal
adipose tissue, immunofluorescence for SAA was performed using a rabbit anti-mouse SAA
(1:200 dilution, kindly produced and provided by De Beer laboratory, University of Kentucky, KY,
USA) [19], subsequently incubated with the appropriate secondary fluorescent antibody (Invitrogen®,
Camarillo, CA, USA) and the slides mounted using Vectashield set mounting medium with
4,6-diamidino-2-phenylindol-2-HCl (DAPI; Vector Laboratories Inc., Burlingame, CA, USA). An isotype
control was used to ensure antibody specificity in each staining. Tissue sections were observed with
a Nikon Eclipse 80i microscope (Nikon®, Tokyo, Japan) and digital images were captured with
NIS-Element AR software (Nikon®, Tokyo, Japan).

Statistical analysis. Results were presented as mean ± SEM and the number of independent
experiments is indicated in each graph. Statistical analysis was performed with Graph Pad Prism4
(Graph Pad Software, Inc., San Diego, CA, USA). When multiple samples were compared with
one independent variable, one-way analysis of variance with Newman-Keuls post hoc test was
performed. The level of significance was set at p < 0.05.

3. Results

Mice subjected to sleep restriction (SR) for 21 h daily during 15 days lost weight (Figure 1A).
After seven and 15 days of SR, mice lost approximately 7% and 12% of weight, respectively. SR led
to an increase in serum SAA and endotoxin of approximately four times (Figure 1B,C). Saa1.1/2.1
and Saa3 are inducible tissue-specific isoforms in the liver and adipose tissue, respectively [5,20,21].
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Sleep restriction led to the mRNA expression of tissue-specific isoforms of SAA (Figure 1D–G). In the
liver, the isoform Saa1.1/2.1 was upregulated 10–40 times (Figure 1D) and Saa3 remained unaltered
(Figure 1E). In adipose tissue, whereas no difference in Saa1.1/2.1 expression was observed (Figure 1F),
the isoform Saa3 was upregulated around seven times (Figure 1G). The data was confirmed by
immunostaining the adipose tissue, where SAA production was induced after SR (Figure 1H).

Figure 1. Sleep restriction (SR) causes weight loss and increased SAA production. Mice C57BL/6
were submitted to SR for 21 h daily for 15 days. (A) Mice weight change after SR; (B) SAA and
(C) endotoxin concentration in mice serum; Real-time PCR was performed to assess mRNA expression
of (D) Saa1.1/2.1 and (E) Saa3 in liver and (F) Saa1.1/2.1 and (G) Saa3 in adipose tissue; (H) Control
and SR mice adipose tissue stained for SAA. Data are means ± SEM from six to 12 mice per group,
with statistical analyses performed by one-way ANOVA followed by Newman-Keuls post hoc test
(** p < 0.01, *** p < 0.001, vs. control).
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Paradoxical sleep deprivation (PSD) and paradoxical sleep rebound (PSR) were primarily used to
assess the extent, severity and length of the SAA increment induced by sleep loss. Similarly to sleep
restriction (SR), mice subjected to paradoxical sleep deprivation (PSD) also showed an increase in
serum SAA levels (four times higher than control mice) (Figure 2A). Besides that, PSD mice showed no
difference in Saa1.1/2.1 expression (Figure 2B) in the adipose tissue, with Saa3 mRNA being upregulated
about three times (Figure 2C). Interestingly, PSD regulates SAA production in a stimulus-dependent
manner, once it was observed that SAA serum levels and Saa3 mRNA expression in adipose tissue
returned to baseline after the rebound period (Figure 2A,C).

Figure 2. Paradoxical sleep deprivation (PSD) increases SAA levels in a stimulus-dependent manner.
C57BL/6 mice were submitted to PSD for 72 uninterrupted hours, followed by a 24 h paradoxical
sleep rebound (PSR) period. (A) SAA concentration in serum. Real-time PCR was performed to assess
mRNA expression of (B) Saa1.1/2.1 and (C) Saa3 in adipose tissue. Data are means ± SEM from six mice
per group, with statistical analyses performed by one-way ANOVA followed by Newman-Keuls post
hoc test (** p < 0.01, *** p < 0.001, vs. control).

Finally, it was also possible to measure SAA from plasma derived from healthy human volunteers
subjected to two nights of total sleep deprivation (Total SD) or four days in REM sleep deprivation
(REM SD) (Figure 3). Although there was no difference regarding the SAA concentration when
comparing the control and REM SD groups (Figure 3A), a remarkable four-fold increase in plasma
SAA levels was observed after 24 or 48 h of total sleep deprivation (Total SD) (Figure 3B). Interestingly,
the SAA levels also returned to basal levels after one night of recovery, showing that Total SD regulates
SAA production in humans (Figure 3B).

31

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 311

Figure 3. Total sleep deprivation increases plasma SAA in human. Thirty healthy male volunteers aged
between 19 to 29 years were randomly assigned to one of three experimental groups after providing
a written informed consent (10 in a non-sleep-deprived group (Control), 10 in a total sleep-deprived
group (Total SD), and 10 in an REM-sleep-deprived group (REM SD)). Exclusion criteria included the
following: sleep disorders, obesity and obstructive sleep apnea (OSA). Plasma SAA concentration in
(A) REM SD and (B) Total SD. Data are means ± SEM (* p < 0.05, ** p < 0.01).

4. Discussion

The purpose of this study was to determine whether sleep restriction is associated with SAA
production. We found that sleep restriction led to an increase in the production of SAA in both mice
and humans.

In obesity and diabetes, the increment in SAA serum levels reaches no more than a three-fold
increase from baseline [5,22]. Considering that, the four-fold elevation in serum SAA observed in sleep
restriction (21 h daily for 15 days) and also in paradoxical sleep deprivation (72 consecutive hours)
seems a striking result. Moreover, sleep restriction also caused an increment in lipopolysaccharide
(LPS) in serum, achieving levels similar to that observed in metabolic endotoxemia, defined as a mild
increment of LPS in serum after a short time on a high-fat diet, associated with the onset of diabetes
and obesity [23].

Although it was not possible to identify which specific SAA isoform was increased in the mice
serum, it is expected to be the hepatic-induced isoforms Saa1.1/2.1, once Saa3 does not contribute to
circulating SAA levels [5,21,24]. SAA3 is related to adipose tissue inflammation and its expression
regulation may involve a direct induction by the hepatic isoforms Saa1.1/2.1 [6,25].

The interplay between SAA and LPS has been suggested to play a role in the adipose tissue,
making it prone to hypertrophy and consequent weight gain [4]. Both SAA and LPS are able to cause
morphologic changes in the adipose tissue, such as promoting preadipocyte proliferation and tissue
inflammation [6,26,27]. Despite the direct induction of migration, adhesion and tissue infiltration of
monocytes and polymorphonuclear leukocytes [28], SAA induces the release of other chemoattractive
cytokines such as MCP-1 and CCL20 [26,29]. Although sleep restriction led momentarily to weight
loss, the increase in Saa3 expression in adipose tissue may be an important factor to trigger obesity
and insulin resistance. Our previous study in mice showed that sleep restriction predisposed them to
weight gain and insulin resistance, aggravating the harmful effects of a high-fat diet [3].

Sleep restriction and sleep reestablishment seemed to be a prompt regulator for Saa3 expression
in mice adipose tissue. In a stimulus-dependent manner, an increase in Saa3 expression was observed
in PSD, with a rapid return to the baseline expression after 24 h in recovery.
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The increment in SAA observed in humans submitted to two nights of total sleep deprivation was
similar to that found in mice submitted to sleep restriction. This increment may be due to an increased
SAA production or even due to a reduction in SAA clearance. Besides physiological differences
between mice and humans, especially related to sleep habits, the increase in serum levels of SAA in
response to sleep restriction seems to be similar between the species. However, if paradoxical sleep
deprivation in mice was also able to modulate SAA production, no effect was observed when REM
sleep deprivation was applied to humans. It is important to highlight that SAA was already described
as being altered in obese patients with obstructive sleep apnea syndrome (OSAS) [30], possibly as
a consequence of hypoxia/reoxygenation related to sleep apnea [31]. Our findings point out that even
in lean and non-OSAS humans, SR is able to increase SAA levels and it may be related to the onset of
subclinical inflammation, weight gain and insulin resistance. Moreover, the elevation in circulating
non-esterified fatty acid (NEFA) is another event derived from SR [32] and it might be a direct effect of
serum amyloid A, once it is able to induce lipolysis [6,26]. Both SAA and NEFA can lead to insulin
resistance and play a central role in the development of metabolic diseases [4,32].

In addition to the role of SAA in obesity and insulin resistance, elevated serum levels of
SAA is an independent and strong predictor of coronary artery disease and adverse cardiovascular
outcome [33]. More recently, clearer evidence of the involvement of SAA in cardiovascular disease
(CVD) showed that a brief elevation in SAA levels is sufficient to increase atherosclerosis [34]. Although
no measurement of a direct cardiovascular disease risk factor was taken, it should be addressed in
future studies.

5. Conclusions

In summary, our data show that sleep deprivation triggers SAA production in healthy and
non-obese mice and humans. Interestingly, the transient increment in SAA levels occurred
simultaneously to a metabolic endotoxemia. These results support the continued investigation of the
role of SAA in metabolic diseases and also suggest that increased levels of SAA may be part of the
signaling linking sleep loss to its associated comorbidities, such as obesity and type 2 diabetes.
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Abstract: Shift work has been associated with dietary changes. This study examined factors
associated with the dietary profiles of shift workers from several industries (n = 118, 57 male;
age = 43.4 ± 9.9 years) employed on permanent mornings, nights, or rotating 8-h or 12-h shifts.
The dietary profile was assessed using a Food Frequency Questionnaire. Shift-related (e.g., sleep
duration and fatigue), work-related (e.g., industry), and demographic factors (e.g., BMI) were
measured using a modified version of the Standard Shift work Index. Mean daily energy intake
was 8628 ± 3161 kJ. As a percentage of daily energy intake, all workers reported lower than
recommended levels of carbohydrate (CHO, 45%–65%). Protein was within recommended levels
(15%–25%). Permanent night workers were the only group to report higher than recommended fat
intake (20%–35%). However, all workers reported higher than recommended levels of saturated
fat (>10%) with those on permanent nights reporting significantly higher levels than other groups
(Mean = 15.5% ± 3.1%, p < 0.05). Shorter sleep durations and decreased fatigue were associated with
higher CHO intake (p ≤ 0.05) whereas increased fatigue and longer sleep durations were associated
with higher intake of fat (p ≤ 0.05). Findings demonstrate sleep duration, fatigue, and shift schedule
are associated with the dietary profile of shift workers.

Keywords: shift work; shift schedule; sleep duration; fatigue; diet; energy intake; macronutrient
distribution; dietary profile

1. Introduction

The prevalence of shift work has increased over the past few decades [1]. Shift work has been
associated with a number of negative consequences, including circadian disruption, sleep restriction [2,3],
and high levels of fatigue [4], leading to detrimental effects for the safety and performance of shift
workers [5–8]. The impact of shift work on long-term health is also of concern and numerous
studies have linked shift work with several serious health disorders, including cardiovascular disease,
metabolic syndrome, type 2 diabetes, gastrointestinal disease, and some forms of cancer [9–12].
Poor diet has been identified as a risk factor for chronic health conditions [13] and, as such, interest in
examining the dietary profiles of shift workers has increased.

A recent systematic review and meta-analysis investigating the energy intake of shift workers
compared to day workers concluded that there were no differences in total energy intake over a 24-h
period between the two groups [14]. In contrast, a subsequent study adjusting for confounding factors,
such as age and BMI, found that shift workers reported a higher energy intake compared to day
workers [15]. Although this study did not find any differences in the quality of the diet, several
previous studies have suggested that shift work might alter macronutrient distribution and food
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consumption patterns, such as an increased intake of snacks on night shift. Several studies have
investigated the dietary profiles of shift workers. Studies have found shift workers report an increased
fat intake [16–18], a higher percentage of saturated fat in the diet [16,19], and an increased intake
of carbohydrates [17] when compared to day workers. However, findings have been mixed, with
variations in methods used to capture dietary intake (e.g., food frequency questionnaires versus food
diaries) [20,21], country/culture (e.g., Brazil versus Japan) [19,20], industry (e.g., airline employees
versus steel company workers) [18,19], and type of shift work studied (e.g., permanent versus rotating
shifts) [16,21]. These differences by shift work type are important, since each shift schedule differentially
affects lifestyle factors, such as sleep duration and fatigue [2,5,22,23], which have, themselves, been
associated with dietary changes [24–29]. As highlighted in a recent review examining lifestyle habits
and health risks in shift workers [30], it is important to measure lifestyle factors associated with shift
work as these may at least partially explain the extent to which diet is altered.

Indeed, as a consequence of circadian disruption and/or inadequate rest opportunities between
shifts, studies have demonstrated that shift workers obtain less sleep than day workers [2,22,23,31].
Laboratory studies restricting the sleep of their participants have found alterations in macronutrient
intake. For example, an increase in carbohydrate intake was observed in a study that restricted
participants’ sleep opportunity to 5 h for five nights [25]. Other studies (all restricting sleep to 4 h per
night) showed an increased consumption of fat following sleep restriction [26–29]. Contrasting findings
in these studies could be explained by varied options, timing, and delivery of food. For example, buffet
meals were provided at set times in some studies [26], while other studies have offered participants
the option to snack ad libitum from a list of set snack choices [25,27]. Additionally, one study
allowed participants to purchase foods of their choice at any time [29]. Differences in participant
demographics have also been noted across studies, including BMI (e.g., within healthy weight range
versus overweight participants) [25,28]; sex (e.g., males only versus mixed sex studies) [26,28], and
duration of sleep restriction exposure, ranging from one night [26] to five nights [25,28]. In addition to
these laboratory studies, a review of recent epidemiological studies concluded that sleep restriction
was associated with an increase in fat consumption [32]. Overall, the findings of these studies suggest
reduced sleep duration may result in changes to fat, and potentially carbohydrates, in the diet.
However, the additional influence of other factors is yet to be explored.

In addition to sleep restriction, shift workers commonly report experiencing high levels of
sleepiness and fatigue [5]. Night shift workers participating in a qualitative study reported increasing
their intake of sugar and sweet snacks as a strategy for dealing with decreased alertness due to
the circadian disruption associated with the night shift [24]. The term fatigue is sometimes used
interchangeably with sleepiness, however, it may be most usefully examined as a separate construct
resulting from difficult work, extended duty, and personal circumstance [33], as opposed to the simple
desire for sleep. In this context, the term chronic fatigue is often used. To our knowledge no studies
have examined whether chronic fatigue is associated with macronutrient intake.

Other work related factors, such the number of years an individual has been employed in shift
work, have also been found to influence dietary profile. For example, a longitudinal study found that
individuals who were employed in shift work for the full 10 years of the study had higher energy
intakes compared to day workers who remained on day shifts for the duration of the study, day
workers who changed to shift work during the study, and shift workers who reverted back to day
shifts [34]. Similarly, a previous longitudinal study found that participants reported an increase in
energy intake since beginning employment in shift work [35]. Very few studies investigating the diet of
shift workers have reported the years their participants have been employed on a shift work schedule,
however, the findings from these two studies suggest this should be investigated further as long-term
shift work may be associated with increased energy intake.

In addition to the above factors that relate specifically to shift work, various other work-related
and demographic factors have been found to alter the diet. For example, the industry an individual
works in may influence their dietary profile due to the availability of food at the workplace (e.g., canteen
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facilities) [18] and norms for eating may alter between workplaces [36]. Furthermore, demographic
variables, such as age, sex, BMI, number of dependents, and marital and socioeconomic status, have
also been found to influence dietary intake and composition [36–40] and, therefore, these factors should
also be considered when examining dietary profiles.

Although there have been an increasing number of studies examining the diet of shift workers,
very few have investigated factors other than shift schedule to determine if they are associated with
dietary profile. Identifying these factors will improve our understanding of the mechanisms that
may contribute to health disorders seen in shift work populations and may help in the planning and
development of health promotion strategies. Therefore, the aim of the current study was to determine
if shift-related factors such as sleep duration, fatigue and years employed in shift work are associated
with alterations in dietary profile. As other work-related and demographic factors have been found to
alter dietary intake and composition, these will also be examined to determine if they are associated
with the dietary profiles of shift workers.

2. Materials and Methods

This cross-sectional study conducted was over two years (2010–2012) and was designed to
investigate factors associated with the dietary profiles in shift workers. Ethical approval for this
study was obtained from the University of South Australia Human Research Ethics Committee (Ethics
Protocol: P008/10). In addition, where required, ethics approval was obtained from the human
research ethics committees relevant to the specific organisations.

2.1. Participants

The study recruited 131 participants from six organisations. Participants came from four
industries: printing, postal, nursing, and oil and gas. Participants were included in the study if they
worked on a shift work schedule in one of these industries at one of these organisations. Participants
were excluded from the study if they were under 18 years of age.

2.2. Procedure

Participants were recruited in two different ways depending on the organisation. Three of the
six organisations allowed the research team to conduct information sessions in scheduled breaks at
the workplace. The remaining three organisations preferred the research team to discuss the study
with a manager who then explained the study to employees at workplace meetings. Following the
information sessions, interested volunteers were asked to complete a series of questionnaires to capture
information about dietary patterns, shift schedule, sleep, etc. As the questionnaire was anonymous
a consent form was not required. Return of the questionnaire indicated consent to participate in the
study. Questionnaires were returned via post to the Centre for Sleep Research at the University of
South Australia and checked for completeness.

2.3. Measures

Dietary profiles were assessed using a semi-quantitative self-administered food frequency
questionnaire (FFQ) designed by the Cancer Council Victoria [41]. The FFQ has been validated relative
to weighed food records [42,43]. The daily macronutrient and alcohol intakes for each participant
were calculated as a percentage of daily energy intake in kilojoules using the following values for each
macronutrient: 17 kJ/g for carbohydrate and protein, 29 kJ/g for alcohol, and 37 kJ/g for fat.

Participants reported their sleep duration in hours on a modified version of the Standard Shift
work Index (SSI) [44]. The Standard Shift work Index is a questionnaire that has been specifically
designed to capture the details of shift workers. It is particularly appropriate for measuring
demographic details in shift workers as it contains questions that take the schedules of shift workers
into consideration. For example, the questionnaire asks participants to complete detailed information
around the times they normally fall asleep and wake up at specific points within their shift system (e.g.,

38

Bo
ok
s

M
DP
I



Nutrients 2016, 8, 771

before shifts, between shifts, and after the shift). This questionnaire has been used in many studies
investigating the behaviour of shift workers worldwide [45]. Section 2 of the SSI (Sleep and Fatigue)
was used to determine the amount of sleep each participant typically obtained between each working
day for every type of shift they worked (e.g., morning, night and afternoon). Rotating shift workers
reported the amount of sleep they typically obtained between each shift type. As rotating shift workers
undertook a variety of shifts, average sleep duration between working days was calculated. Therefore,
sleep duration was operationalized as the average sleep duration (in hours) a participant reported
obtaining between working days.

Chronic fatigue was measured using a scale provided in the modified version of the SSI. The SSI
defines chronic fatigue as general tiredness and lack of energy on work and rest days regardless of sleep
obtained or work hours [44]. The Chronic Fatigue Scale is a five-point Likert type scale with 10 items.
Responses can range from ‘not at all’ to ‘very much so’. Five items in the scale are related to general
feelings of tiredness or lack of energy. The remaining five items relate to feelings of vigour and energy,
and are reversed scored. The Chronic Fatigue Scale has been found to have a reliability coefficient of
0.91 for internal consistency [46]. Scores on the Chronic Fatigue Scale can range from 10 to 50 with
higher scores representing a greater level of chronic fatigue. Chronic fatigue was operationalized as
the participant’s score on the Chronic Fatigue Scale as a continuous variable.

Shift schedule, shift work history, total hours worked, and industry were reported on the modified
version of the SSI [44]. These questions were open ended and asked participants to report their shift
schedule, the number of years they have been employed in shift work, typical weekly working hours
(including overtime) and the industry they are currently employed in. It was identified that shift
workers were employed in one of four different shift schedules: permanent morning (e.g., 07:00–15:30),
permanent night (e.g., 21:00–07:30), 8-h rotating (e.g., rotating between morning, afternoon, and night
shift), and 12-h rotating (rotating between morning and night shifts). Participants were employed in
one of four industries (printing, postal services, nursing, or oil and gas). The responses from completed
questionnaires determined shift schedule (permanent morning, permanent night, 8-h rotating, or 12-h
rotating); shift work history (the number of years employed in shift work); total hours worked (the
number of hours reported working per week); and industry (printing, postal services, nursing or oil
and gas). All of these industries were located in the metropolitan area of South Australia, except for oil
and gas, which was located in Victoria.

Self-reported data were also collected for age, body mass, and height (from which body mass
index (BMI) was derived). The number of dependents living at home, educational level, and marital
status were also included in this study, as previous research has suggested that these variables can
affect eating behaviour [38]. Participants reported their demographic details on the modified version
of the SSI.

2.4. Data Processing and Statistical Analysis

Data were checked for missing values and screened for normality. There were no clear patterns in
missing data between participants or variables. Less than 5% of data were missing for all variables
except for shift work history (11% missing) and BMI (7% missing). Reported energy intake for
one participant was >3 Standard Deviation (SD) above the mean and was, therefore, considered
an outlier [47] and this value was removed. Marital status was categorised into ‘married’ and ‘not
married’ (divorced, widowed, or single) in order to have cell sizes that were sufficient for the analysis.
Dependents were categorised into ‘yes’ (dependent <18 years) or ‘no’. Education was categorised into
four categories: post-graduate, undergraduate, vocational, and secondary.

In order to examine differences in demographic, sleep, fatigue, work hours, and diet variables
across different shift types (morning, night, 8-h rotating, 12-h rotating), univariate analysis of variance
(ANOVA) was conducted. F-values and degrees of freedom were reported (Fdf). Significant F-ratios
(p < 0.05) were further investigated with pairwise post-hoc testing to identify which shifts were
different from each other.
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In order to identify associations between sleep, fatigue, work hours, and diet, controlling for
other variables, linear regression was conducted. Prior to conducting the regressions, to investigate
univariate associations and check for multicollinearity (variables that are too highly correlated), Pearson
correlations were calculated for all continuous sleep, fatigue, work, diet, and demographic variables.
Magnitudes of correlations were interpreted as trivial <0.1; 0.1 ≤ small < 0.3; 0.3 ≤ moderate < 0.5;
and large >0.5 [48]. Correlations between all variables and energy intake were trivial. Percentage of
fat showed small correlations with chronic fatigue levels (r = 0.26) and BMI (r = 0.27). Sleep duration
showed a small correlation with BMI (r = −0.21) and the total hours worked per week (r = −0.22).
Age showed a small correlation with BMI (r = 0.22) and a large correlation with years worked in shift
work (r = 0.58). The correlation between sleep duration and chronic fatigue was trivial (r = −0.06).
No sources of multicollinearity were identified.

Subsequent regression analyses for total energy, carbohydrate, protein, fat, saturated fat, and
alcohol intake (dependent variables) were conducted using purposeful selection of covariates, as
outlined by Hosmer, Lemeshow, and May [49]. This is an alternative to traditional stepwise approaches,
which is of particular benefit when the goals of regression analysis are more than simply prediction.
In traditional approaches, variables are most commonly retained in a model based on clinical and/or
statistical significance. In contrast, the purposeful approach is designed to capture not only significant
variables, but also those that are confounders (i.e., they influence the relationship between other
variables and the dependent variable) [50]. First, (BMI, sex (ref = male), age, marital status, dependents,
education, industry (ref = oil and gas), shift work history, hours worked per week, chronic fatigue
score, shift schedule (ref = morning shift), and sleep duration) were entered into the model. Second,
covariates that were not significant were removed from the model, leaving a preliminary main effects
model. Third, each non-significant covariate was individually re-added to the preliminary main
effects model. During this step, any covariates that were significant altered the significance of the
other variables, or changed the parameter estimates by more than 20% were retained. Therefore, final
models, presented in the results section, include all variables that have a significant effect on the
dependent variable, or on the relationship between other independent variables and the dependent
variable (referred to as control variables). Parameter estimates, their standard error (SE), significance
level (p), and 95% confidence intervals (CI) are presented, as well as the R2 change (ΔR2) for each
independent variable.

3. Results

3.1. Participants

Eight participants were excluded due to incomplete dietary questionnaires. One participant was
excluded, as the industry reported on their questionnaire did not match any of the other industry
categories. A further four participants were excluded as the work hours they reported (e.g., working
between 9 a.m. and 5 p.m.) classified them as day workers rather than shift workers. Therefore, the
final sample consisted of 118 participants (68% male) aged between 18 and 62 years (43.4 ± 9.9 years).
The average sleep duration between shifts in this sample was 7.0 h. Shift workers on a 12-h rotating
shift schedule obtained significantly less sleep than those employed on any of the other shift schedules
(see Table 1). Although those on 8-h rotating shift and permanent night shift reported slightly higher
levels of fatigue than morning and 12-h rotating shift workers, there was no significant difference in
fatigue found between shift types (see Table 1). The average working hours per week for participants
was 39.8 ± 11.6 h. On average, shift workers in the present study had been employed in shift work
for 14.7 ± 10.0 years (see Table 1). Dietary intake for each shift type is reported in Table 2. All shift
workers reported lower than recommended levels (45%–65%) of carbohydrates as a percentage of
daily energy intake. Intake of protein as a percentage of energy intake was within recommended
levels (15%–25%) for all shift workers. Night shift workers were the only group to report a higher than
recommended percentage (20%–35%) of total fat intake. However, all shift workers reported higher
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than recommended levels of saturated fat (>10%) as a percentage of daily energy intake. The only
significant difference by shift schedule in these simple univariate comparisons was for the percentage
of saturated fat, with night shift workers consuming the highest proportion.

Table 1. Demographic characteristics of the study population for morning, night, 8-h rotating (8-h R)
and 12-h rotating (12-h R) shift workers. The final column shows the F-ratio and degrees of freedom
(df = 3113) from the univariate ANOVA.

Morning n = 33 Night n = 27 8-h R n = 29 12-h R n = 29 F3113

Demographics
Age (years) 44.8 (9.9) 42.7 (9.9) 41.2 (11.7) 44.17 (7.9) 0.58
Female (%) 21.2 37.0 65.5 3.6
BMI (kg/m2) 25.8 (2.8) 26.8 (5.1) 27.5 (5.5) 28.3 (4.0) 1.68
Married (%) 81.8 74.1 85.7 93.1
Education

Postgrad (%) 12.5 7.4 32.1 17.2
Undergrad (%) 21.9 14.8 32.1 3.4
Vocational (%) 21.9 7.4 14.3 44.8
Secondary (%) 43.8 70.4 21.4 34.5

Sleep/Fatigue
Sleep duration (h) 7.5 (1.0) 7.0 (1.1) 7.4 (0.9) 6.3 (1.0) 8.42 *,a

Chronic Fatigue (10–50) 25.9 (5.9) 28.1(8.4) 28.0 (7.8) 25.1 (7.7) 1.42

Work
Work hours (h) 40.4 (16.1) 35.9 (9.6) 38.9 (10.0) 44.0 (7.2) 2.44
Shift work (years) 18.7 (11.5) 9.0 (5.9) 13.5 (10.5) 18.5 (8.8) 6.37 *,b

Industry
Printing (%) 18.2 14.8 20.7 0
Postal (%) 63.6 77.8 0 0
Nursing (%) 15.2 7.4 75.9 0
Oil and Gas (%) 3 0 3.4 100

Mean (standard deviation) unless indicated otherwise; * significant at p < 0.05; R = rotating; BMI = body
mass index; a 12-h R sleep duration was significantly shorter compared to all other shift types; b 12-h R spent
significantly longer years in shift work compared to night and 8-R shift workers.

Table 2. Energy (kJ/1000) and macronutrients (% of energy intake) for morning, night, 8-h rotating
(8-h R), and 12-h rotating (12-h R) shift workers. The final column shows the F-ratio and degrees of
freedom (df = 3113) from the univariate ANOVA.

Morning n = 33 Night n = 27 8-h R n = 29 12-h R n = 29 F3113

Energy (kJ/1000) 7954 (2979) 8816 (3616) 8530 (3080) 9318 (2852) 1.0

CHO
% 40.7 (6.8) 41.8 (6.1) 41.3 (6.8) 38.7 (6.9) 1.1
g 196.5 (81.2) 211.2 (86.5) 208.5 (87.3) 213.3 (78.8)

Protein
% 19.0 (2.6) 19.2 (3.7) 20.7 (3.2) 19.6 (3.6) 1.3
g 89.4 (34.3) 99.9 (43.4) 101.9 (37.6) 105.5 (33.0)

Fat
% 33.0 (6.0) 35.9 (5.0) 34.3 (5.3) 34.5 (4.0) 1.4
g 71.0 (28.8) 85.8 (38.9) 79.9 (34.1) 87.2 (30.5)

SFA
% 12.9 (2.7) 15.5 (3.1) 13.8 (2.8) 14.1 (2.4) 4.2 *,a

g 30.0 (13.2) 37.3 (16.9) 32.0 (15.1) 33.2 (12.9)

Alcohol
% 8.8 (9.24) 5.5 (6.79) 6.5 (5.52) 10.1 (8.88) 2.0
g 17.7 (17.28) 14.1 (21.18) 12.3 (10.53) 24.8 (23.04)

Mean (standard deviation); * significant p < 0.05; kJ = kilojoules; g = grams; %, percent of total daily energy intake;
SFA = saturated fat; CHO = carbohydrate; a Night shift workers reported a significantly higher percentage of
saturated fat compared to morning and 8-R shift workers. It is recommended that the daily energy intake of
adults contain between 45% and 65% carbohydrates, 15% and 25% protein, 20% and 35% fat in order to maintain
health [13].

3.2. Daily Energy Intake

Sex, age, and total hours worked were significantly related to daily energy intake, controlling
for sleep duration (Table 3). Specifically, females and younger participants consumed less energy (kJ)
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than males and older participants. Participants who worked fewer hours had a higher energy intake.
Overall, the model accounted for 16% of the variance of energy intake in the diet.

Table 3. Regression analysis models (energy intake and macronutrient and alcohol intake as
a percentage of daily energy intake). Factors include in final models were identified using purposeful
selection [37], and are presented in model entry order (BMI, sex (ref = male), age, marital status,
dependents, education, industry (ref = oil and gas), shift work history, hours worked per week, chronic
fatigue score, shift schedule (ref = morning shift), and sleep duration).

Independent Variable Parameter Estimate SE p 95% LLCI 95% ULCI ΔR2

Energy Intake (kJ)
Sleep duration −185.80 256.26 0.47 −693.93 322.32 0.01
Female (ref = male) −2164.12 611.96 <0.01 −3377.54 −756.12 0.07
Age (years) −69.94 28.04 0.01 −125.55 −14.33 0.04
Hours worked (h) −60.03 23.78 0.01 −107.19 −12.86 0.05

Carbohydrate Intake (%)
Chronic fatigue −0.19 0.08 0.02 −0.37 −0.02 0.04
Shift schedule

Night (ref = morning) −1.21 1.89 0.52 −4.97 2.55
8-h R −8.33 1.74 0.63 −4.28 2.61
12-h R −5.26 1.88 <0.01 −9.00 −1.15 0.03

Sleep duration −1.59 0.64 0.01 −2.86 0.32 0.05
Protein Intake (%)

Female (ref = male) 1.33 1.16 0.04 0.02 2.63 0.03
Fat Intake (%)

Female(ref = male) 1.94 1.66 0.10 −0.37 4.26 0.01
Shift schedule

Night (ref = morning) 1.48 1.41 0.29 −1.32 4.29
8-h R −0.90 1.38 0.51 −3.65 1.85
12-h R 1.86 1.39 0.18 −0.91 4.64 0.03

BMI (kg/m2) 0.28 0.10 0.01 0.07 0.49 0.11
Chronic fatigue (10–50) 0.15 0.06 0.01 0.03 0.28 0.06
Sleep Duration (h) 1.04 0.47 0.03 0.10 1.99 0.01

Saturated Fat Intake (%)
Age −0.05 0.02 0.05 −0.10 0.00 <0.01
Married (ref = not married) 1.19 0.74 0.11 −0.27 2.67 <0.01
Industry

Postal (ref = oil and gas) −3.48 2.64 0.19 −8.75 1.77
Printing −3.10 2.61 0.23 −8.29 2.09
Nursing −1.13 2.50 0.65 −6.11 3.85 0.01

Hours worked (h) 0.03 0.02 0.16 −0.01 0.08 <0.01
Chronic Fatigue 0.05 0.03 0.14 −0.01 0.11 0.04
BMI (kg/m2) 0.15 0.05 <0.01 0.03 0.26 0.10
Night (ref = morning) 2.76 0.76 <0.01 1.12 4.27
8-h R −0.95 0.99 0.34 −2.93 1.03
12-h R −2.28 2.69 0.39 −7.63 3.06 0.11
Sleep duration (h) 0.54 0.25 0.04 0.02 1.05 0.05

Alcohol (%)
Married (ref = not married) 2.44 1.98 0.22 −1.49 6.37 <0.01
Shift work history (years) −0.03 0.07 0.64 −0.18 −0.11 0.02
Female (ref = male) −4.38 1.92 0.02 −8.20 −0.56 0.06
Industry

Postal (ref = oil and gas) −4.33 1.92 0.02 −8.14 0.51
Printing −1.45 2.49 0.56 −6.41 3.50
Nursing −2.11 2.37 0.37 −6.83 2.59 0.02

Hours worked (h) −0.18 0.07 0.01 0.33 −0.04 0.06

ref = reference category; R = rotating; SE = standard error; LLCI = lower limit confidence interval;
ULCI = upper limit confidence interval; ΔR2 = R2 change; kJ = kilojoules; % = percent of total daily energy
intake; kg = kilograms; m2 = meters squared.

3.3. Carbohydrate as a Percentage of Daily Energy Intake

Chronic fatigue, shift schedule, and sleep duration were significantly related to carbohydrate
intake (Table 3). Figure 1 (upper panel) shows that as sleep duration and chronic fatigue decreased,
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the percentage of carbohydrates in the diet increased. Shift workers on a 12-h rotating shift schedule
consumed less carbohydrates than morning shift workers (reference category). The model explained
12% of the variance of carbohydrate intake in the diet.

Figure 1. Relationship between sleep duration (left panels) and chronic fatigue (right panels)
grouped into quartiles, for carbohydrate (upper) and fat (lower) as a percentage of total energy
intake. Figures represent estimated marginal means from regression models and standard error bars.
Dotted lines through the means of the first and last quartiles are presented as a visual aid—as sleep
duration and chronic fatigue score increase, the percent of energy from carbohydrates decreases and
the percent of energy from fat increases.

3.4. Protein as a Percentage of Daily Energy Intake

Protein in the daily diet was significantly related to sex (Table 3) such that females consumed
a higher percentage of protein in the diet. Sex accounted for 3% of the variance in protein intake.

3.5. Fat as a Percentage of Daily Energy Intake

BMI, chronic fatigue and sleep duration were significantly related to fat, controlling for sex and
shift schedule (Table 3). Figure 1 (lower panel) illustrates that as sleep duration and chronic fatigue
increased, participants consumed a higher percentage of fat in the diet. The model explained 19% of
the variance in fat intake.

3.6. Saturated Fat as a Percentage of Daily Energy Intake

BMI and shift schedule were significantly related to saturated fat, controlling for age, marital
status, industry, work hours, and chronic fatigue (Table 3). As BMI increased, the percentage of
saturated fat in the diet increased. Compared to morning shift workers (reference category), night shift
workers had a higher saturated fat intake (means and SD in Table 2). Overall, the model explained
30% of the variance in saturated fat intake.

3.7. Alcohol as a Percentage of Daily Energy Intake

Alcohol intake was significantly related to sex, industry, and hours worked per week when
controlling for marital status and shift work history (Table 3). In particular, males consumed a higher
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percentage of alcohol when compared to females. Postal workers had a lower percentage of alcohol
intake as a percentage of daily energy intake compared to oil and gas workers (reference category).
Working fewer hours per week indicated a higher percentage of alcohol in the daily diet. The model
accounted for 16% of the variance in alcohol intake.

4. Discussion

The aim of this study was to identify factors associated with the dietary profile of shift workers.
Results showed that factors related to shift work were not associated with total energy intake, but were
associated with reported macronutrient profiles. Shorter sleep durations and lower levels of fatigue
were associated with an increased percentage of carbohydrate in the diet. In contrast, higher levels of
fatigue and longer sleep durations were associated with an increased percentage of fat. These findings
suggest a trade-off between carbohydrate and fat depending on sleep duration and fatigue levels.
Permanent night shift workers reported a higher proportion of saturated fat, and morning shift workers
reported a higher proportion of carbohydrate in their diet.

The finding that total energy intake was not different across different shift work schedules supports
some previous field studies [21,51,52]. However, results in past literature are mixed. For example,
a group of shift working nurses who were working the night shift reported consuming more energy
since beginning shift work. These nurses also reported obtaining more sleep than day or afternoon shift
working nurses [53]. Interestingly, this study used broad questions focusing on the within-participant
changes in sleep duration and energy intake since starting shift work. The current study, using
a cross-sectional design, investigated only a single point-in-time snapshot. It would be interesting to
further interrogate how sleep and diet may change concurrently within individual workers across time
in shift work. Laboratory studies finding that sleep restriction increases energy intake have typically
examined severe (5 h or less) sleep restriction [25,26,29]. Shift workers in the current study (apart
from 12-h rotating shift workers) reported obtaining recommended levels of sleep on average (7–9 h).
Therefore, sleep restriction may need to be severe (e.g., 5 h or less) to result in changes in energy intake.

Indeed, the results of the current study support the importance of measuring and controlling for
sleep durations and chronic fatigue when considering diet. The proportion of carbohydrates in the
diet for morning shift workers was not different when compared with night or 8-h rotating workers,
and significantly higher than for 12-h rotating workers. In contrast, a previous study which examined
dietary profiles of garbage collectors on three different shift schedules (morning, afternoon, and night
shifts) found that morning shift workers reported the lowest intake of carbohydrates [52]. Whilst sleep
duration was reported, and the regression models included a number of covariates, sleep duration was
not among them. The current study showed the effect of sleep duration on carbohydrate intake was
small–moderate (r = 0.22), this finding is similar to the small-moderate effect size of sleep restriction
on carbohydrate found in a laboratory study (r = 0.16) [25]. Further, in a previous qualitative study,
shift workers reported consumption of sweet foods as a strategy for coping with circadian disruption
on the night shift [24]. Carbohydrates are often consumed by individuals due to the perception that
they increase alertness and energy levels [54,55]. Consistent with this, findings from the current
study indicated that increased carbohydrate consumption was associated with shorter sleep durations,
perhaps reflecting a strategy to combat sleepiness. The results from the current study also suggest
that sleep and chronic fatigue may have contrasting influences on diet. The correlation between
the two constructs was trivial, and while reduced sleep was associated with increased carbohydrate
consumption, chronic fatigue was associated with increased fat intake (effect size: small–moderate;
r = 0.24). These findings highlight the importance of differentiating and measuring both constructs
when investigating factors associated with dietary intake.

In addition to sleep and fatigue, shift schedule was associated with dietary profile. Shift schedule
had small–moderate effect on fat intake in the current study (r = 0.17) and a moderate–large effect
on saturated fat intake (r = 0.33). This is similar to a previous study that found night shift work had
a moderate–large effect on saturated fat intake (r = 0.42) when night shift workers were compared
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to day workers. In the current study, night shift workers reported the highest levels of saturated fat.
These findings could be a result of food options available to night shift workers, for example, limited
access to canteen facilities and reliance on vending machines [56]. It would be useful to consider
food purchase and preparation options in future studies investigating the dietary profiles of shift
workers. Moreover, all shift workers in the current study consumed higher than recommended levels
of saturated fat (recommended level: <10% per day) [57] and consumed more saturated fat than
reported by the Australian population in a recent Australian Health Survey (Australian population: fat
= 31%, SFA = 12%) [58]. This is in line with previous research showing that, for example, shift workers
consume fried food more regularly that day workers [59], consume more butter [60], and report eating
more saturated fat than day workers [61]. In contrast, shift workers in the current study reported
consuming a slightly lower percentage of carbohydrate, yet a slightly higher percentage of protein than
that reported by the Australian population (Australian population: CHO = 45%, protein = 18%) [58].

There is evidence to suggest that shift work may influence patterns of alcohol intake [62].
Shift workers may use alcohol as a sleep aid [63,64] and some studies have found that working
the night shift is associated with increased alcohol consumption [52,65]. In contrast to these findings,
the current study did not find that shift schedule was associated with alcohol intake. When compared to
the findings of the Australian Health Survey, all shift workers in the current study reported consuming
a lower percentage of alcohol on average (Australian population = 13%) [58]. However, the reported
percentage of alcohol intake for all shift workers in the current study was higher than recommended
by Australian guidelines that suggest percentage of daily alcohol intake should form less than 5% of
daily energy intake [57]. In the current study industry had a small–moderate effect on alcohol intake
(r = 0.14) [48], specifically oil and gas workers consumed more alcohol as a percentage of their total
energy intake. These findings concur with previous studies demonstrating the industry an individual
is employed is associated with alcohol intake [66,67]. Whilst motivation for drinking alcohol was not
investigated in the current study, it may have been that oil and gas workers were consuming alcohol
to aid their sleep. Alternatively, other work-related factors may explain the differences between the
industries. For example, lower demands at work have been associated with reduced odds of risky
drinking levels [62]. Whilst investigating these factors was not a focus of the current study they may
be useful to include when comparing differences in alcohol consumption between industries.

Findings from previous research suggest that alterations to the diet may be more likely with
increasing shift work exposure [33,34]. However, whilst the current study included shift workers
who had been employed for lengthy durations (>9 years on average), shift work history was not
found to be associated with dietary profile. It has been postulated that shift workers who develop
health disorders whilst working shift work revert back to day work (known as the ‘healthy worker
effect’) [68]. Many health disorders are associated with unhealthy eating behaviours, therefore, it is
possible that shift workers with unhealthy eating behaviours reverted back to day work and were not
included in the current study. Longitudinal studies that follow not only shift workers who remain in
shift work, but also those who revert back to day work, would help gain an understanding of how
dietary profile changes due to the years employed in shift work.

Whilst the current study provided a general overview of the dietary profiles of shift workers
there were some limitations to the study that could be addressed in future research. This study
did not include a sample of day workers. Day workers may also experience sleep restriction and
fatigue. Indeed, a recent study found that 26.4% of day workers reported never or rarely obtaining
recommended levels of sleep and 27.6% reported experiencing frequent fatigue [69]. Therefore,
future studies should also examine the influence of sleep and fatigue on dietary profile in day work
populations. The current study was a cross-sectional design. This type of design can be advantageous
as it allows for a snapshot of shift workers diets from a variety of industries. As mentioned above, to
allow for further exploration of these factors in the future, it would be useful to employ a longitudinal
design in future studies. A longitudinal design would be particularly useful when investigating
rotating shift workers. For example, shift workers on a rotating schedule may have been experiencing

45

Bo
ok
s

M
DP
I



Nutrients 2016, 8, 771

different durations of sleep depending on the shift they were working (e.g., night versus afternoon
shift). Therefore, capturing an overall estimate of their sleep duration misses the variability in sleep
duration and timing, and how this may influence eating patterns. The generalizability of findings
should also be taken into consideration. Whilst, the study included shift workers from a variety of
industries there was only a small sample from each shift type. Moreover, the shift schedules tended to
reflect the industry the individual was employed in and other related factors such as gender and age.
For example, all 12-h rotating shift workers were employed in the oil and gas industry. This makes it
difficult to separate the influence of shift schedule, industry and other demographic factors.

Studies investigating dietary habits are often subject to limitations. In particular, underreporting
is common [70,71]. Additionally, participants choosing to take part in studies involving dietary intake
may have an interest in nutrition and health [72]. The current study employed a FFQ to measure
usual food intake of the previous 12 months. This method has advantages; for example, it puts less
burden on participants compared to collecting diet history via interviews. However, accuracy may be
reduced as it is difficult to remember food intake over longer periods of time [73]. Despite issues with
accuracy the FFQ used in the current study has been validated relative to weighed food records [42,43].
Furthermore, this method cannot be used to investigate day-to-day variation [74], however, future
studies could measure food intake using a food diary to determine how dietary profile differs on
a daily basis when individuals are working on different shift types.

There has been limited research investigating factors associated with dietary profile in shift
workers. Findings from this study indicate that it is not simply the shift schedule, but also other factors
associated with shift work (e.g., sleep duration and chronic fatigue) that contribute to alterations
in the dietary profile of shift workers. In particular, sleep duration and fatigue appear to have
opposing effects on the diet. It is important to understand the psychological and physiological factors
associated with shift work that influence the dietary profile as this can assist with the planning of
health promotion strategies.
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SFA Saturated fat
R Rotating
g Grams
SE Standard error
LLCI Lower limit confidence interval
ULCI Upper limit confidence interval
Cum Cumulative
kg Kilograms
m2 Meters squared
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Abstract: Shift work is associated with diet-related chronic conditions such as obesity and
cardiovascular disease. This study aimed to explore factors influencing food choice and dietary
intake in shift workers. A fixed mixed method study design was undertaken on a convenience sample
of firefighters who continually work a rotating roster. Six focus groups (n = 41) were conducted to
establish factors affecting dietary intake whilst at work. Dietary intake was assessed using repeated
24 h dietary recalls (n = 19). Interviews were audio recorded, transcribed verbatim, and interpreted
using thematic analysis. Dietary data were entered into FoodWorks and analysed using Wilcoxon
signed-rank test; p < 0.05 was considered significant. Thematic analysis highlighted four key themes
influencing dietary intake: shift schedule; attitudes and decisions of co-workers; time and accessibility;
and knowledge of the relationship between food and health. Participants reported consuming more
discretionary foods and limited availability of healthy food choices on night shift. Energy intakes
(kJ/day) did not differ between days that included a day or night shift but greater energy density
(EDenergy, kJ/g/day) of the diet was observed on night shift compared with day shift. This study
has identified a number of dietary-specific shift-related factors that may contribute to an increase in
unhealthy behaviours in a shift-working population. Given the increased risk of developing chronic
diseases, organisational change to support workers in this environment is warranted.

Keywords: nutrition; shift work; communicative disease; qualitative methodology

1. Introduction

Compared to day workers, shift workers are at a higher risk of many diet-related chronic
conditions, including obesity [1,2], cardiovascular disease (CVD) [3,4], and type 2 diabetes [5,6].
Across the world, the proportion of the workforce who engage in shift work varies, ranging from
around 10% in Brazil to 16% in Australia, 24% in Czech Republic, and greater than 50% in Jamaica [7].

Shift work that includes overnight shifts disrupts the circadian biological clock governing the
body’s internal regulation of sleep and wake times, which in turn affects energy metabolism and
may promote weight gain [8]. During nighttime sleep, the body is in a fasting state promoting
release of stored glucose and relative insulin resistance (compared with day) to permit preferential
usage of glucose by the central nervous system rather than for muscle energy [9,10]. Eating during
nocturnal hours, when the body is programmed to be asleep, disrupts the metabolic milieu [11].
Acute experimental studies have found that a meal eaten at night generates an exaggerated glucose
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and lipid response compared with the same meal eaten during the day [12]. Long-term excursions in
glucose and lipids are risk factors for cardiovascular disease [13].

Eating at work during night shift is, therefore, a modern-day risk factor for cardiovascular disease.
Although shift workers have a propensity for snacking at night [14] and making poor food

choices [15], these habits do not appear to be at the expense of an increased energy intake. A recent
systematic review and meta-analyses reporting on a total of 12 studies with 10,367 day workers and
4726 shift workers concluded no difference in energy intake between shift workers and their daytime
counterparts [16]. These findings suggest that meal timing and food choice at night, rather than energy
intake per se, is a key contributor to the increased risk of CVD observed in shift workers and imply
that shift workers eat a substantial proportion of their meals during a time of suboptimal glucose
and lipid tolerance. Recommending complete avoidance of food at night is unrealistic for many shift
workers. Thus, the development of strategies to minimise the metabolic disturbance to food intake
at night are required. These strategies will rely, in part, on an understanding of dietary practices
of shift workers. Physiological, psychosocial, environmental, and organisational influences were
identified as the main themes affecting food choices in a qualitative study of Australian paramedics
(an essential shift work profession), however, shift-specific factors (i.e., night shift vs. day shift) were
not explored [17]. Understanding shift-specific factors is important to permit development of dietary
advice that is practical and feasible for shift workers.

Using a fixed mixed methods approach, the aim of this study was to: (1) explore, in rotating
shift workers, factors influencing dietary intake on day shift and on night shift; (2) assess the types of
foods and drinks consumed and the timing of each eating occasion on work days. A mixed method
approach was taken to facilitate a more complete understanding of food choices and the factors
affecting these choices.

2. Materials and Methods

2.1. Design

A fixed mixed method study design was undertaken (i.e., the decision to undertake both
qualitative and quantitative methods was made before the research is started), with concurrent
data collection methods [18]. Focus groups were conducted to establish the factors affecting dietary
intake of rotational shift workers whilst at work and quantitative assessment of their dietary intake
using 24 h dietary recalls. Ethics approval for this study was granted by Monash University Human
Research Ethics Committee (CF14/1491-2014000703) and signed informed consent was obtained from
all participants.

2.2. Sampling

A convenience-based sample of firefighters from Melbourne provided a population of rotating
shift workers for the study. Potential participants were a mixture of recruit firefighters (<1 year) or
experienced firefighters. All participants were provided with information about the aims of the research
study by the researcher face to face at the beginning of a 2-day mandatory training course and then
were invited to participate in the focus group and/or dietary assessment after the completion of their
training. This sample followed a 10/14 rotating shift schedule: two consecutive 10 h day shifts followed
by two consecutive 14 h night shifts, then four rostered days off. Recruitment continued until the
female researcher (EB) determined that further discussions would not disclose new information [19].

2.3. Data Collection

Participants were required to self-report their age, height, and weight (current weight and weight
on starting shift work). Body mass index (BMI) was calculated from body height and weight in kg/m2.

Focus groups were held at the training facility of the employer and facilitated by the same student
researcher (EB) using a list of semi-structured open questions (Table 1) developed by the research team.
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EB is also an accredited practising dietitian with research training in qualitative methods. The approach
was pragmatic, aiming to elicit information that would support understanding of data collected from
quantitative methods. Participants were prompted to discuss factors that influenced their food choices
at work and each focus group lasted between 40 min and 1 h. Each group was audio-recorded and
transcribed verbatim by the student researcher (EB) with confidentiality maintained. Transcripts were
completed within the week following each focus group to allow a determination to be made whether
data saturation had been reached and thus whether recruitment of new focus groups should be halted.
Transcripts were not returned to participants for comment.

Table 1. Questions used to guide semi-structured focus group discussions.

Question Information Sought

Can you run me through what you would eat and drink at work
on a day shift? Usual dietary intake during a day shift

Where does your food come from on a day shift? For example, do
you bring it from home, buy it at work . . . ? Source of food during a day shift

What influences these food choices on day shift?
Do you ever find that you eat on a day shift for reasons other than
hunger? If yes, what are these reasons?
Why do eat at the times that you do?

Factors influencing food choices during a day shift

Can you now run me through what you would eat and drink at
work on a night shift? Usual dietary intake during a night shift

On a night shift, where does your food come from? Source of food during a night shift

What influences the types of foods that you eat on night shift?
Thinking about a night shift, what are the reasons for you
choosing to eat when you do? Say you have just come back from a
call at 2 a.m., will you have something to eat or go straight to bed?

Factors influencing food choices during a night shift

Recruit firefighters (<1 year): Since starting shift work, have there
been any notable changes in what influences your food choices?
Experienced firefighters: Have you noticed any dietary changes over
your years of working with the Metropolitan Fire Brigade?

Long-term effects of shift work on dietary intake

Dietary intakes were assessed using an adapted version of the United States Department
of Agriculture (USDA) multiple-pass 24 h recall method [20]. Two recalls covered 24 h periods
during which an entire night shift was worked (for example, midday Thursday to midday Friday,
encompassing the 1700–0700 h night shift) and two covered equivalent 24 h periods encompassing
the entire day shift (0700–1700 h). As food intake can vary from day to day, the paired repetition of
24 h recalls allowed the capture of food intake on different days of the week. All dietary recalls were
conducted over the telephone by the same researcher (EB). Participants were provided with an adapted
copy of the 4000 for Health food model booklet on enrolment into the study [21], which provided
visual examples of meal portions and mug and cup sizes, to assist them to describe the quantity of
food and beverages consumed.

2.4. Data Analysis

Data from the dietary intake and focus groups were analysed concurrently to look for congruence
and difference. Quantitative data were used to assist in the interpretation of qualitative data and to
verify its accuracy.

A manual thematic analysis was undertaken using qualitative description [22] with simple
depiction of the factors influencing shift workers’ food intake. Transcript data were initially analysed
by the first author (EB). The texts were coded and then grouping codes were used to identify common
ideas and themes. Two focus groups were independently analysed (by CP) using the same approach.
The themes identified independently were then discussed by both authors and agreement sought on
final themes. Descriptors with illustrative quotes were selected to aid interpretation. Representative
quotes are presented from each focus group rather than individually.
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Only participants who completed two or more dietary recalls (at least one day shift and one
night shift) were included in the dietary analysis. Dietary data were entered into FoodWorks (Xyris
Software, Brisbane, Australia). Energy, macronutrient, and fibre intakes were calculated based on
food composition data available from Nutrient Tables (NUTTAB) 2011 (Food Standards Australia
and New Zealand) and Australian Food, Supplement and Nutrient Database (AUSNUT) 2013 (Food
Standards Australia and New Zealand). Energy density (ED, kJ/g/day) was calculated in three
ways [23]: ED of all food and beverages (EDall); ED of solid foods only (EDsolid), and ED of all solid
foods plus soups, milk as food, milk as a drink, and beverages containing >21 kJ/100 g (EDenergy).
Eating occasions during each 24 h recall were described using participants’ definitions (e.g., breakfast,
lunch, dinner, snack and beverage, or beverage only). Lunch and dinner meals were further classified
into three categories: cooked meals, takeaway meals, and easy-to-prepare meals (sandwiches, rolls,
wraps, salads, or heat-and-serve dishes (e.g., microwave rice) based on examples provided in the focus
groups. Snacks were classified into food groups based on the Australian dietary guidelines [24].

Descriptive statistics were calculated using Statistical Packages for the Social Sciences (SPSS;
IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY, USA; IBM Corp.). Data were tested
for normality using the Shapiro–Wilk test, and reported as median (25th and 75th percentiles).
Wilcoxon signed-rank test was used to compare dietary intake between 24 h periods where a day
shift was worked compared to a night shift. Differences in dietary intake during hours at work were
also compared (i.e., day shift (10 h) versus night shift (14 h)) using the Wilcoxon signed-rank test.
Significance was reported as p < 0.05.

3. Results

3.1. Participation

Fifty-five potential participants attended the mandatory training program during the data
collection period. Forty-one took part in six focus groups (n = 8, n = 7, n = 7, n = 4, n = 12, and
n = 3 participants, respectively) and participant characteristics are presented in Table 2. Recruit
firefighters and experienced firefighters were in different focus groups due to the scheduling of the
training. The median (25th, 75th percentile) years working rotating shift work was 6 (0.58, 29). A total
of 29 people consented to participate in the dietary intake collection, all but one of whom participated
in the focus groups. Fifteen participants completed four dietary recalls and four competed two or
more, and thus 19 were included in the dietary analysis. The other 10 participants were excluded
as follows: n = 9 could not be contacted during the study period (on annual leave, incorrect contact
details, unresponsive to contact attempts) and n = 1 only completed one dietary recall. Participants
represented 27 of the 47 fire stations across metropolitan Melbourne.

Table 2. Characteristics of study participants.

Focus Group n = 41 Dietary Recall c n = 19

Age (years) 36 (30, 52) a 36 (29, 51)

Body mass index (BMI) (kg/m2) 26 (24.7, 27.8) a 24.7 (23.4, 26.5)

Self-reported weight gain since
starting shift work (kg) 24 (58.5) a 9 (47.4)

Male gender (%) b 40 (97.6) 18 (94.7)

Proportion aged: (%) b

<25 years 2 (4.9) 1 (5.3)
25–34 years 16 (39) 8 (42.1)
35–44 years 6 (14.6) 3 (15.8)
>45 years 17 (41.5) 7 (36.8)

a Median (25th, 75th percentiles); b % of total group; c n = 18 also completed the focus groups.
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3.2. Factors Affecting Dietary Intake

Four key themes related to factors influencing dietary intake emerged from the focus groups
(Table 3) and include shift schedule; attitudes and decisions of co-workers; time and accessibility; and
knowledge of the relationship between food and health. Each theme was connected to the workplace
and included social (attitudes and choices of others), cultural (demands of daily tasks), and physical
factors (environmental) that affect decision making around food choices. Dietary data that support the
emergent themes are presented at the end of each relevant Theme, with differences between night shift
and days shift emphasised where evident.

Table 3. Themes identified from focus groups of rotating shift workers.

Themes Descriptors

1. Shift schedule influences types of meals and snacks consumed
at work.

Meals prepared at work: “Communal cook-ups”
Meals bought during shift: Takeaway choices Meals
brought to work from home Meals provided by the
organisation Snacks during work hours

2. Dietary intake is affected (both positively and negatively) by
the dietary choices and attitudes of co-workers.

Impact of others’ dietary choices Impact of
co-workers’ attitudes toward food and health

3. Food choices during a shift are dependent on time availability
and ease of access.

Non-hungry eating Impact of workplace protocol,
structure and location Demands of the day’s tasks

4. Firefighters endeavour to make healthy food choices due to
growing awareness of health within the brigade.

Preparing balanced meals together Cooking facilities
Greater interest in health

3.2.1. Theme 1: Shift Schedule Influences Types of Meals and Snacks Consumed at Work

Participants reported that irrespective of shift, the main meal consumed at work might include:
communal meals cooked at the workplace, takeaway food purchased during shifts, or food brought
from home. Lunch intake differed from dinner. Four of the six focus groups reported that for lunch
they would choose an easy-to-prepare meal, such as meat and salad rolls or wraps, roast rolls, and
schnitzel rolls. Their communal evening meals generally took much more time to prepareand they
placed much higher value on these dinner meals:

“You pride yourself on what you cook for dinner so yeah. Lot more effort goes into dinner.”

—Focus group 5

For takeaway foods, participants stated that they would more often choose foods considered to
be healthy when they were on day shift than when they were on night shift. They also consumed
takeaway foods more often on night shift. This was partly due to the presence of established routines at
particular fire stations where takeaway meals were consumed every second night shift (Focus groups
2–4), every Friday night (Focus groups 1, 2, 4, 6), or over a weekend shift (Focus group 6).

“Night shift: fish and chips or takeaway. Day shift I generally try and keep that clean and
go to the supermarket.”

—Focus group 3

Lack of time for preparing food to take to work was highlighted as an important reason for purchasing
takeaway food during night shift. Some firefighters worked other jobs on their days off and/or during
the day before beginning their night shift. Others had family commitments (young families) that
prevented them preparing their own food:

“At work sometimes it is hard for me to bring stuff in if I’m on the nightshift sometimes
because of what I’ve been doing, looking after the kids during the day or whatever. So it’s
convenient to just get takeaway when you’re at work.”

—Focus group 4
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Participants noted that other meals provided to them by their brigade when they were on call
were usually unhealthy regardless of shift schedule:

“I think one disadvantage with this organisation is when we go to fire duties the
organisation sends out high fat foods. They send out pizza, pies, soft drinks and stuff
like that.”

—Focus group 3

The majority of work snacks were brought from home. Irrespective of shift schedule, these were
mainly fruit, nuts, and yoghurt. Some participants said that they were more likely to eat chocolates
and ice cream, supplied at the workplace, after dinner (on a night shift) than when they were on a day
shift; other groups indicated no difference. However, workers indicated that they would eat chocolates
and sweet biscuits after an extended night call because nothing else was available.

“You’d start eating a packet of biscuits coz that’s the only thing around at the station to eat,
yeah so that’s the worst part . . . night shifts where you do go on call, you come back and
. . . you don’t plan on eating as such but you (have) got to basically or you starve.”

—Focus group 2

A deductive examination of the dietary data for the frequency of main meal types (Figure 1A) and
snacks (Figure 1B) consumed at work supports the findings of the focus groups. On night shift,
compared with day shift, a greater proportion of discretionary snack foods were consumed comprising
mostly of chocolates, ice creams, and sweet pastries (Figure 1B).

(A) (B)

Figure 1. Comparison of main meal and food groups consumed by rotating shift workers (n = 19)
comparing dietary intake from day shift and night shift: (A) Categories of main meals were identified
during focus groups. Easy-to-prepare meals included sandwiches, rolls, wraps, or salads, or
heat-and-serve dishes (e.g., microwave rice); (B) snacks were categorised according to the Australian
Guide to Healthy Eating food groups (n = 296 snack foods consumed over 70 snacking occasions).

Energy intakes (kJ/day) were not different between day or night shift (Table 4). A significantly
higher percentage energy from sugar was observed during the 24 h period that included a night shift
compared with the 24 h period that included a day shift (p = 0.036). There were fewer eating occasions,
and a greater overall energy density (EDenergy, kJ/g/day) of the diet during a 24 h period that included
a night shift compared with a day shift period (p < 0.05, Table 4).
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Table 4. Median dietary intake of shift workers (n = 19) using 24 h dietary recalls.

Total Daily Intake 24 h
Period Includes Day Shift

Total Daily Intake 24 h
Period Includes Night Shift

p Value *
Dietary Intake at Work

(Day Shift 10 h)
Dietary Intake at Work

(Night Shift 14 h)
p Value *

Energy
(kJ/day) 11,491 (9986, 13,452) 10,350 (8519, 12,939) 0.295 6403 (4609, 7808) 5693 (4072, 6900) 0.171

Protein
%EI 23.2 (19.5, 28) 21.4 (19.8, 24.2) 0.053 21.1 (19.4, 27.2) 23.1 (21.7, 25.2) 0.968

Total fat
%EI 32.4 (27.6, 38.4) 33.0 (29, 36.8) 0.904 31.5 (28.8, 40.6) 29.2 (22.1, 36.7) 0.295

Saturated
fat %EI 12.3 (9.7, 14.1) 12.5 (10.5, 13.5) 0.936 11.9 (10.4, 12.4) 11.9 (7.5, 14.2) 0.841

Carbohydrate
%EI 38.9 (34.2, 44) 43.8 (36.5, 45.7) 0.117 43.6 (30.4, 46.4) 43.2 (36.5, 49.5) 0.277

Sugar %EI 15.5 (11.3, 19.7) 16.8 (14.2, 19.6) 0.036 17.8 (12.1, 19.2) 15.0 (10.9, 18.4) 0.494

Number of
foods

consumed
27.5 (21.5, 30) 25.0 (20, 30) 0.029 16.0 (12, 18) 11.5 (8, 15) 0.001

EDall
(kJ/g/day) 6.62 (6.16, 7.12) 7.36 (6.06, 8.14) 0.077 6.85 (5.69, 7.97) 6.61 (5.64, 7.55) 0.546

EDsolid
(kJ/g/day) 6.56 (6.11, 6.8) 6.40 (6.04, 7.99) 0.117 8.68 (6.77, 9.55) 8.95 (7.14, 10.02) 0.421

EDenergy
(kJ/g/day) 5.52 (4.72, 5.83) 5.73 (5.08, 6.88) 0.044 7.81 (6.45, 9.34) 7.37 (6.65, 9.55) 0.904

* Calculated using Wilcoxon signed-rank test. Significance level p < 0.05. All values are median (25th,
75th percentiles) %EI—percentage of total energy intake; EDall—all food and beverages; EDsolid—solid foods
only; EDenergy—all solid foods, soups, milk as food, soups, milk as a drink and beverages containing > 21 kJ/100 g.

3.2.2. Theme 2: Dietary Intake Is Affected by the Dietary Choices and Attitudes of Co-Workers

Social influence was reported as a major factor influencing dietary choices at work and in some
cases, carried over to impact choices made at home.

“Most things that we do we generally do with someone else . . . it’s a pretty social job so
you’re generally . . . sitting around (with) other people so you do a lot of stuff together.”

—Focus group 5

Selection of meals purchased or cooked communally at lunch and dinner tended to be a majority
decision, with group consensus valued over individual preference. This could have both a positive
and negative impact on dietary intake.

“You don’t want to be the odd one out, so if everyone wants to get salad rolls you’re hardly
gonna (sic) say well no I want Maccas (McDonalds) or I want pizza, but then if like 2 or
3 guys go ‘ohh let’s get pizza tonight boys’ you don’t want to be the guy who goes nah I’d
rather have a salad roll so . . . it’s a group decision.”

—Focus group 5

“Couple of guys you know you’ll say ‘alright we’ll have a salad tonight’ and they’ll just
laugh at you kind of thing. So you gotta (sic), if you’re gonna (sic) cook for the station you
gotta (sic) cook for everyone.”

—Focus group 2

The choice to purchase takeaway food on shift was influenced by others. Participants explained that
the crew must accompany one another to purchase food in case they are called out during this time.
The temptation then arises to purchase what others are getting, neglecting an often-healthier choice
brought from home.

“If we go out and someone else has to buy lunch and I like what they’re getting, I’ll forget
what I took into work and I’ll say ‘I’ll have some of that!’ That’s how I have more takeaway.”

—Focus group 1
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The strongest predictor of whether meals were cooked communally was the presence of somebody
interested in food and cooking, which tended to encourage others to cook as well. If this person then
left the station, motivation within the crew faded:

“We had a guy come from ah from out of town . . . and he enjoyed cooking, so for that
whole month that he was with us he was cooking meals, motivated the guys and that lasted
probably two or three months (afterwards) and then ended up going to get takeaway food
that was ah around the back of the station.”

—Focus group 5

These participants also initially felt peer pressure to become involved in communal cook-ups:

“If you’re at a station where they do cook together there’s a pretty big culture around it
so you don’t want to be a splitter and not eat with them so yeah, you tend to have bigger
meals and maybe not as healthy because you don’t want to not eat with them.”

—Focus group 2

3.2.3. Theme 3: Food Choices Are Dependent on the Availability of Time and Ease of Accessibility

Accessibility to food was reported to influence food choices. Convenience and temptation were
highlighted as major reasons for non-hungry eating at work. During two focus groups, it was reported
that eating was a way to combat boredom on quiet work days. The majority of non-hungry eating
occasions involved discretionary items freely available at the workplace.

“It’s always a battle because they’re there (chocolates). We never have that stuff at home so
. . . the opportunity is there, which is quite tempting.”

—Focus group 6

The type of takeaway bought on shift was reported to be largely dependent on the location of the
station and whether convenience food stores were close by. Participants described challenges obtaining
food when they were “moved up”—that is, when a crew shifts to cover another station that is out on
an extended call. Workers described snacking on chocolates and ice creams available at the station
because they either did not have an opportunity to prepare a meal or they had left it behind at their
home station. The drive back to their home station or during shifts with repeated call-outs were
identified as situations where they might stop to purchase something quick, easy, and often of poor
nutritional quality, depending on the length and timing of the move-up or call-outs.

“When you get a move up because you don’t know how long (it) is going to be . . . it’s
getting past 3 o’clock (a.m.) . . . you’re getting hungry and you’re like, ‘Oh crap, I will have
that Magnum (ice-cream bar)’ . . . and you do go and buy something crap because it’s been
that long since you’ve had anything to eat.”

—Focus group 3

“We had a heap of calls in a row, we had a fire, a couple of false alarms and something else
and by the time we got back to the station it was about 9.30 (p.m.) and I think (colleague)
and myself both had about three goes at cooking our dinner and mine ended up in the bin
. . . we walked up to McDonalds on the corner.”

—Focus group 4

Participants varied in the foods they chose when tired after a busy shift. One group noted that the
day after a busy night shift they were more likely to choose takeaway foods or easy-to-prepare meals,
because they were too tired to put effort into cooking:
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“After I’ve finished a night shift I’ll often, like first two days after, I’ll just go and get Subway
for lunch or something coz I can’t’ be bothered putting the same effort into preparing my
food as when I feel fully ah, revitalised.”

—Focus group 5

Meals might be delayed by calls or in some instances missed all together. For example, breakfast
following night shift might be missed entirely if the end of shift was delayed, as this was not designated
as a mealtime. As each shift is unpredictable, the participants explained that they prepare for calls and
busy shifts by eating when the opportunity arises, with the expectation that this could be their only
chance to eat during the rest of the shift.

“You (might) get delayed in the morning and you don’t get breakfast. You get a call.
The next thing you know by the time you get home it’s half past 10 or 11 o’clock in the
morning and the last time you ate was at 6.30 the night before.”

—Focus group 3

“Even though you’re not hungry, you will eat because you know you could have a
bad night.”

—Focus group 3

3.2.4. Theme 4: Firefighters Endeavour to Make Healthy Food Choices Due to Growing Awareness
of Health

Participants, who were experienced in the workplace, described a move towards a healthier
lifestyle and healthier food choices in more recent years. They reported that in the past, communal
“cook-ups” had involved cooking with large amounts of added fat and salt and few vegetables. Today,
despite large portion sizes, all groups believed their “cook-ups” were more balanced meals. Moreover,
the workers today said they were more likely to bring in home-cooked meals or ingredients to cook
with at work, while previously an energy-dense takeaway meal was eaten at the start of shifts. Factors
contributing to this culture change included: improved cooking facilities at the stations, generational
change with greater interest in health, fitness and cooking, regular work-health checks, improved
health education, growing public awareness of men’s health issues, and improved awareness of
potential health concerns in the ageing workforce.

The majority of participants, who were recruit firefighters, reported that they were more likely to
prepare a balanced meal during shifts compared to their previous jobs, attributing this to the kitchen
facilities, time available, and the social influence of others eating well.

“[My diet has] improved a little bit from my last job, just because there is a kitchen and
you can cook and prepare your own food.”

—Focus group 2

Similarly, the presence of passionate health and fitness advocators within a station encouraged
others to choose healthy foods at work, which occasionally carried over to home-life. As one
participant explained:

“We actually have a very passionate personal trainer at our station . . . to the point where
when he’s on shift people tend to eat healthier just because they don’t want to have to have
that confrontation where they have to explain what they’re eating to him.”

—Focus group 5
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4. Discussion

This mixed methods study found that shift schedule influenced food choices. It also highlighted
that there are opportunities to modify the workplace environment to support healthier food choices of
those working both at night and during the day and influence positive health behaviours by using a
group/work culture approach. These findings are important for developing strategies in the workplace
that will encourage behaviour change to promote healthy eating for those who work shifts. This is
important given the data that suggest negative metabolic consequences of working night shift [3,5].

Food choices are key modifiable determinants of chronic diseases such as cardiovascular disease
and type 2 diabetes. This study showed that amongst shift workers, the meal consumed during a day
shift differed from the meal consumed on night shift, but there were no differences in overall energy
intake (kJ/day), which is consistent with findings of a recent systematic review and meta-analysis [16].
The foods chosen at lunch were bread-based products, whereas the meals consumed at night were
hot “home-cooked” style meals with a higher energy density (EDenergy kJ/g). Following this type of
meal structure appeared important to the participants, and the opportunity to prepare a cooked meal
and share with colleagues was associated with emotions of pride (Focus group 5). Even when shifts
occurred at the weekend, this brought about different food choices than during the week, consistent
with the usual variation displayed by those who work a standard working week pattern [25].

Snacking behaviour was different when on night shift compared with day shift. Both the focus
groups and dietary data suggest that snacks were more likely to comprise discretionary foods at night.
These foods are generally higher in energy, sugar, and fat and may be adverse for metabolic control at
night. Habit and lack of healthy alternatives in the workplace were discussed in the focus groups as
reasons for discretionary snack choices at night. A previous study of U.S. firefighters also described
the availability of unhealthy snacks at their fire stations as a barrier to healthy eating at work, however,
it was not indicated whether this was influenced by shift schedule [26]. Other studies have found that
increased snacking is related to a change in food preferences at night and the use of sugar and/or
caffeine to improve alertness [14,15,27]. A recent narrative review summarising studies that have
examined dietary behaviours of shift workers supports the findings of our study that eating frequency,
quality of diet, and energy distribution are impacted by shift work [28]. Workplaces should make
a concerted effort to ensure that the snacks and food items supplied at work (both night and day)
are nutritious.

It has been established that the health behaviours of a group influence the behaviour of an
individual [29] and workplace environment is recognised as a strong predictor of individual dietary
behaviours [30]. Participants in this study demonstrated a collegial approach to food selection,
preparation, and consumption. This may be more evident in this working group due to the type of
work activities they engage in, which require exceptional teamwork to prevent potentially devastating
consequences. These participants have a group culture not only towards the duties they perform at
work, but also to eating and, at times, sleeping as a group. Previous studies of employees working
within a team have found that co-workers have an impact on individual health choices. Nurses have
reported craving discretionary items after seeing their colleagues eating them, a finding mirrored in
the present study [31]. Another study found that the attitude towards fitness among highly ranked
firefighters had a strong influence on their crew’s physical activity and fitness [32]. The PHLAME
(Promoting Healthy Lifestyles: Alternative Models’ Effects) Firefighters study demonstrated that group
support for nutritious eating can result in group commitment towards health promoting behaviour [33].
This evidence supports the finding of the present study that co-worker attitudes and dietary choices
can have both a positive and negative effect on health. The theoretical domains framework (TDF)
is a single framework used to inform intervention design and fits within the Behaviour Change
Wheel which enables characterisation of the target behaviour in terms of Capability, Opportunity, and
Motivation (COM-B). To support translation of our outcomes into strategies promoting dietary change
in shift workers, we have mapped these key findings to behaviour system COM-B [34] and theoretical
domains framework change theory [35] (Table 5).
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Table 5. Theoretical behaviour change components (COM-B) to address when implementing dietary
changes for rotating shift workers.

COM-B Components TDF Domain Examples of Outcomes

Capability Psychological Knowledge Skills Training/education in meal preparation and how to
prepare for unexpected shift durations or tiredness

Opportunity Physical
Social

Environmental context and
Resources
Social influences

Provide meal preparation environments
Ensure employer supplied meals and snacks are healthy
Group commitment to healthy food environment

Motivation Reflective

Social/Professional role
and Identity
Beliefs about consequences
Optimism

Co-workers choices and attitudes affect dietary choices
Knowledge of food choices and health outcomes—and that
these health outcomes may differ with shift work
Proud of having a well prepared dinner

COM-B: Capability, Opportunity, and Motivation (the COM-B system in the Behaviour change wheel), TDF:
Theoretical Domain Framework.

In a recent report that explored eating patterns and related lifestyle behaviours in shift workers
in Ireland, personal (intrinsic) factors that influenced (dietary) behaviour included motivation to
change, nutritional knowledge, and organisational and planning skills [36]. A study in paramedics
(n = 15) in Australia identified a number of physiological factors that impacted food choice including
fatigue, hunger, and physical health [17]. Similar to the current study, data from these two studies
were collected through focus groups; however, in our focus groups, personal factors that impacted
food choice did not emerge as a Theme in the data.

Strengths of the study include the mixed methods approach, which allows stronger conclusions
to be drawn from this study through the affirmation of qualitative and quantitative findings [37].
Furthermore, the repeated use of a multiple-pass method to collect dietary data allowed for the more
accurate reporting of dietary intake, although the small sample for the dietary assessment component
could be considered a limitation. As participants opted into the study, a risk of sampling bias was
introduced. Lastly, firefighters are a unique group of shift workers and, consequently, some of the
findings of this study may not be generalizable to the broader Australian shift working population,
but may have applicability to related occupations such as other emergency services, law enforcement,
and hospital emergency departments that share similar unpredictable work demands and work closely
in teams.

5. Conclusions

This study identified a number of factors that may contribute to an increase in unhealthy dietary
behaviours in a shift-working population, including an increase in discretionary foods and lack of
availability of healthy food choices at night. As shift workers are at an increased risk of developing
obesity [1,2,38,39] and cardiovascular disease [3,4] compared to the non-shift-working population,
these findings provide important data to inform workplace health policy to support improving the
health of these at risk and vulnerable employees.
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Abstract: Night-shift work is linked to a shift in food intake toward the normal sleeping period,
and to metabolic disturbance. We applied a rat model of night-shift work to assess the immediate
effects of such a shift in food intake on metabolism. Male Wistar rats were subjected to 8 h of forced
activity during their rest (ZT2-10) or active (ZT14-22) phase. Food intake, body weight, and body
temperature were monitored across four work days and eight recovery days. Food intake gradually
shifted toward rest-work hours, stabilizing on work day three. A subgroup of animals was euthanized
after the third work session for analysis of metabolic gene expression in the liver by real-time
polymerase chain reaction (PCR). Results show that work in the rest phase shifted food intake to
rest-work hours. Moreover, liver genes related to energy storage and insulin metabolism were
upregulated, and genes related to energy breakdown were downregulated compared to non-working
time-matched controls. Both working groups lost weight during the protocol and regained weight
during recovery, but animals that worked in the rest phase did not fully recover, even after eight
days of recovery. In conclusion, three to four days of work in the rest phase is sufficient to induce
disruption of several metabolic parameters, which requires more than eight days for full recovery.

Keywords: shift work; night work; animal model; metabolism; circadian rhythmicity; gene expression;
body temperature; body weight; food intake

1. Introduction

Working shifts is common in modern societies [1], despite the fact that chronic night-shift work is
linked to an increased risk for a wide variety of diseases, including metabolic disorders such as obesity
and diabetes [2–8].
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The regulation of daily rhythmicity in physiology and behaviour is closely intertwined with
the regulation of metabolism. The circadian clock in the suprachiasmatic nuclei (SCN) of the
hypothalamus influence other hypothalamic regions and peripheral tissues involved in regulation of
feeding behaviour, metabolism, energy storage, and energy breakdown [9].

An important function of the endogenous circadian system is that it allows for anticipation
of meals, and thereby facilitates efficiency in metabolic regulation [10]. The activity of organs
involved in food processing and energy metabolism—including the digestive tract [11], liver [12,13],
and pancreas [14]—shows clear circadian rhythmicity. Food intake is thought to be one of the primary
zeitgebers (time-givers) for the coordination and timing of these rhythms [15].

Night-shift workers are exposed to conflicting zeitgebers, imposed by changes in food intake and
activity patterns, as well as nocturnal light exposure [16–18]. Consequently, during night-shift work,
endogenous circadian rhythms become desynchronized, as conflicting signals are sent to different
tissues and organs. Often, the desynchronization is prolonged, as entrainment of rhythms in different
tissues occurs at different rates [10].

The effects of working at night are immediate, and although humans may partially adapt to
the night-shift, many physiological systems fail to adjust [19]. In Norway and Europe generally,
night workers commonly work three to four night shifts in a row. Data from a simulated night-shift
study in humans indicate that the metabolic effects are most pronounced during the initial two days,
followed by compensatory mechanisms triggered by negative metabolic effects [20]. Ribeiro and
colleagues induced a 9 h phase delay in a human simulated shift work study. Controlling energy
and macronutrient intake, they showed that plasma levels of free fatty acids and triglycerides were
reduced postprandially, indicative of poor metabolic regulation, but that this reduction was partially
normalized on the third day following the phase delay [20].

Animal models of shift work may provide important clues to the mechanisms by which shift
work causes metabolic disruption. Although several animal models indicate marked metabolic
changes due to rest-work [21], only models involving relatively extreme rest-work schedules have been
applied so far. The early metabolic effects of simulated night-shift work have yet to be investigated in
animal models.

In the present study, we utilized a rat model of shift work to investigate the early effects of
simulated night work on metabolism. We hypothesized that a shift in feeding rhythm during
work hours occurs during a four-day rest-work schedule, as a sign of metabolic compensation.
Specifically, we proposed that compensatory mechanisms triggered by negative metabolic effects
would be displayed in liver gene expression due to a shift in the timing of food intake.

2. Materials and Methods

2.1. Ethical Approval

This project was approved by the Norwegian Animal Research Authority (permit number: 2012463)
and performed according to Norwegian laws and regulations, and The European Convention for the
Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes.

2.2. Animals and Housing

Adult male rats (n = 40, Wistar, NTac:WH, Taconic, Silkeborg, Denmark) weighing approximately
300 g at arrival, were group housed in individually ventilated cages (IVC, Tecniplast, Buggugitate,
Italy, 75 air changes/h) type IV (480 × 375 × 210 mm, 1500 cm2). After surgery and during the
experiment, animals were single housed (IVC cage type III, 425 × 266 × 185 mm, 800 cm2). The study
was performed under a 12 h light/12 h dark (LD) cycle (lights on at 06:00, zeitgeber time 0; ZT0).
Lights were gradually dimmed on and off over a period of 1 h, and were fully on at 07:00 and fully
off at 19:00. Food (rat and mouse No. 1, Special Diets Services, Witham, Essex, UK) and water were
provided ad libitum throughout the experiment.
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2.3. Study Design

To assess changes in food timing, rats were randomly assigned to one of two treatment groups,
either rest-work (RW, n = 24) or active-work (AW, n = 16). The experiment first consisted of four days of
undisturbed baseline, followed by a four-day work period. A subset of animals was monitored during
eight days of undisturbed recovery (RW n = 14, AW n = 11). See Figure 1 for a graphical overview
of the study design. A shift in feeding rhythm of RW animals was observed during work session
three. For assessment of changes in metabolic gene expression in the liver during this shift, another
experiment was conducted in a subset of animals (RW n = 10, AW n = 10) after five weeks of recovery
from the initial four-day shift-work period. Since the animals were still young adults [22], we consider
it unlikely that ageing affected the results of this second experiment. The animals were randomly
assigned to three consecutive days of either AW or RW as described above, euthanized after the third
work session, and compared to time-matched non-working controls (n = 5, each condition).

Figure 1. Overview of the study design. Animals were monitored for four baseline days, and a four-day
work schedule during which animals were exposed to either rest-work or active work. The work
schedule was followed by eight days of recovery. After at least five weeks of recovery, a subset of
animals underwent a three-day work schedule (not shown) before euthanasia and tissue harvest from
experimental animals and undisturbed time-matched controls.

2.4. Simulated Shift Work Procedure

To mimic human shift work and compare this with normal daytime work, rats were exposed
to forced activity for 8 h per day, centred either during the rats’ normal active phase (AW; ZT 14-22)
or during the rats’ normal rest phase (RW; ZT 2-10), as described previously [23]. Forced activity
was achieved by placing the rats in automatically rotating wheels (Rat Running Wheel, TSE running
wheel system, Bad Homburg, Germany; 24 cm diameter; 3 rpm; 1440 revolutions or 1.086 km of
linear distance per 8 h session). Food and water was available ad libitum. Rotating wheels, feeders,
and water bottles were cleaned after each work session with a 5% ethanol solution. Between sessions,
animals were housed in their home cages.

2.5. Telemetric Recording and Analyses of Body Temperature

Rats were implanted with transmitters (Physiotel, Data Sciences International, St. Paul, MN, USA)
for continuous wireless recording of body temperature, as previously described [24]. In brief, animals
were anaesthetized with subcutaneous injection of a mixture of fentanyl 0.277 mg/kg, fluanizone
8.8 mg/kg, and midazolam 2.5 mg/kg (Hypnorm, Janssen, Beerse, Belgium; Dormicum, Roche, Basel,
Switzerland; Midazolam Actavis, Actavis, Parsippany-Troy Hills, NJ, USA), and the transmitters
were placed in subcutaneous pockets in the dorsomedial lumbar region (4ET transmitters) or in the
neck region (F40-EET transmitters). Animals were allowed to recover for 14 days before entering the
experiment. Body temperature was recorded every 10 s, at 50 Hz sampling rate, and signals were
collected with Dataquest ART software (version 4.1, Data Sciences International, St. Paul, MN, USA).
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Chronos-Fit software (Heidelberg University, Heidelberg, Germany) [25] was used for linear analyses
of body temperature. From the linear analysis, 24 h mean, 12 h rest phase mean (lights on; ZT 12–24),
and 12 h active phase mean (lights off; ZT 0–12) were calculated.

2.6. Body Weight and Food Intake Measurements

At baseline, all animals were weighed to assess 24 h and four-day body weight change.
Baseline food and water intake were monitored across an 8 h window equal to the length of
one work session, and across a 16 h window equal to the time between each work session. During
the four-day work period, body weight change, food intake, and water intake were monitored for
each 8 h work session and the 16 h between the work sessions. During the eight-day recovery phase,
body weight change was monitored every four days.

2.7. Assessment of Metabolic Gene Expression in the Liver

Following the third work session, animals were fasted for 2 h to avoid the immediate effects of
food intake on gene expression, anaesthetized with isoflurane, and sacrificed by decapitation. AW were
sacrificed at ZT0, before the transition from dark to light phase, and RW at ZT12, before the transition
from light to dark phase. A separate group of undisturbed animals never exposed to simulated work
were used as time-matched controls, and sacrificed at the same zeitgeber times as experimental animals
(AW control: ZT0; and RW control: ZT12). Liver tissue was harvested, flash frozen, and stored at
−80 ◦C until analysis. Samples were homogenized using a TissueLyser (Qiagen, Valencia, CA, USA).
RNA extraction was performed using a 6100 Nucleic acid PrepStation (Applied Biosystems, Foster City,
CA, USA). A total of 20 ng RNA was transcribed to cDNA using the High Capacity RNA-to-cDNA kit
(Applied Biosystems). Real-time polymerase chain reaction (PCR) was run on the Applied Biosystems
7900 Real-Time PCR System, with each sample run in triplicate. Relative gene expression levels were
determined using the comparative ΔCt method, using β-actin (Actb) and ribosomal protein lateral
stalk subunit P0 (Rplp0) as endogenous controls. Sequence names, main function, accession numbers,
and primer sequences are shown in Table 1.

2.8. Statistical Analyses

Statistical analyses were conducted using STATA (release 14; StataCorp LP, College Station, TX,
USA). Baseline food intake and body weight were compared between groups using student’s t-test
(two-tailed). For all other statistical analyses of food intake, body weight, and body temperature,
we used mixed model analysis using restricted maximum likelihood estimation with the unstructured
covariance between random effects. Where significant effects were observed, pairwise comparisons
of groups at each time point were performed as well as comparing each day to baseline. Difference
in gene expression (fold change) between groups was evaluated using student’s t-test (two-tailed).
Statistical significance was accepted at p < 0.05.
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3. Results

3.1. Baseline Parameters

At baseline, the two groups on average had similar body weight and food intake (p > 0.09 in all
cases). The absolute baseline food intake across 24 h was 23.1 (±0.53 g) for RW and 21.36 (±0.70 g) for
AW. Eight hours baseline food intake was 4.39 (±0.37 g) for RW and 8.54 (±0.70 g) for AW. Moreover,
there were no significant differences in body temperature parameters (24 h mean, active phase mean,
rest phase mean; p > 0.10 in all cases). Baseline day three was used as baseline reference in the
subsequent analyses.

3.2. Feeding and Body Temperature Rhythms, during and after One Rest-Work Period

In RW, total 24 h food intake was significantly reduced on all four work days compared to baseline
(p < 0.001 for all days; Figure 2a), but not compared to AW. RW food intake gradually increased across
the first two 8 h work sessions. On day three, food intake stabilized, and was significantly increased
in the 8 h work sessions on both days three and four (p < 0.02; Figure 2b). Hence, RW shifted the
timing of food intake on work day three. This shift was also significant compared to AW food intake
during the work session on days three and four (p < 0.01, both work sessions; Figure 1b). Between
work sessions, food intake was decreased on all work days (p < 0.001, all days) compared to baseline.

Figure 2. Food intake across one shift work period for active workers (AW) and rest-workers (RW):
(a) 24 h food intake; (b) 8 h food intake (during work session). Data are shown as percentage change
relative to baseline. Error bars indicate SEM. W1–4 indicates work days 1 to 4. W4 not included in 24 h
food intake due to missing measurements. * p < 0.05; ** p < 0.01; *** p < 0.001, compared to baseline.
## p < 0.01; ### p < 0.001, between groups.

RW body weight dropped and remained below baseline across the whole four-day rest-work
period (Figure 3). The reduced body weight was evident across 24 h, and during the 8 h work sessions.
RW gained less weight between the work sessions, both compared to baseline (p < 0.001, all work days)
and to AW (p < 0.008, all work days). The most pronounced body weight loss was observed during
work day two, before body weight loss appeared to attenuate (see Figure 3).
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Figure 3. Body weight change during and between work sessions for active workers (AW) and
rest-workers (RW). White rectangles indicate work hours for RW. Black rectangles indicate work hours
for AW. Data are shown as percentage change relative to baseline. Shaded bars indicate lights off
(active phase). Error bars indicate SEM. W1–4 indicates work days 1 to 4. * p < 0.05; *** p < 0.001,
compared to baseline.

In RW, mean 24 h body temperature during the four-day rest-work period did not significantly
differ from baseline or AW. However, RW body temperature was elevated during the 12 h rest phase
(which now included the 8 h work session; p < 0.001 for all four work days), and was reduced during
the 12 h active phase on work days two to four (p < 0.003 all three work days, Figure 4b). The 12 h
body temperature increase from baseline during rest phase was more pronounced in RW than in AW
on work days three and four (p < 0.02 both), and lower during the 12 h active phase on work day four
(p = 0.02).

Figure 4. Mean body temperature during one shift work period (W1–4) and recovery (R1–8) for
(a) active workers (AW) and (b) rest-workers (RW). Data are shown as mean percentage change relative
to baseline. Error bars indicate SEM. W1–4 indicate work days 1 to 4. ** p < 0.01; *** p < 0.001, compared
to baseline.

In AW, total 24 h food intake was reduced on work days one and two compared to baseline
(p < 0.05, both days), but not on work days three to four (Figure 2a). During the 8 h work sessions, food
intake was only significantly reduced on work day three compared to baseline (p < 0.001, Figure 2b).
Food intake in the 16 h between work sessions was not significantly different from baseline.
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AW body weight was reduced across 24 h (p < 0.001, all workdays) and during the 8 h work
sessions (p < 0.001, all work sessions), but increased more during the 16 h between the work sessions
(p < 0.001, all workdays) compared to baseline condition (Figure 3).

Mean 24 h body temperature during the four-day work period in AW was slightly elevated
(0.17 ◦C on average), but not significantly different from baseline (Figure 4a). AW mean 12 h body
temperature during the active phase (including the 8 h work session) was unaltered compared to
baseline. Mean 12 h body temperature during the rest phase between work sessions was increased by
0.31 ◦C on average compared to baseline (p < 0.001, all days).

3.3. The Recovery Period

Rest-workers increased but did not regain the lost body weight during the 8 days recovery phase
(p < 0.001; Figure 5). Mean body temperature for 24 h and for 12 h active phase was not significantly
different from baseline, while mean body temperature during the 12 h rest phase progressively declined
in the course of the recovery period, until it was significantly lower than baseline on recovery days
five to eight (p < 0.02; Figure 4b).

Figure 5. Body weight change during the recovery period for active workers (AW) and rest-workers
(RW). Data are shown as percentage change relative to baseline. Error bars indicate SEM. W4 indicates
work day. R4–8 indicates recovery days 4 and 8. *** p < 0.001, compared to baseline; ## p < 0.01,
between groups.

Active-workers gradually increased their body weight, and returned to baseline level in the
course of the eight-day recovery period (Figure 5). On recovery day four, body weight was still
significantly lower than baseline (p < 0.001), but not on recovery day eight (p = 0.20). Mean values of
body temperature in the recovery period did not differ from baseline.

3.4. Metabolic Gene Expression in the Liver at the Shift in Feeding Rhythm of Rest-Workers

In our protocol, AW and RW animals were euthanized on opposite zeitgeber time points,
which allowed for comparison to time-matched controls only. Transcriptional alterations in several
key genes involved in glucose metabolism, insulin sensitivity, fatty acid synthesis, triglyceride
synthesis, cholesterol synthesis, and fatty acid oxidation were present in RW compared to
undisturbed, time-matched control animals (Figure 6). mRNA levels for the genes encoding
Insulin receptor substrate 2 (Irs2), Hydroxymethylglutaryl-CoA synthase, cytoplasmic (Hmgcs1), and
Glycerol-3-phosphate acyltransferase 1, mitochondrial (Gpam) were all upregulated in RW compared
to time-matched controls. Less-pronounced upregulation of Hmgcs1 was present in AW, compared to
time-matched controls. Transcriptional levels of Fatty acid synthase (Fas) were upregulated four-fold
both in RW and in AW, while transcription of Stearoyl-CoA desaturase 1 (Scd1) was significantly
downregulated in the liver from both groups. Transcription of Peroxisome proliferator-activated
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receptor alpha (Ppara, a major regulator of fatty acid oxidation) was downregulated in RW, but not
in AW.

Figure 6. Expression levels of key metabolic genes in the liver from rest-workers (RW) and active
workers (AW) following three work sessions, compared to undisturbed rats never exposed to
simulated shift work. AW (n = 10) were sacrificed at zeitgeber time (ZT)24, and RW (n = 10) at ZT12.
Undisturbed rats (RW control (n = 5) and AW control (n = 5) were sacrificed in a time-matched
manner (i.e., at the same zeitgeber times as experimental animals). Fold changes for each gene
represent the relative difference between shift work rats and controls. A fold change of 1 means
no difference compared to controls, while a fold change of 2 means a doubling of transcriptional
level, and a fold change of 0.5 a halving of the transcriptional level. * p < 0.05; ** p < 0.01;
*** p < 0.001. ChrebpTOT, Carbohydrate-responsive element-binding protein; mTOR, Machanistic
target of repemycin; PYGL, Phosphorylase, glycogen, liver; IRS2, Insulin receptor substrate 2; PPAR,
Peroxisome proliferator-activated receptor; SREBP, Sterol regulatory element-binding protein; HMGCS,
Hydroxymethylglutaryl-CoA synthase; GPAM, Glycerol-3-phosphate acyltransferase 1 mitochondrial;
DGAT, Diacylglycerol O-acyltransferase; SCD1, Stearoyl-CoA desaturase 1; FAS, fatty acid synthase.

4. Discussion

The aim of this study was to examine how one period of simulated night-shift work affects
metabolism in male rats. Results show that three successive days, each with 8 h of forced activity, led
to a shift in the feeding rhythm during the rest-work sessions in rats. Measures of food intake and
body weight appear to partially stabilize after three days of rest-work, indicating an adaptation in the
regulation of metabolism at this time point.

In this study, both RW and AW exhibited an overall reduction in food intake during the four-day
work period. Other studies in animals report inconsistent results regarding food intake during
day- and night-shift work. A review of animal models of shift work and effects on metabolism found
that effects depended on the species examined (rat or mouse) and the protocol used (manipulate timing
of activity, light, food intake, and/or sleep) [21]. In human night workers, a recent meta-analysis
reported no change in total calorie intake [26], although there are many other documented changes,
such as timing of food intake, number, size, and nutritional content of meals [27].

Our data demonstrated that the metabolic gene expression after three days of work was more
affected in RW than in AW. Correspondingly, a previous study concluded that following a long
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period (five weeks) of forced shift work, synchronization of clock genes (controlled by the SCN) and
metabolic genes was lost in the liver of RW rats, primarily due to a shift in food intake towards the
rest phase [28]. We found that the gene encoding Irs2 (which is linked to liver insulin sensitivity and
lipid metabolism) was upregulated in RW, in correspondence with reduced total food intake [29–31].
Upregulation of the gene encoding the central cholesterol-producing enzyme Hmgcs1 could also be
related to reduced food intake, with SREBP2 activation triggered by reduced sterol levels in the liver.
However, the genes encoding Fasn—the rate-limiting enzyme in de novo fatty acid synthesis—and
Gpam–which catalyses the first acylation step in the synthesis of glycerophospholipids—were also
upregulated in RW. Such upregulation would not be expected to accompany decreased food intake [32].
The increased hepatic expression of these genes in RW may be indicative of paradoxical or
compensatory fatty acid and triglyceride synthesis in the liver, via as-of-yet undisclosed molecular
mechanisms. In addition, the reduced expression of Ppara—indicating decreased fatty acid
oxidation—is paradoxical. This uncoupling between food intake, body weight, and lipid
biosynthesis/oxidation underlines the metabolically-disruptive potential of rest-work.

While these data on liver gene expression clearly suggest effects of rest phase work, the results
should be considered with some care, for several reasons. First, liver gene expression was measured
at only a single time point after three work days in both the AW and RW groups. Since time of day
was controlled for by comparing gene expression of working animals to undisturbed time-matched
controls, the results do not reflect effects of zeitgeber time only, but more probably reflect the effects of
forced activity. Nevertheless, a more detailed study is required to understand the temporal dynamics
of these changes in gene expression, not only in the course of the four-day work period, but also during
recovery thereafter. Second, in our current protocol, animals were fasted from 2 h before euthanasia,
but this may not fully exclude the possibility that our gene expression data were affected by difference
in food intake prior to tissue harvesting. Additionally, for this reason, future studies are required
to assess in more detail the complex interactions between food intake, metabolic state, and gene
expression in the liver. Moreover, in order to examine the significance of transcriptional alterations,
relevant protein levels and metabolites such as glucose, insulin, and lipids should be investigated in
future studies.

Very few animal studies report or discuss immediate early metabolic effects of night-shift work.
Some studies present day-by-day body weight data visually, and appear to indicate a shift in metabolic
(body weight) regulation following 2–3 days of simulated night-shift work, but this shift is generally
not acknowledged or discussed [33–35]. Our data demonstrated that AW maintained a normal rhythm
of food intake during the work period, consuming most of the food during their usual active phase,
whereas RW gradually shifted timing of food intake towards working hours in their normal rest phase,
with a stable high food intake reached and maintained at the third work session. A shift in timing of
food intake is consistent with previous findings in the laboratory rat [36]. In parallel, human night-shift
workers typically consume the majority of their calories during shifts [37]. Interestingly, the shift in
food intake occurred between work days two and three in our study—a time window that parallels
the shift in metabolism-related processes during simulated night-shift in humans [20,38].

In accordance with the overall reduction in food intake, a net weight loss was observed during the
shift work period. Weight loss was more evident in RW than AW, and although body weight increased
sharply during the eight-day recovery period, RW did not fully recover body weight to baseline level.
Previous studies have reported both weight gain and weight loss during simulated rest-work [34,36].
However, in these studies, rats were exposed to much longer periods of rest-work (4–5 weeks), making
it difficult to directly compare our short-term results. Additionally, in the present study, simulated
work was achieved with wheels rotating at a faster pace than in previous studies (e.g., [34,36]),
which might explain a more negative energy balance. Still, the rats in our study were forced to walk
only approximately 1.1 km each work session. Although this physical activity is not considered
strenuous, as rats with free access to a running wheel may voluntarily run 6–9 km each day [39],
the work sessions may have contributed to weight loss through increased energy expenditure. Such
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increased energy expenditure might be a direct consequence of the increased physical activity, but it
might also partly depend on indirect mechanisms, such as an elevated body temperature. Intriguingly,
this presumed increase in energy expenditure was not compensated for by food intake.

While the rats in the RW group consumed more food during the 8 h work sessions than they
normally would during the same phase of the day under baseline conditions, they reduced food intake
during the 16 h period between sessions (the net result being a reduction in 24-h food intake). Despite
this reduction in energy intake between work sessions, body weight increased between sessions,
presumably because the lower energy intake was compensated for by parallel reduction in energy
expenditure. In agreement with this, RW body temperature was decreased between sessions, perhaps
partly as a consequence of increased sleep [23]. This possibly represents a compensatory mechanism
aimed at maintaining body weight. A previous study in humans suggests that two to three days of
night-shift work is required for such metabolic compensatory mechanisms to take effect [20]. Thus,
it may be that the initial days of night-shift work are the most straining on the metabolic system.
Measurements of thermogenesis could have shed light on the energy expenditure gap demonstrated
by our results, and should be included in future experiments.

Mean body temperature levels in AW rapidly normalized on the first day of recovery. Surprisingly,
while RW initially recovered from the aberrant mean body temperature patterns displayed during the
work period, they developed progressive hypothermia in the rest phase later on in the recovery phase.
On recovery day eight, rest phase mean body temperature was almost 0.3 ◦C lower than at baseline.
Since recordings were ended at recovery day eight, we do not know how many days hypothermia
lasted, or how severe it became. The long-term effect on body temperature may be due to either
stress, metabolic dysfunction, or a combination of both [40–43]. Based on the unexpected failure of all
parameters to return to baseline levels, future studies should aim to prolong recovery time after forced
work periods.

The model applied in the present study inherently entails that RW were exposed to light during
work sessions, whereas AW were not. Due to the study design, we are precluded from investigating
the contribution of light exposure to the metabolic changes. This should be addressed in future studies.

5. Conclusions

Our results indicate that in male rats, 3–4 days of forced work is sufficient to induce disruption to
several metabolic parameters, particularly in rats exposed to forced activity during their rest phase.
The current findings suggest that the initial days of night-shift work put the most strain on the
metabolic system, inducing compensatory effects after 2–3 days, and that neither body weight nor
body temperature is fully normalized in eight days of recovery.
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Abstract: (1) Background: This study investigated the relevance of morning and evening energy
and macronutrient intake during childhood for body composition in early adolescence; (2) Methods:
Analyses were based on data from 372 DONALD (DOrtmund Nutritional and Anthropometric
Longitudinally Designed study) participants. Explorative life-course plots were performed to examine
whether morning or evening energy and macronutrient intake at 3/4 years, 5/6 years, or 7/8 years is
critical for fat mass index (FMI [kg/m2]) and fat free mass index (FFMI [kg/m2]) in early adolescence
(10/11 years). Subsequently, exposures in periods identified as consistently critical were examined
in depth using adjusted regression models; (3) Results: Life-course plots identified morning fat and
carbohydrate (CHO) intake at 3/4 years and 7/8 years as well as changes in these intakes between
3/4 years and 7/8 years as potentially critical for FMI at 10/11 years. Adjusted regression models
corroborated higher FMI values at 10/11 years among those who had consumed less fat (p = 0.01)
and more CHO (p = 0.01) in the morning at 7/8 years as well as among those who had decreased
their morning fat intake (p = 0.02) and increased their morning CHO intake (p = 0.05) between 3/4
years and 7/8 years; (4) Conclusion: During childhood, adherence to a low fat, high CHO intake in
the morning may have unfavorable consequences for FMI in early adolescence.

Keywords: childhood; adolescence; morning intake; evening intake; macronutrient intake; fat mass

1. Introduction

Primary school years have recently been identified as a potentially “critical period” for the
development and persistence of overweight and obesity [1] in different Western societies [2,3].
Moreover, children with a body mass index (BMI) in the upper normal range before and during
primary school were at higher risk for obesity development until the end of primary school compared
to those who had a BMI in the lower range [4]. These developments may in part be attributable to the
considerable changes in children’s daily routine, as entry into institutions like kindergarten and primary
school results in an externally determined time window for morning intake and affects the timing and
duration of evening intake due to less flexible bed times. These changes in circadian (=approximately
24 h) rhythmicity may entail changes in morning and evening energy and macronutrient intake.

Among adults, severe disruptions of circadian rhythm induced by shiftwork or jetlag are known
to increase the risk for obesity, type 2 diabetes, and cardiovascular diseases [5,6]. Similar associations
have been suggested for moderate disruptions due to irregular meal times or delayed bed times [7].
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Moreover, studies among adults revealed that a number of metabolic processes follow circadian
rhythms: levels of hunger are known to increase over the day [8], accompanied by a reduced ability to
compensate for higher evening energy intakes [9]; in addition, insulin sensitivity [10] and diet-induced
thermogenesis [11] may decrease over the day. It is hence plausible that day-time specific energy
or macronutrient intake—in particular, if not in balance with the circadianity of these metabolic
processes—may have longer-term effects on body composition. However, evidence of these aspects
among children is lacking. This study therefore examined, whether morning or evening energy and
macronutrient intake during kindergarten and primary school age is of prospective relevance for body
composition in early adolescence (i.e., the end of primary school).

2. Methods

2.1. DONALD Study

The DONALD (DOrtmund Nutritional and Anthropometric Longitudinally Designed) study is
an ongoing open cohort study conducted in Dortmund, Germany, which was previously described in
detail [9]. Briefly, since recruitment began in 1985, detailed information on diet, growth, development,
and metabolism between infancy and early adulthood has been collected from >1550 children.
Every year, 35 to 40 healthy infants with no prevalent diseases affecting growth and/or diet are
newly recruited and first examined at the ages of three or six months. Each child returns for three more
visits in the first year, two in the second, and then once annually until early adulthood. The health
status is re-assessed at each visit.

The study was approved by the Ethics Committee of the University of Bonn; all examinations are
performed with parental and later the children’s written consent.

2.2. Nutritional Data

Nutritional data are assessed by 3-day weighed dietary records on three consecutive days.
Participants are free to choose the days of recording. Overall, 37% of the 3–8 years old participants
eligible for the present analysis chose to record their intake over three consecutive weekdays only,
while 19% documented their intake on two weekdays and one weekend day, and 44% chose
one weekday and two weekend days. Parents and/or participants are instructed by dietitians to weigh
all foods and beverages consumed by the participant, including leftovers, to the nearest 1 g over three
consecutive days with the use of regularly calibrated electronic food scales (initially Soehnle Digita 8000
(Leifheit AG, Nassau, Germany), now WEDO digi 2000 (Werner Dorsch GmbH, Muenster/Dieburg,
Germany)). Semi-quantitative measures (e.g., number of spoons) are allowed when exact weighing
is not possible. Information on recipes and on the types and brands of food items consumed is
also requested. The dietary records are analyzed using the continuously updated in-house nutrient
database LEBTAB [10], which includes information from standard nutrient tables, product labels,
or recipe simulations based on the listed ingredients and nutrients. Additionally, the time of every
eating occasion is recorded.

2.3. Anthropometric Data

Participants are measured at each visit by trained nurses according to standard procedures
(WHO 1995), dressed in underwear only and barefoot. From the age of two onward, standing height is
measured to the nearest 0.1 cm with a digital stadiometer. Weight is measured to the nearest 0.1 kg
with an electronic scale (model 753 E; Seca, Hamburg, Germany). Skinfold thicknesses are measured
from the age of six months onward on the right side of the body at the biceps, triceps, subscapular,
and suprailiac sites to the nearest 0.1 mm with a Holtain caliper (Holtain Ltd., Crymych, UK).
For assurance of quality data, inter- and intra-observer agreement is monitored regularly (average
inter- and intra-individual variation coefficients obtained between 2005 and 2015 were 10.0% and
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13.0% for biceps, 4.5% and 5.7% for triceps, 5.0% and 7.6% for subscapular, and 7.6% and 9.0% for
suprailiacal skinfolds).

Body mass index (BMI, kg/m2) was calculated, percent body fat (%BF) was estimated for children
up to age 8 years from all four skinfolds using the Deurenberg equation [11], and for children above age
8 years, from two skinfolds (triceps, subscapular) using the Slaughter equation [12]. Body fat mass (kg)
and fat-free body mass (kg) were calculated (“(%BF × body mass)/100” and “((100 − %BF) × body
mass)/100”, respectively) and related to the square of height to obtain fat mass index (FMI, kg/m2)
and fat free mass index (FFMI, kg/m2). Since the distribution of FMI was skewed, log-transformed
values were used in analyses.

2.4. Familial Characteristics

On their child’s admission to the study and at regular intervals thereafter, parents are interviewed
concerning the child’s early life data as well as familial and socio-economic characteristics. Additionally,
parents are weighed and measured. Information on birth anthropometrics and gestational age are
abstracted from a standardized document (Mutterpass) given to all pregnant women in Germany.

2.5. Definition of Morning and Evening

For estimation of morning and evening energy and macronutrient intake, food consumption
documented between an age-specific end of the night and 11 a.m. and between 6 p.m. and an
age-specific start of the night was used. The cut-points at 11 a.m. in the morning and 6 p.m. in the
evening emerged in a preliminary analysis of DONALD data, showing that children and adolescents
(2–18 years) consume their first (and second) breakfast until 11 a.m., and that 6 p.m. marks the point in
time between afternoon snacks and the main evening meals. The age-specific start and end of the night
was estimated using all available consecutive 3-day dietary records from DONALD participants of the
respective age. The age-specific start of the night was defined as the time of the day, after which less
than 5% of the last eating occasions (≥10 kcal) before midnight were documented; the age-specific end
of the night was the time of the day past 5 a.m., after which more than 5% of the first eating occasions
(≥10 kcal) were documented.

2.6. Study Sample

The present analysis included term (gestational age 37–42 weeks) singletons with a minimum
birth weight of 2500 g. Regarding exposure data, weighed dietary records had to be available from
three consecutive days to allow the derivation of the start and end of the night. The outcomes FMI and
FFMI were estimated from the latest available anthropometric measurement at age 10 or 11 years.

In an initial explorative analysis, we were interested in the identification of one or more potentially
critical time period(s) for later body composition. To this end, life-course plots (see statistical analysis)
allow a first data screening. For this analysis, we considered participants who had provided at least
one 3-day weighed dietary record in each of the three potentially critical time periods 3/4 years,
5/6 years, and 7/8 years, and anthropometric data at age 10/11 years (N = 499). Additionally, data
on the age marking the start of the pubertal growth spurt “age at take-off” (ATO) had to be available,
resulting in a final sample size of N = 372 for the explorative analysis.

For the in-depth analyses, more strict inclusion criteria were used. We only considered participants
who had provided two plausible 3-day weighed dietary records and additional covariates (see statistical
analysis) for the respective time periods identified by the explorative analysis. A 3-day weighed dietary
record was considered plausible when the total recorded energy intake was adequate in relation to the
estimated basal metabolic rate (BMR) using modified age-dependent cutoffs from Goldberg et al. [13].

2.7. Statistical Analysis

SAS procedures (SAS version 9.2, SAS Institute, Cary, NC, USA) were used for data analysis.
Significance level was set at p < 0.05; p < 0.1 was considered to indicate a trend. Since there were no
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interactions between sex and the exposure–outcome associations, data from boys and girls were pooled.
The statistical analysis was performed in a two-stage approach, starting with an initial explorative
analysis followed by an in-depth analysis.

For the initial explorative analysis, life-course plots [14] were used to simultaneously consider a
repeatedly measured exposure (e.g., morning fat intake at 3/4 years, 5/6 years, 7/8 years) in relation
to one outcome (e.g., FMI at 10/11 years). Energy intake in the morning and in the evening was
expressed as percentage of total daily energy intake (TEI); morning and evening macronutrient intake
was expressed as percentages of fat, carbohydrate (CHO), or protein of energy intake before 11 a.m.
and after 6 p.m., respectively. For all three potentially critical periods (i.e., 3/4 years, 5/6 years,
7/8 years), exposures were averaged (if two records were available), checked for normal distribution,
transformed (if necessary), and standardized (mean = 0, standard deviation = 1) by critical time
period. Multivariable linear regression models were calculated with continuous macronutrient
intake as independent exposures and FMI or FFMI as outcomes (adjusted for ATO and mean
standardized TEI between age 3–8 years). The resulting regression coefficients were plotted against age,
and both their own value (representing the strength of the relation at a distinct time point) and their
changes (representing the association between outcome and the exposure’s change over time) and
were evaluated to identify a potentially critical time period of one or more intake variables with respect
to body composition in early adolescence.

The in-depth multivariable linear regression analyses focused on the time period(s) and
specific intake (morning/evening, energy/macronutrient) identified by the life-course plot approach.
Energy-adjusted morning and evening macronutrient intakes were calculated using the residual
method [15]. Intakes were entered individually as independent exposures together with ATO into
multivariable linear regression models (crude models). Predicted means of FMI or FFMI were presented
by tertiles of the respective intake. In a further step, potentially confounding factors were considered as
covariates: sex (male/female), FMI- or FFMI at the analysis-specific baseline (i.e., 3/4 years, 5/6 years,
or 7/8 years), birth year, appropriateness for gestational age (i.e., whether birth weight and length were
appropriate for gestational age yes/no), full breastfeeding (≥4 months yes/no), maternal overweight
(≥25 kg/m2 yes/no), maternal educational status (≥12 years of schooling yes/no) and smoking
in the household (yes/no). Only covariates which modified the exposure’s regression coefficient
in the crude model by ≥10% [16] or were independent predictors of the outcome variable [17]
were included into a hierarchical approach of covariate selection [18]. The following hierarchy
was used: (1) general characteristics (sex and baseline FMI- or FFMI); (2) early life characteristics
(birth year, appropriateness for gestational age, full breastfeeding); (3) familial and socio-economic
characteristics (maternal overweight, maternal educational status, smoking in the household).
To ensure comparability, model building was performed for the strongest exposure–outcome
association per time period and outcome. Identified confounders were also used in all other models.
Sensitivity analyses using individually constructed models for each exposure–outcome association
yielded similar results. Additional sensitivity analyses were performed to address the possibility that
observed prospective relations were driven by cross-sectional associations of the respective predictor
at age 10/11 years with body composition at age 10/11 years.

3. Results

3.1. Explorative Analysis

Table 1 gives the characteristics of the explorative life-course plot analysis sample (N = 372).
According to the cut-points of the International Obesity Task Force (IOTF) [19], 16% of the children
were overweight at 10/11 years; according to McCarthy [20], 21% had an excessive body fatness.
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Table 1. Early life, pubertal, familial-, and socio-economic characteristics, as well as data on the
outcome body composition (explorative analysis sample, N = 372).

Variable Explorative Analysis Sample

Sex (♀ n (%)) 182 (48.9)
Early life factors

Birth year 1992 (1987; 1996)
Appropriate for gestational age (n (%)) 285 (76.6)
Fully breastfed (n (%) ≥ 4 months) 1 223 (60.1)

Puberty marker
Age at takeoff (ATO, years) 9.7 (8.7; 10.5)

Socio-economic status

Maternal overweight, ≥25 kg/m2, (n (%)) 1 110 (29.7)
Maternal educational status, ≥12 years of

schooling, (n (%)) 223 (60.0)

Smoking in the household (n (%)) 86 (23.1)
Body composition at age 10/11 years (Outcome) 2

BMI (kg/m2) 17.6 (16.1; 19.5)♀ 17.5 (16.0; 19.6)♂ 17.7 (16.2; 19.3)
FMI (kg/m2) 3.1 (2.3; 4.6)♀ 3.5 (2.5; 4.8)♂ 2.9 (2.0; 4.3)
FFMI (kg/m2) 14.3 (13.5; 14.9)♀ 14.0 (13.2; 14.6)♂ 14.5 (13.8; 15.2)
Overweight (n (%)) 3 60 (16.1)♀ 30 (16.5)♂ 30 (15.8)
Excessive body fatness (n (%)) 4 78 (20.1)♀ 33 (18.1)♂ 45 (23.7)

Values are shown as n (%) for categorized variables and as median (25th; 75th percentile) for continuous
variables. BMI—body mass index, FFMI—fat free mass index, FMI—fat mass index, IOTF—international
obesity task force, ♀ - girls, ♂ - boys. 1 N = 371; 2 latest available measurement; 3 including overweight and
obese participants, according to IOTF, Cole, 2000 [19]; 4 including overweight and obese participants, according
to McCarthy, 2006 [20] with body fat estimation after Slaughter, 1988 [12].

Nutritional data of the explorative sample are presented in Table 2 for each potentially critical time
period. Morning, evening, and daily fat consumption decreased with age, whereas CHO consumption
increased; protein intake was broadly consistent. Regardless of age, children consumed more CHO
and less fat or protein in the morning compared to the evening.
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Table 2. Dietary characteristics in three potentially critical time periods (explorative analysis sample,
N = 372).

Exposure
Time Period 1

(Age 2.5
Years–<4.5 Years)

Time Period 2
(Age 4.5

Years–<6.5 Years)

Time Period 3
(Age 6.5

Years–<8.5 Years)
p for Trend 3

Daily energy intake (MJ) 4.7 (4.3; 5.3) 5.7 (5.2; 6.3) 6.6 (5.9; 7.3) <0.001

Daily energy intake (kcal) 1132 (1023; 1254) 1364 (1236; 1501) 1564.8 (1409.3;
1735.9) <0.001

Fat (E% 1) 37.0 (33.5; 39.7) 36.2 (33.2; 39.1) 35.3 (32.9; 38.2) 0.002
Carbohydrates (E% 1) 50.2 (46.7; 54.2) 51.0 (48.1; 54.4) 52.0 (48.7; 54.7) 0.001
Protein (E% 1) 12.8 (11.6; 13.9) 12.6 (11.3; 13.6) 12.6 (11.6; 13.8) 0.055

Energy intake before 11 a.m.
(kcal) 347.0 (295.5; 405.2) 379.0 (309.4; 451.2) 438.9 (369.7; 534.0) <0.001

Energy intake before 11 a.m.
(E% 1) 30.9 (26.7; 34.8) 27.5 (23.7; 32.9) 28.3 (24.3; 33.1) <0.001

Fat (E% 2) 35.9 (30.9; 40.2) 34.9 (29.9; 39.7) 33.1 (28.9; 37.7) <0.001
Carbohydrates (E% 2) 50.9 (46.3; 57.0) 52.6 (47.6; 58.1) 54.7 (49.6; 58.7) <0.001
Protein (E% 2) 12.8 (11.2; 14.6) 12.3 (10.8; 13.9) 12.4 (10.9; 14.1) 0.013

Energy intake after 6 p.m.
(kcal) 259.6 (199.2; 315.3) 334.5 (275.1; 403.5) 417.0 (332.4; 490.2) <0.001

Energy intake after 6 p.m.
(E% 1) 22.6 (17.7; 26.9) 24.6 (20.8; 29.0) 26.2 (22.4; 30.2) <0.001

Fat (E% 2) 40.8 (34.8; 46.5) 39.2 (34.0; 45.0) 37.4 (32.6; 41.8) <0.001
Carbohydrates (E% 2) 43.7 (37.4; 51.3) 46.4 (40.1; 52.8) 48.4 (43.2; 54.0) <0.001
Protein (E% 2) 14.2 (12.1; 16.1) 14.0 (12.2; 15.8) 14.0 (12.0; 15.7) 0.361

Values are estimated from one or two 3-day dietary records, shown as median (25th; 75th percentile).
1 % of daily energy intake; 2 % of energy intake before 11 a.m./after 6 p.m.; 3 differences between time
periods using Kruskal–Wallis test.

The explorative life-course plot analysis (adjusted for ATO and TEI) consistently revealed
associations of morning fat and morning CHO intake with FMI at 10/11 years (Figure 1A1,B1).
Similar, albeit non-significant, associations were seen with FFMI (Figure 1A2,B2). Life-course plots
show that a higher fat intake at 3/4 years was related to a higher FMI at 10/11 years (p = 0.02)
(A1), just as a lower CHO intake was related to a higher FMI (p = 0.04) (B1). These trends reversed
at 7/8 years (%fat p = 0.004, %CHO p = 0.03 before 11 a.m.), when a higher fat intake (A1) and a
lower CHO intake (B1) before 11 a.m. were related to a lower FMI at 10/11 years. Moreover, the clear
switch in signs of the regression coefficients between 3/4 years and 7/8 years suggested an additional
relevance of the change in macronutrient intake over this time course (A1, B1) [21]. Morning energy or
protein and evening energy or macronutrient intakes at 3/4 years, 5/6 years, or 7/8 years were not
associated with FMI or FFMI at 10/11 years (data not shown).
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Figure 1. Life-course plots of multivariable linear regression analyses with log-transformed FMI
(kg/m2) and crude FFMI (kg/m2) in early adolescence at 10/11 years as the outcome and the
standardized intake of (A) morning fat (% of energy) and (B) morning carbohydrate (CHO) (% of energy)
as predicting variables. Analyses were adjusted for age at take-off (ATO) and mean standardized
daily energy intake (TEI) from 3 to 8 y. Values are regression coefficients (95% CI) from models ran on
N = 372 participants of the DONALD study. * p < 0.05. ATO—age at take-off, CHO—carbohydrates,
FFMI—fat free mass index (kg/m2), FMI—fat mass index (kg/m2).

3.2. In-Depth Analysis

On the basis of the results of the life-course plots, subsequent in-depth regression analyses
(adjusted for ATO and baseline FMI or FFMI, respectively) focused on the prospective relevance of
morning fat and CHO intake at 3/4 years and 7/8 years, as well as the change in these intakes between
3/4 years and 7/8 years for FMI at 10/11 years. Characteristics of the in-depth analyses sample
(N = 297) were very similar to the explorative analysis sample (Supplementary Material
Tables S1 and S2).

In these in-depth analyses, morning %CHO and %fat intake at age 3/4 years were not relevant
for FMI at age 10/11 years (%fat p = 0.93, %CHO p = 0.80) (Table 3). By contrast, higher morning
%fat intake and lower morning %CHO intake at 7/8 years continued to be predictive of a lower FMI
at 10/11 years in multivariable models (%fat p = 0.01, %CHO p = 0.01). Moreover, a decrease in
morning %fat intake and an increase in morning %CHO intake between 3/4 years and 7/8 years was
related to a higher FMI at 10/11 years (Δ%fat p = 0.02, Δ%CHO p = 0.05). Additional adjustment for
the corresponding macronutrient intake at age 10/11 years did not change the associations of morning
%CHO or %fat intake at age 7/8 years or Δ%fat or Δ%CHO with FMI at 10/11 years (data not shown).
For comparative purposes, we also ran multivariable regression models with FFMI as an outcome
(Supplementary Material Table S3). However, neither morning %fat nor morning %CHO intake

83

Bo
ok
s

M
DP
I



Nutrients 2016, 8, 716

at 3/4 years or 7/8 years nor the change in intakes between 3/4 years and 7/8 years were related to
FFMI at 10/11 years.

Table 3. Relation of fat and carbohydrate (CHO) intake before 11 a.m. during different critical time
periods throughout childhood to FMI in early adolescence at age 10/11 years (in-depth analysis sample,
N = 297).

Predicted FMI Means in Tertiles of Corresponding Exposures 1 (Fat, CHO,
ΔFat, ΔCHO)

%Difference
T1–T3 2 p for Trend 3

Low Intake or Decrease
in Intake (T1)

Average Intake or
Constant Intake (T2)

High Intake or Increase
in Intake (T3)

At age 3/4 years

Fat (%E of breakfast 4)
Median intake (25th; 75th) 28.30 (25.24; 30.70) 36.17 (34.65; 37.53) 42.26 (40.08; 45;07) +49.3% <0.0001

Model 1 5 3.21 (2.90–3.55) 3.33 (3.01–3.68) 3.39 (3.06–3.74) +5.6% 0.49
Model 2 6 3.25 (2.98–3.55) 3.25 (3.09–3.68) 3.30 (3.03–3.60) +1.5% 0.93

CHO (%E of breakfast 4)
Median intake (25th; 75th) 44.16 (40.53; 46.74) 50.91 (49.64; 52.14) 59.63 (56.95; 62.89) +35.0% <0.0001

Model 1 5 3.36 (3.04–3.72) 3.39 (3.07–3.75) 3.18 (2.87–3.51) −5.4% 0.25
Model 2 6 3.26 (2.99–3.56) 3.39 (3.11–3.70) 3.27 (2.99–3.57) −0.3% 0.80

At age 7/8 years

Fat (%E of breakfast 4)
Median intake (25th; 75th) 27.38 (25.07; 29.37) 33.20 (32.05; 34.58) 40.16 (38.01; 43.40) +46.7% <0.0001

Model 1 5 3.67 (3.33–4.06) 3.21 (2.90–3.54) 3.07 (2.78–3.39) −16.4% 0.02
Model 2 6 3.48 (3.28–3.69) 3.30 (3.12–3.50) 3.15 (2.97–3.34) −9.5% 0.01

CHO (%E of breakfast 4)
Median intake (25th; 75th) 45.78 (41.76; 49.30) 54.23 (52.02; 56.45) 60.25 (58.21; 63.06) +31.6% <0.0001

Model 1 5 3.14 (2.84–3.47) 3.30 (2.99–3.65) 3.49 (3.16–3.85) +11.1% 0.14
Model 2 6 3.15 (2.97–3.33) 3.23 (3.05–3.42) 3.56 (3.36–3.77) +13.0% 0.01

Change (Δ) between age 3/4 years and age 7/8 years

ΔFat (Δ%E of breakfast 4)
Median Δ intake (25th; 75th) −9.02 (−12.54; −6.72) −1.81 (−3.73; 0.17) 5.14 (2.67; 8.57) +157.0% <0.0001

Model 1 5 3.60 (3.26–3.98) 3.25 (2.95–3.59) 3.09 (2.80–3.41) −14.2% 0.01
Model 2 6 3.55 (3.26–3.87) 3.25 (2.98–3.54) 3.14 (2.88–3.43) −11.6% 0.02

ΔCHO (Δ%E of breakfast 4)
Median Δ intake (25th; 75th) −6.02 (−10.41; −2.8) 2.53 (−0.38; 3.87) 10.28 (8.25; 13.20) −270.8% <0.0001

Model 1 5 3.13 (2.83–3.46) 3.22 (2.92–3.56) 3.59 (3.25–3.97) +14.7% 0.02
Model 2 6 3.24 (2.97–3.54) 3.20 (2.93–3.49) 3.49 (3.20–3.81) +7.7% 0.05

CHO—carbohydrates, FMI—fat mass index, - %E—energy percent; Δ, Change in intake between the age
of 3/4 years and 7/8 years (Δ = 7/8 years–3/4 years); 1 Model-values are least square means (95% confidence
intervals) of the FMI; 2 % difference between median intakes or predicted FMI means in tertile 1 and tertile 3;
3 p-values for differences in median intake or Δ intake are based on Kruskal–Wallis test; p-values for model 1
and model 2 are based on linear regression analyses (fat, CHO, Δ fat, Δ CHO as continuous exposure variables);
4 Residuals used in linear regression models; 5 Model 1 (crude model) adjusted for age at take-off (ATO);
6 Model 2 additionally adjusted for baseline FMI; no other covariates emerged as relevant.

4. Discussion

The present study provides first evidence for a prospective relevance of children’s habitual
macronutrient intake on a day-time specific level for their fat mass in early adolescence. Our results
indicate that a higher FMI in early adolescence (i.e., around the end of primary school) may result if
primary school children have a habitual low fat, high CHO intake during the morning, and if children
decrease their morning fat intake and increase their morning CHO intake from kindergarten to primary
school age.

For the interpretation of our results it is important to note that the analyzed data were collected in
healthy free-living children following their habitual dietary habits. Morning CHO intake was moderate
to high (age-dependent tertile medians: 44E% to 60E%, Table 3), and morning fat intake was low to
moderate (age-dependent tertile medians: 27E% to 42E%, Table 3). Examples for low fat, high CHO
breakfasts were ready-to-eat cereal with milk or bread with jam, often combined with juice and/or
fruits and/or sweetened milk beverages. In turn, examples of moderate-fat, low-CHO breakfasts were
oat(-nuts)-cereal with milk, bread with cheese, or sausage/ham or eggs, often combined with fruits
or vegetables. Hence, modest differences in food choices translated into considerable differences in
morning macronutrient intakes and subsequent fat mass in early adolescence.
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Mechanisms to explain our results are unknown, but the following possible reasons are plausible
and should be considered.

Breakfasts with a lower CHO-to-fat ratio compared to a higher one elicit lower overall postprandial
blood glucose and insulin responses [22]. This may have consequences for levels of hunger/satiety
and subsequent energy intake. In 64 overweight adults, a low CHO, high fat breakfast compared to a
high CHO, low fat breakfast resulted in lower levels of hunger and a higher perceived fullness [22].
Data from children and adolescents stem largely from studies analyzing breakfast glycemic index
(GI), supporting a short-term role of breakfast GI for subsequent levels of hunger and energy intake
at lunch, as a low-GI compared to a high-GI breakfast resulted in lower levels of hunger and energy
intake at lunch among normal weight or obese children and adolescents [23,24]. Beyond these acute
effect studies, there are no intervention studies analyzing the longer-term impact of modulating
breakfast fat/CHO content on body composition development among children. Of note, in our study,
additional analyses did not confirm a role of morning dietary GI in the prospective associations of
morning carbohydrate intake with adolescent body composition (data not shown). Nonetheless, higher
postprandial blood glucose and insulin responses elicited by the high morning carbohydrate intake
may be a relevant mechanism for our observation.

The specificity of our findings for morning intakes may also reflect a relevance of circadianity.
Postprandial insulin and blood glucose responses follow a diurnal rhythm, at least in adults.
Two small studies suggest a decrease in insulin sensitivity throughout the day [25,26], which would
imply that a high morning CHO intake would be preferable over a high evening CHO intake.
In fact, CHO intake was 6E%–7E% (absolute) higher in the morning than in the evening in our
sample (Table 2). However, for our observation of an unfavorable association between higher morning
CHO intakes and subsequent fat mass, two physiologically occurring phenomena may play a decisive
role. First, pubertal insulin resistance, characterized by a decrease in peripheral insulin sensitivity
accompanied by a lower increase in acute insulin response [27], emerges as early as at age 7 years [28].
This may translate into an enhanced vulnerability to high CHO loads among primary school children.
Second, the dawn phenomenon, defined as an early morning rise in blood glucose levels and/or
insulin requirements without food intake, was observed in patients with diabetes mellitus [29], as well
as in healthy individuals [30]. Data for healthy children and adolescents on the dawn phenomenon
are scarce and controversial: a difference in insulin levels during the night was neither observed
in 31 healthy children and adolescents [31] nor in 10 healthy adolescents [32]. However, for the latter,
a significantly higher insulin clearance rate was shown during the dawn period (5–8 a.m.) compared to
the night (1–4 a.m.) [32]. Therefore, since insulin clearance rate—a potential characteristic of the dawn
phenomenon—seems to rise physiologically in the morning, an additional stimulation by a CHO-rich
breakfast may not be beneficial for the development of body composition, and may be specifically
disadvantageous throughout puberty, when insulin resistance is known to be elevated [33].

In the context of circadianity, social jetlag must also be considered. The concept of social jetlag
describes a misalignment of biological and social time [34]. Due to the natural chronotype delay
during childhood and puberty [35] and an increasing sleep pressure as soon as children enter social
institutions [36], social jetlag occurs already in young children [37] and increases until the end of
adolescence [34]. The thereby disrupted circadian rhythm may interrelate with macronutrient intake
and contribute to an adverse development of body composition, as was already shown for obesity
development in adults [34]. Interestingly, data of 305 adolescents revealed that 20% of the association
between habitual sleep variability and visceral fat was explained by CHO intake [38]. Additionally,
the sleep duration of 767 Danish children aged 8–11 years correlated negatively with higher
consumption of added sugar and sugar-sweetened beverages [39]. Therefore, a changing sleep pattern
potentially induced by social jetlag may result in higher CHO intake—possibly mainly in the morning,
when CHO intake was shown to be highest (Table 2).

Besides the morning, the evening is also discussed as potentially relevant for body composition.
Chronobiological studies in adults indicate the already mentioned reduction in insulin sensitivity
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over the day [26], as well as a reduction in diet-induced thermogenesis [40] and an increasing level of
hunger [8], accompanied by a reduced ability to compensate for higher evening energy intakes [41].
Interestingly, in our longitudinal analysis, evening macronutrient intakes did not emerge as relevant
exposures for subsequent body composition.

Moreover, neither morning nor evening energy intake in childhood was associated with body
composition in early adolescence. This may in part be attributable to a better ability of children
to compensate for higher day-time specific energy intakes at subsequent meals when compared to
adults [41–43]. Alternatively, we may have been unable to discern existing associations due to the fact
that one or two 3-day dietary records may not be sufficient to characterize habitual energy intake.

Results of this study must be considered in the light of several limitations. First, FMI and
FFMI were estimated from skinfold thicknesses, which have been criticized for being susceptible to
measurement error. However, measurements were performed by trained and quality-monitored
study personnel, which resulted in comparably low intra- and inter-observer differences [44].
Moreover, percent body fat estimated from skinfold measurements using the equation proposed
by Slaughter [12] was shown to be comparable to, for example, body fat estimation by dual-energy
X-ray absorptiometry [45]. Given that the variance in FMI explained by morning fat and CHO intake
is smaller than the measurement error, it could be argued that our results reflect chance or bias
rather than “true effects”. However, our findings emerged from a two-stage statistical approach
(exploratory and in-depth analyses) and remained largely unaffected by adjustment for potential
confounders. Nonetheless, confounding by unmeasured covariates remains a possibility. Second,
the DONALD population is characterized by a high socio-economic status [9]; i.e., the extremes in
nutritional behavior may be under-represented. However, due to the relatively homogeneous sample,
our results may be less vulnerable to residual confounding. The overall strengths of the study are
the closely-spaced data, including day-time specific nutritional data for every age during childhood.
Due to the early recruitment of the study participants and the annually repeated data collection,
3-day weighed dietary records are documented by participants accustomed to the procedure. Moreover,
data on several important potential confounders (early-life characteristics, anthropometric, familial,
and socio-economic factors) were available.

5. Conclusions

Our study suggests that a habitual low fat, high CHO intake during the morning among primary
school children may contribute to an increase of their FMI in early adolescence. If confirmed by other
studies, adherence to current dietary recommendations favoring a low-fat, high-CHO breakfast may
fuel rather than abate the current obesity epidemic among children and adolescents. Further studies
are needed to address the potential day-time specific underlying mechanisms.

Supplementary Materials: Tables S1–S3 are available online at http://www.mdpi.com/2072-6643/8/11/716/s1.
They provide data on the in-depth analysis sample (N = 297). Table S1. Early life, pubertal, familial-,
and socio-economic characteristics, as well as data on the outcome body composition (in-depth analysis sample,
N = 297), Table S2. Dietary characteristics for time periods identified as critical (in-depth analysis sample, N = 297),
Table S3. Relation of morning fat and morning carbohydrate (CHO) intake during different critical time periods
throughout childhood to FFMI in early adolescence at age 10/11 years (in-depth analysis sample, N = 297).
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Abstract: The prevalence of type 2 diabetes continues to rise worldwide and is reaching pandemic
proportions. The notion that this is due to obesity, resulting from excessive energy consumption
and reduced physical activity, is overly simplistic. Circadian de-synchrony, which occurs when
physiological processes are at odds with timing imposed by internal clocks, also promotes obesity and
impairs glucose tolerance in mouse models, and is a feature of modern human lifestyles. The purpose
of this review is to highlight what is known about glucose metabolism in animal and human models
of circadian de-synchrony and examine the evidence as to whether shifts in meal timing contribute
to impairments in glucose metabolism, gut hormone secretion and the risk of type 2 diabetes.
Lastly, we examine whether restricting food intake to discrete time periods, will prevent or reverse
abnormalities in glucose metabolism with the view to improving metabolic health in shift workers and
in those more generally at risk of chronic diseases such as type 2 diabetes and cardiovascular disease.

Keywords: circadian rhythm; glucose metabolism; time-restricted feeding; type 2 diabetes;
chronic disease risk

1. Overview

The rate of type 2 diabetes is rapidly increasing worldwide, and is predicted to be the main
contributor to disease burden in Australia by 2023 [1]. Obesity, particularly abdominal obesity and
fatty liver are major contributors to the development of type 2 diabetes. In addition to the effects
of energy imbalance and suboptimal nutrient consumption, accumulating evidence suggests that
circadian de-synchrony, defined as when physiological processes are out of alignment with internal
clocks, may be a contributing, and modifiable, factor in the development of type 2 diabetes [2].

Almost all living organisms display circadian rhythms that cycle within a 24-h period. Disruption
of circadian rhythms, either as a result of shifting the light/dark cycle, or from genetic manipulations
(e.g., knockout of essential clock genes encoding circadian rhythmicity), result in metabolic
disturbances that include weight gain, impaired glucose tolerance and reduced lifespan in mouse
models [3,4]. In humans, shift workers are at increased risk of developing metabolic disorders,
including obesity and type 2 diabetes [5–8]. However, associations do not show causation, and shift
workers are also more likely to have a lower socio-economic status, smoke, consume more alcohol,
and have a higher dietary fat intake [9]. In this review, we discuss the role of circadian de-synchrony,
and interactions between this and the pattern of meal consumption, in weight gain, and glucose
metabolism in mouse models and humans. We examine the evidence for whether small shifts in
meal timing (such as skipping breakfast, or eating erratically, without consistent daily meal times)
negatively impact glycaemic control and lipid metabolism. The current evidence for a benefit of time
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restricted feeding, a dietary pattern whereby food intake is confined to short windows of time, is also
interrogated and implications for translation to practice presented.

2. Circadian Rhythms and Impacts on Metabolism

Circadian rhythms oscillate with near 24-h rhythmicity under constant conditions, and are
entrainable by external cues. Central to the maintenance of the circadian clock is the suprachiasmatic
nucleus (SCN) in the brain which is entrained by the light/dark cycle, via retinal photoreceptors in
the retino-hypothalamic tract. The SCN is also entrained by the sleep/wake cycle, physical activity,
and fasting and feeding periods [10–12]. Circadian clocks have now been identified in almost all tissues
and cell types, where they regulate local metabolic processes, including glucose and lipid homeostasis,
hormone release, immune response, gastrointestinal motility and digestive processes [13]. Whilst
these “peripheral clocks” receive input from the SCN, their phase is sensitive to other external factors
including nutrient availability [14].

The molecular basis of circadian timing is provided by transcriptional/translational feedback
loops centred on the transcriptional activators; circadian locomotor output cycles kaput (CLOCK) and
brain and muscle ARNT-like 1 (BMAL1), which act as positive elements in the feedback loop. CLOCK
and BMAL1 drive transcription of six repressor encoding genes, three period genes (per1, per2, per3),
two crypto-chrome genes (cry1 and cry2), the transcription factor Rev-Erbα and one promoter gene
RORα [15]. This core molecular clock cycles with a near 24-h periodicity and more than 25% of the
transcriptome, proteasome, and more recently the phospho-proteasome [16], has been shown to cycle
in temporally orchestrated waves. Over the past decade, many studies have shown that whole-body,
or tissue-specific, knockout of circadian clock genes will induce profound changes in metabolism.
These findings include increased adiposity, impaired glucose tolerance and reduced lifespan [3,4].
Many of these gene knockouts also display aberrations in feeding patterns, and eat more during the
day, which may independently contribute to changes in metabolism [3,4].

3. Metabolic Consequences of Circadian De-Synchrony (Humans)

Epidemiological studies show that shift workers are at increased risk of developing obesity and
type 2 diabetes [17]. One prospective study in women showed that the increased risk of type 2 diabetes
was only partly mediated by greater weight gain in shift workers [18]. Interestingly, the prevalence of
metabolic syndrome was also higher in men who had previously engaged in shift work versus those
who had never performed shift work [19]. This could indicate that these disturbances in metabolism
are not entirely reversible.

In humans, metabolic studies of simulated shift work show that shift work induces major
disturbances in metabolism, independently of sleep restriction. Circadian misalignment that is
induced by a 28 h “day”, increased blood glucose levels in healthy adults, even in the presence
of increased insulin secretion. This protocol was sufficient to temporarily induce pre-diabetes in
3 out of 8 individuals [20]. Whilst this study shows that circadian misalignment impairs glucose
control, a 28 h “day” cycle is not representative of typical shift-work. In another study, individuals
were randomly assigned to a “circadian alignment” protocol, where they slept from 11 p.m. to 7 a.m.
from day 1–7, or a “circadian misalignment” protocol, where they slept from 11pm to 7am from
day 1–3, but were then shifted 12 h to sleep from 11 a.m. to 7 p.m. for days 4–8. In the circadian
alignment condition, glucose tolerance declined over the day from breakfast (8 a.m.) to dinner (8 p.m.),
congruent with typical circadian changes in insulin secretion and resistance, discussed later in this
review. However, under the circadian misalignment protocol, glucose tolerance was lower, presumably
as a result of lowered insulin sensitivity. Critically, prolonged exposure to circadian misalignment
resulted in poorer glucose tolerance [21]. Both meals and sleep times were shifted, with a meal
consumed at around midnight in the circadian misalignment condition. Despite attempts to match
sleep between conditions, sleep duration and quality were reduced in the misalignment condition.
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The separate contributions of eating late at night, vs. exposure to light and not sleeping at night, have
not yet been reported in humans.

Metabolic Consequences of Circadian De-Synchrony (Pre-Clinical Models)

Feeding and fasting periods are important external synchronisers for peripheral oscillators.
Studies in mice have shown that fasting for 24-h flattens more than 80% of rhythmically expressed
transcripts in the liver [22]. One mechanism through which this occurs is by activation of
5′ AMP-activated protein kinase (AMPK), which phosphorylates cry, targeting it for degradation.
Fasting also inhibits mechanistic target of rapamycin (mTOR) activity, which impacts per stability [23],
and induces circardian de-synchrony.

Studies have shown that feeding rodents solely during the day (when this nocturnal animal
would normally sleep), increases body weight as compared to animals fed ad libitum [24]. Similar
responses have been observed in mice that are fed a high fat diet, with significantly more weight gain
and poorer glucose tolerance in mice that are fed during the day versus mice that are fed at night [25].
Interestingly, feeding mice three discrete “meals” in a configuration that mimics typical human meal
times (the mouse equivalent of 7 a.m., 12 p.m. and 8 p.m., with slightly more calories provided at lunch
and dinner than breakfast) led to a phase advancement of the peripheral clock [26]. The metabolic
impacts of this were not assessed, but there was no effect on body weight. However, the short duration
and the necessity of implementing a 20% caloric restriction overall to ensure timely meal completion,
could have influenced this response.

Mice that are fed a high-fat diet (HFD), ad libitum, display dampened diurnal rhythms in food
intake, and eat more during the resting phase [24]. This abnormal pattern of eating, and the lack of
a defined fasting period disrupts the cyclic pattern of expression of peripheral clocks and downstream
targets, and may explain at least some of the metabolic consequences that are observed as a result of
a high fat diet [27,28]. Whilst discussion of the effects of nutrients on circadian rhythms is beyond
the scope of this review, and this has been extensively reviewed by others [29], it is important to
acknowledge that nutrients have the potential to act as zeitgebers. As such, the composition of the
diet may impact the degree of de-synchrony that occurs. However, evidence in humans is scant,
and requires further investigation.

4. Glucose Metabolism, Gut Hormones and Circadian Rhythms

Like many other systems, postprandial glycaemia is under circadian regulation [30]. In humans,
meal tests that are performed in the evening result in a hyperglycaemic response vs. identical meals
that are given in the morning, even when there are identical fasting lengths between meals [31–33].
This impairment in glucose tolerance in the evening is the result of reduced insulin secretion, as well
as peripheral and hepatic insulin resistance [32,34–36], which occurs independent of the sleep/wake
and feeding/fasting cycles [36,37].

Anorexigenic hormones including glucagon-like peptide-1 (GLP-1), glucose-inhibitory peptide
(GIP), peptide YY (PYY) and amylin, glucagon and insulin, and the orexigenic hormone ghrelin,
also oscillate around anticipated meals. These gut hormones play a critical role in modulating gastric
emptying, and the glycaemic response to meals. At night, gastric emptying slows [21]. Whether there
are circadian rhythms in the release of gut hormones is still poorly described, although GLP-1 has
received considerable interest. In a series of in vitro and in vivo experiments, a clear circadian pattern
in the release of GLP-1 from rat and human intestinal L cells has been reported [38–40]. This pattern is
altered by circadian disruptors, including constant light exposure, a Western diet and altered meal
patterning (i.e., feeding during the day in rats). In rodents, clear diurnal GLP-1 rhythmicity is observed,
in phase with insulin, with peak responses occurring when feeding is limited [39]. This response is
entrained, since animals that are fed during the day (simulating a night-shift) showed a shift in GLP-1
peak, and a disturbed relationship between GLP-1, insulin and glucose concentrations [39]. In addition,
exposure to constant light and feeding a high-fat, high-sucrose ‘Western’ diet, abrogated the normal
rhythmic patterns of GLP-1 and insulin release and impaired glucose tolerance [38,39].
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In humans, circadian-like patterns of GLP-1 levels, as well as a reduction in the amplitude of GLP-1
release in individuals with obesity and type 2 diabetes have been observed. However, these initial
studies did not account for inter-meal intervals, or the caloric loads of the meals administered [41–43].
Subsequent studies that controlled these conditions, and fed participants identical mixed-nutrient
test meals, 12 h apart, also showed rhythmic patterns in basal and post-prandial GLP-1 and insulin
concentrations [40]. In contrast with rodents, GLP-1 and insulin responses did not change in parallel,
with highest GLP-1 secretion observed at 2300 h whereas the highest insulin response was noted
at 1100 h [40]. This study showed that exposure to 22 h of constant light dampened the patterns of
GLP-1 and insulin release, in association with insulin resistance. Interestingly, these changes were
not observed in participants maintained under the same sleep-deprivation protocol but within the
normal light–dark period, which suggests a direct effect of light. Collectively, the data in both rodents
and humans demonstrate a functional role of GLP-1 in the peripheral metabolic clock, and suggest
that altered release of GLP-1, may be one mechanism that contributes to the metabolic perturbations
that result from circadian de-synchrony. Further research is required to extend these observations in
humans, and to establish the roles of irregular light-dark cycles on these pathways.

5. Can Smaller Misalignments in Meal Timing Impair Metabolic Processes?

As discussed, shift work, and eating significant amounts of food at night impairs glucose tolerance.
However, many individuals do not entirely switch eating patterns from day to night. It is unclear
whether smaller misalignments in meal timing, such as skipping breakfast, or consuming late night
snacks, will induce similar impairments. It is also important to identify whether social jetlag, or eating
and sleeping later on “weekends” is sufficient to impact metabolic health. Gill et al. [44] recently
performed an observational study in 156 non-shift workers to examine typical human eating patterns.
In this study, participants downloaded a smartphone application (app) and were asked to take a photo
of each meal/beverage, just prior to consuming it, for 3 weeks. This time stamped when each food
was eaten, and this information was uploaded to the investigators. There was a large variation in the
number of meal events (4–15/day), and the average inter-meal interval was 3 h. More than half of
the cohort reported eating over a 15 h time period each day (e.g., 0700–2200 h), with 75% of energy
intake occurring in the afternoon and evening. This evidence is concerning given our knowledge that
food intake entrains peripheral clocks, and that the eating during the day increases the risk of type 2
diabetes in mouse [27]. A recent study in humans examined the metabolic impacts of an identical
40% overfeeding diet as 3 meals per day or 3 meals and 3 snacks per day. Although, no differences
in weight gain were observed, this study showed that increased meal frequency, in the presence of
caloric excess, increased abdominal adipose tissue deposition, increased hepatic triglyceride content,
reduced insulin-induced suppression of non-esterified fatty acid (NEFA) and reduced hepatic insulin
sensitivity [45]. Of note, the snacks were consumed after each meal, and thus individuals in the
snacking arm ate for longer each day, and later at night, which may have influenced this response.

Given the known circadian oscillations in GLP1, insulin release and glycaemia, eating more food
earlier in the day has been hypothesised to be optimal for overall glycaemic control in individuals
with type 2 diabetes. A study in which a hypo-energetic diet was prescribed as a high energy
breakfast (08:00 h, 3000 kJ), standard lunch (13:00 h, 2500 kJ) and low energy dinner (21:00 h, 900 kJ),
or the reverse protocol, was prescribed to individuals with type 2 diabetes for one week each [46].
Postprandial lunchtime glycaemia was lowest and insulin and GLP-1 concentrations were highest,
when participants had followed the high energy breakfast protocol. This suggests that eating more
breakfast could produce optimal glucose control. However, this difference could also be the result
of consuming more kilojoules at breakfast (i.e., a greater preload effect). In individuals with type 2
diabetes, skipping breakfast increases the peak glycaemic response to a subsequent lunch meal [47].
This is expected, given the well described literature of the second meal effect, i.e., the effect that
the prior meal has on reducing the glycaemic response to the next meal [48]. However, skipping
breakfast also increased the postprandial glycaemic response to a subsequent dinner meal, which
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was unexpected [47]. Skipping breakfast also reduced postprandial insulin and GLP-1 secretion
and increased NEFA and glucagon concentrations at the subsequent dinner meal. This study was
conducted over the course of a single day in individuals who regularly ate breakfast. There is some
evidence to suggest that there is entrainment in the response to specific meal patterns over time [49].

6. Matching Food Intake with Body Clocks

Time restricted feeding (TRF) describes a dieting approach whereby food is available ad libitum
for a short window of time each day. Mice that are fed a high-fat diet, under ad libitum conditions
display dampened diurnal rhythms in food intake and resting metabolic rate. Conversely, providing
mice with a high fat diet under time-restricted conditions (i.e., for 9–12 h), solely during the night, resets
peripheral clocks, and abrogates many of the metabolic consequences of a HFD. This includes restoring
diurnal oscillations in resting energy expenditure and hepatic glucose metabolism [27]. A similar
response has been observed in diet-induced obese mice, with TRF reducing hyperinsulinemia, hepatic
steatosis, and inflammation [50]. Interestingly, when lean animals were switched to a TRF-HFD but
allowed ad libitum access to a high fat diet for 2 consecutive days per week, (simulating a “weekend”),
lean body weights and metabolic profiles were maintained [50]. A number of TRF studies have shown
positive effects in various rodent models of metabolic disease, with the most commonly selected time
being 8 h of food access, during the active phase [28,51]. These studies suggest that TRF will negate
the metabolic consequences of poor dietary habits, at least in mouse.

The impacts of TRF in humans are less clear, and prospective randomised controlled trials testing
this concept are limited. From the epidemiological data, individuals who report consuming more than
one third of daily energy intake at the evening meal have double the risk of obesity as compared to
individuals who report consuming more than a third of energy intake by 1200 h [52]. Eating lunch after
1500 h was also predictive of poorer weight loss and changes in markers of insulin sensitivity during
a 20-week dietary intervention, independently of self-reported 24-h caloric intake [53]. In a randomised
trial, participants assigned to consume more of their allotted kilojoules at breakfast lost more weight
compared with those who consumed the majority of kilojoules at dinner [54]. Similarly, a hypoenergetic
diet consumed as breakfast and lunch produced greater reductions in weight, hepatic lipid content,
and greater improvements in glucose tolerance versus 6 meals/day in individuals with type 2 diabetes
after 12 weeks [55]. Of note, those in the 2 meal per day condition would have fasted for longer prior to
metabolic testing, which may have compounded the observed differences. Together, with the evidence
presented above, it appears that consuming more energy in the morning, as opposed to later in the day,
is beneficial for glycaemic control. However, it is unclear whether this is causal in the development of
type 2 diabetes, and longer term randomised controlled trials comparing the metabolic impacts of this
are necessary to definitively answer this question.

There are many observational studies of individuals who undertake the Islamic ritual of fasting
during the month of Ramadan [56–62]. Ramadan is essentially a time restricted feeding protocol
that requires individuals to abstain from eating and drinking during daylight hours. Given the
animal data presented, the switch to a predominately night time pattern of food consumption
that characterises Ramadan, could be predicted to adversely impact metabolic health. Conversely,
most studies report favourable improvements in blood lipids, including reductions in total and
low density lipoprotein (LDL)-cholesterol, triglycerides, and increases in high density lipoprotein
(HDL)-cholesterol [56,57,60–62]. Some of these health benefits may be due a mild energy restriction,
and modest weight loss that is typically observed in response to Ramadan fasting [56,57,61,62].
However, postprandial hyperglycaemia [63], increased fasting blood glucose and deterioration in
glycaemic control [57,64] have also been reported. We speculate that implementing a TRF protocol
at night will be beneficial for regulation of body weight, and cardiovascular outcomes, but not for
glycaemic control.

One controlled study has examined the effects of implementing an evening TRF protocol on
metabolic health outcomes. In this study, lean individuals were asked to limit all food intakes to a 4-h
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window early in the evening (1700–2100 h), vs. eating the same diet as breakfast, lunch and dinner
for 8-weeks each [65,66]. All food intakes were monitored within a metabolic kitchen. Despite eating
identical foods, the TRF condition resulted in small but significant reductions in body weight and fat
mass, and improved cardiovascular profiles, including increased HDL and reduced triacylglycerol [65].
These changes were independent of diet composition, since dietary cholesterol and fatty acids were
carefully matched in each dietary condition. In spite of modest weight loss in the TRF condition,
fasting blood glucose levels were increased, and impaired glucose tolerance [66]. There were no
differences in insulin response. This study demonstrates that limiting energy intake to late in the day
is detrimental for glucose control in humans. This outcome may have been influenced by the greater
number of kilojoules that were consumed closer to the time of testing in one condition (i.e., 100%
calories between 1700 and 2100, vs. 30%–40% in the 3 meals/day condition). Alternatively, the glucose
test was performed at a time that participants were no longer accustomed to eating, which could
have impacted results [49]. In a similarly styled study, healthy, lean men underwent an alternate
day fasting protocol, fasting from 2200 h until 1800 h the following day. This 20 h/day fast meant
that re-feeding occurred later in the day. Despite this pattern of meal intake, insulin sensitivity was
increased, although no changes in body weight, fasting blood glucose or insulin were noted [67].
The reason for the disparate results are unclear, but may be related to participant characteristics or the
amount of energy consumed in the evening.

Two other TRF protocols have also been piloted to date. In one, 8 individuals who were obese
and reported eating for at least 14 h/day were recruited [44]. Individuals were instructed to limit food
intakes to 10–11 h/day, with no other dietary instruction. TRF resulted in 3.3 kg weight loss after
16 weeks, which was maintained for 12 months. Of note, the precise TRF schedule was self-selected,
and participants shortened both ends of their day (avg. 1000–2030 h), and there was no control group.
In another study, lean healthy men ate ad libitum vs. 13 h/day TRF (0600–1900) for 2 weeks each.
The TRF study condition resulted in less food consumption, and a −0.4 kg weight loss, compared
with a gain of +0.6 kg under ad libitum conditions [68]. Metabolic health outcomes were not reported
in either publication, which makes it difficult to establish whether beneficial health effects, beyond
weight loss, exist. The limited number of studies, with small sample sizes, lack of adequate controls,
as well as the lack of data reporting the effects of TRF in individuals who are obese highlights the
necessity of further research in this area.

A final aspect that remains is whether eating erratically will alter glucose control. To our
knowledge two studies in humans have partially investigated this concept. Participants were asked
to eat between 3–9 meals per day, or eat 6 meals/day at the same time each day for 2 weeks each.
The irregular meal pattern caused insulin resistance in response to a high-carbohydrate breakfast meal
in women who are lean [69] and obese [70], although fasting blood glucose was not different between
meal conditions. These studies suggest that erratic eating patterns may also induce insulin resistance,
but longer term studies are required.

7. Conclusions

There is a general belief that consumption of more energy throughout the day is preferable to
evening consumption. Few studies have examined this prospectively in humans, or for any length
of time. Nonetheless, time restricted feeding has shown promise as a tool to mitigate the metabolic
sequelae of diet induced obesity in mouse models. Good quality evidence for TRF as a dietary approach
to improve glucose control in humans is lacking. Controlled trials are necessary, and must determine if
there is adaptation in the approach, whilst keeping in mind the practicality of translating this approach
into the community.
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Abstract: (1) Background: About one in four workers undertake shift rosters that fall outside
the traditional 7 a.m.–6 p.m. scheduling. Shiftwork alters workers’ exposure to natural and
artificial light, sleep patterns, and feeding patterns. When compared to the rest of the working
population, shiftworkers are at a greater risk of developing metabolic impairments over time.
One fundamental component of metabolic health is skeletal muscle, the largest organ in the body.
However, cause-and-effect relationships between shiftwork and skeletal muscle health have not been
established; (2) Methods: A critical review of the literature was completed using online databases and
reference lists; (3) Results: We propose a conceptual model drawing relationships between typical
shiftwork consequences; altered light exposure, sleep patterns, and food and beverage consumption,
and drivers of skeletal muscle health—protein intake, resistance training, and hormone release.
At present, there is no study investigating the direct effect of shiftwork on skeletal muscle health.
Instead, research findings showing that acute consequences of shiftwork negatively influence skeletal
muscle homeostasis support the validity of our model; (4) Conclusion: Further research is required to
test the potential relationships identified in our review, particularly in shiftwork populations. Part
of this testing could include skeletal muscle specific interventions such as targeted protein intake
and/or resistance-training.

Keywords: protein intake; resistance training; sleep; hormones

1. Introduction

In North America, continental Europe, and Australia, more than 15% of the workforce undertake
shifts that include work hours outside 7 a.m. to 6 p.m. [1]. These workers deliver essential 24-h services
for communities, including healthcare, construction, and emergency response [2–5]. To maintain these
24-h services, shiftworkers endure continual acute and chronic risks to their health and safety [6]. In the
short-term, sleep deprivation and disturbances lead to impaired decision making and vigilance on the
job, which can increase the risk of workplace accidents [7]. Disruptions to sleep and waking habits
can also adversely influence social and family relationships [8], which can diminish job retention [9]
and quality of life. Shiftworkers frequently exposed to irregular working hours also face significantly
greater risks of developing diabetes [10], obesity [11], and cancer [12].

Together with the short- and long-term health and safety risks they face, the essential role
that shiftworking populations serve in their communities makes them a high priority research area.
To this end, considerable research has already focused on shiftworkers’ sleep impairments [6], and
associated risk of short-term injuries [7] and longer-term metabolic diseases [10,11,13,14]. One area
that has received relatively little attention, but is pertinent to both short-term work capacity and
long-term metabolic health is the impact of shiftwork on skeletal muscle health. Skeletal muscle
is a major metabolic tissue that is not only essential for all human movement, but also constitutes
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a critical storage organ for essential substrates and plays a major role in energy production and
metabolism [15,16]. Maintaining skeletal muscle health over a lifespan underpins physical work
capacity [17] and is particularly relevant for many shiftworking populations who must perform
physically demanding tasks and/or maintain standing or upright postures across shifts lasting eight or
more hours [18]. Disruption in muscle homeostasis is associated with metabolic and chronic diseases
that are overrepresented in shiftworking populations [10,11,13,14]; however, no cause-and-effect
relationship has been established between shiftwork and poor skeletal muscle health.

The review will begin by defining shiftwork schedules and typical shiftwork industries. Thereafter,
we will provide an overview of skeletal muscle physiology, and briefly describe the major drivers
of skeletal muscle health. We will then propose a conceptual framework for the direct and indirect
pathways through which shiftwork could impair skeletal muscle health (Figure 1). The bulk of
the review will draw on available evidence supporting our hypothesis that shiftwork and its acute
consequences impair skeletal muscle health. These sections will focus on the direct impacts of circadian
disruption on skeletal muscle regulation as well as the impact of shiftwork and sleep disruption on
food and beverage choices, and hormonal changes. The review will conclude with nutrition- and
exercise-based targeted intervention areas that interested research groups may trial as part of a new
research agenda for shiftworkers’ health.

Figure 1. A model for the potential impact of shiftwork on skeletal muscle health.

1.1. Shiftwork

For the purposes of this review, shiftwork will comprise working hours that exist outside of
the traditional 7 a.m. to 6 p.m. scheduling [1]. The various types of shiftwork patterns have been
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recently described in seminal reviews by Wright et al. [1] and Kecklund and Axelsson [6]. Briefly,
night-shift hours typically range from 9 p.m. to 8 a.m.; evening shifts from 2 p.m. to 12 a.m.; and early
morning shifts include any work starting between 4 and 7 a.m. [1]. Early morning and night shifts
acutely lead to shorter sleep periods, whilst evening shiftwork is associated with the longest sleep
durations [6]. Such rosters are typical of nursing, medicine and paramedicine, maintenance and factory
work, aviation, and emergency services [1,5,6,18]. Many sectors use a rotating shift system where
workers will rotate through a period of day to evening (where applicable) to night shift. The number
of consecutive shifts of each type impacts sleep, with longer rotations (i.e., four to seven consecutive
shifts of the same type) leading to ~25 min more sleep than faster rotations [6]. Changing from a day to
night shift can lead to a period of total sleep deprivation, particularly on the first night shift [19]. The
exposure to total sleep deprivation is also typical for emergency service workers who may be called
to an incident (e.g., road crash, storm, or wildfire) in the afternoon or early evening after working
all day [2–4]. In some emergency service jurisdictions, workers are able to rest or sleep at the station
or in their homes until an emergency response is required [5]. In these environments, workers face
disrupted sleep and partial sleep restriction that can evoke different physiological responses when
compared to total sleep deprivation [5]. In this review, we will strive to draw on studies using actual
or simulated shiftwork schedules to understand their potential impacts on skeletal muscle health.
As disrupted sleep is a typical consequence of many schedules, we will also draw on experimental
evidence using complete sleep deprivation and partial sleep restriction models. Special care will be
taken to alert the reader of the potential impact that different types of shiftwork could have on skeletal
muscle health in both acute and chronic settings.

1.2. Skeletal Muscle Health

A fundamental component of human metabolic health, physical work capacity, and quality of
life is skeletal muscle health [17]. Skeletal muscle is a very plastic tissue able to rapidly modify its
structure, function, and metabolism in response to internal and external stress signals. Comprising
40% of the total body mass [17], skeletal muscle is the largest human organ. It primarily functions as
a structural support unit, enabling the body to maintain posture and perform gross and fine motor
movements [20]. Skeletal muscle is composed of a heterogeneous collection of muscle fibres. Each
fibre is a multinucleated muscle cell constituted of myofibrils, the proteinic structure made of actin
and myosin that allows for muscle contraction. The different types of muscle fibres allow for the wide
variety of capabilities of this organ; with fast-twitch fibres (type II) producing a contractile response
that is faster but subjected to higher fatigability than slow twitch fibres (type I). Skeletal muscle
is also a critical storage organ for essential substrates and plays a major role in energy production
and metabolism [15,16]. Numerous substrates including muscle glycogen, blood glucose, and free
fatty acids derived from muscle or adipose tissue can be used to generate ATP, the main source of
energy that sustains muscle contraction [21]. Disruption in muscle energy metabolism is associated
to metabolic disorders, including obesity and diabetes, and neurodegenerative conditions such as
motor neuron disease. Of particular interest for this review, skeletal muscle houses 50%–75% of the
body’s total protein pool [17]. Skeletal muscle proteins are constantly built up (protein synthesis) and
broken down (protein degradation) [17]. In normal physiological conditions, the amount of proteins
synthetized in the muscle balances the amount of proteins degraded in the muscle, resulting in steady
muscle mass [22]. Protein degradation can exceed protein synthesis during periods of serious disease,
immobilization, and aging [23], leading to a net loss of muscle mass. In addition, muscle protein
metabolism is disrupted during periods of malnutrition and starvation, where the muscle becomes
a vital substitute fuel supply for the brain and immune system [17]. Compromising muscle protein
metabolism results in a net loss of muscle mass [24–26] and prevents optimal muscle function. Low
muscle mass is a hallmark of numerous metabolic challenges. These include chronic and metabolic
disorders, such as cancer, AIDS, and neuromuscular conditions [23]. Maintaining the balance between
protein synthesis and protein degradation over a lifespan is therefore critical for physical performance,
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metabolic health, and general wellbeing [17]. The muscle protein metabolism balance is tightly
regulated by a combination of anabolic (pro-protein synthesis) and catabolic (pro-protein degradation)
stimuli including (1) the ingestion of dietary protein (anabolic); (2) resistance exercise (anabolic)
and (3) circulating signaling molecules, including metabolic hormones and myokines (anabolic or
catabolic) [17].

2. A Model for Shiftwork and Skeletal Muscle Health

The overarching hypothesis of this review is that shiftwork may significantly impair skeletal
muscle health through multiple physiological pathways, resulting in a reduction of protein synthesis
and an augmentation of protein degradation in the muscle (Figure 1). At the top of Figure 1, shiftwork
alters the sleep-wake cycle of the worker. In this review, we will focus on three typical consequences
of the altered sleep-wake cycle, namely altered light exposure, sleep, and feeding patterns. Altered
light exposure refers to the reduction in natural night and increase in artificial light, particularly at
night. Shiftworkers’ sleep patterns are characterized by a reduced quality and quantity of sleep and,
depending on their schedule, a shift in their main sleep including (for some) sleeping primarily during
day time hours. Similarly, shiftworkers’ eating patterns move with their altered sleep-wake cycle,
but shiftworkers also make different food and beverage choices than daytime workers. There are
also several interactions between these sub-categories. Individually and collectively, changes in light,
sleep, and feeding patterns can all influence the body’s circadian clocks depicted in the middle of
Figure 1. This image refers to the suprachiasmatic nucleus (SCN), the central clock of the body that
governs tissue homeostasis. In addition, skeletal muscle possesses its own intrinsic biological clock,
which is also sensitive to the changes in light exposure, wake, sleep, and dietary patterns experienced
by shiftworkers [27]. The regulation of muscle homeostasis is multi-factorial, with protein intake,
resistance training, and hormonal patterns independently influencing muscle protein balance. Beyond
impacts on the central and peripheral circadian clocks, alterations to light, sleep, and feeding patterns
may also directly impact muscle protein balance. Here we will primarily focus on the studies reporting
muscle data. Human experimental data will be prioritized and supplemented, where appropriate,
with evidence from animal studies. While this approach limits the number of studies discussed in
our review, our intent is to stay focused on new contributions to the already large body of research
addressing shiftworkers’ health.

2.1. Direct Effects of Circadian Disruption on Skeletal Muscle Tissue

Skeletal muscle fibres possess their own intrinsic biological clock, which relies on a multi-level
transcriptional and translational feedback loop system involving the core clock genes Clock, Bmal1,
Cry1/2, and Per 1/2 (reviewed in [28,29]). The muscle biological clock is primarily studied in rodent
models. While the obvious limitations to this approach should be kept in mind, novel data are often
only available from mouse and rat models. In mice, seventeen percent of all genes display circadian-like
regulation patterns in skeletal muscle [30], including Myod1, a muscle-specific transcription factor
playing a key role in muscle development [31]. These genes are involved in all aspects of muscle
biology, including growth, function, and metabolism [28,29,32], where nearly 30% of all genes directly
regulated by Clock are involved in energy metabolism [30]. It follows that disruptions in the circadian
clock are strongly associated to skeletal muscle health. For example, a functional biological clock is
essential to the normal secretion of basal myokines in vitro [33] and to the maintenance of muscle
structure and function in rodents [27,31]. A series of recent animal studies have linked the specific
loss-of-function of one of the core clock genes to a range of muscle phenotypes, including muscle
atrophy, structural impairments, altered metabolism, altered regeneration, and reduction in force and
endurance (reviewed in [32]).

Few human studies have investigated the direct relationships between the acute impacts of
shiftwork (e.g., altered light exposure, sleep, and feeding patterns; Figure 1) and skeletal muscle health.
One night of complete sleep deprivation decreased the mRNA levels of the clock genes Bmal1 and
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Cry1 in 15 healthy men [34]; however, whether light exposure during the trial or sleep deprivation
itself drove these changes is unknown. The possible interplay between sleep restriction, diet, and
skeletal muscle health has been evidenced in less controlled field studies. Nindl et al. [35] showed that
soldiers who were only permitted 1–3 h sleep per night during a physically intense four-day training
period lost 3% fat free mass. These soldiers were also subjected to severe caloric restriction each day.
Unpacking the relative contribution of the sleep and calorie restriction was not possible. However,
a more recent study showed that sleep loss could moderate the relative impact of calorie restriction on
skeletal muscle health [36]. Nedeltcheva et al. [36] showed that participants following a 14-day calorie
restricted diet lost 60% more muscle mass when sleep restricted (5.5 h sleep per night) than those who
slept normally (8.5 h sleep per night).

In the relative absence of human data, the proposed association between the acute impacts of
shiftwork and skeletal muscle health can be supported by rodent studies. In rats submitted to 96 h of
rapid eye movement (REM) sleep deprivation, there was a significant decrease in tiblias anterior muscle
mass [37], gastrocnemius mass/tibia length ratio [38], average fibre cross-sectional area (CSA, a direct
measure of muscle size) [37], and type II (fast-twitch) fibre CSA [38]. The phosphorylation levels of
the molecular markers of muscle protein synthesis were reduced, indicating a reduction in muscle
protein synthesis with sleep deprivation. Conversely, the activity of the ubiquitin proteasome system
increased, indicating greater protein degradation [38]. Sleep-deprivation induced muscle atrophy
could be partially restored by a 96-h recovery period [37]. Work from the same group confirmed that
a decrease in average muscle fibre CSA induced by sleep-deprivation was specific to glycolytic and
mixed muscles and that 96 h of paradoxical sleep deprivation significantly reduced fat deposition in all
types of muscle, possibly as a direct consequence of a negative energy balance [39]. Rats subjected to
sleep deprivation for 18 h per day demonstrated an increase in the Mhc1 gene and protein expression
(a protein that is characteristic of slow-twitch fibres) and a decrease in the Mhc2 gene and protein
expression (a protein that is characteristic of fast-twitch fibres) in the masseter muscle after 7 and 14
days; values that returned to baseline levels after 21 days of sleep deprivation [40]. In contrast, rats
subjected to 3–14 days of sleep deprivation did not display an increase in oxidative stress in skeletal
muscle [41]. More recently, a mouse study using continuous light exposure confirmed that a functional
circadian system is required to maintain skeletal muscle health. A six-month period of light exposure
induced a number of muscle dysfunctions, including reduced grip strength and grip hanging duration;
impairments that were mostly reversed when the animals were returned to a normal day/night cycle.
It was proposed that these changes were mediated by changes in SCN neural activity [42]. More work
is required to reconcile the acute and sustained impacts that sleep deprivation and/or changes in light
exposure has on skeletal muscle, particularly in humans.

2.2. Shiftwork, Sleep Disruption, and Food and Beverage Choices

As presented in Figure 1, shiftwork alters workers’ sleep-wake patterns, which in turns leads to
changes in their food and beverage consumption. Figure 2 focuses on the potential pathways through
which changes in food and beverage intake could impair skeletal muscle health.

Protein ingestion is one of the three primary drivers of protein synthesis in skeletal muscle [17].
As muscle tissue houses 50%–75% of the body’s total protein pool [17], dietary protein supplies the
materials needed to replenish and remodel muscle cells by increasing systemic amino acid availability
and improving insulin sensitivity [43]. The type, amount, and timing of protein ingestion can
be modulated to increase protein synthesis rates and improve net protein balance within skeletal
muscle [44]. Twenty to 30 g of high quality protein containing approximately 10 g of essential amino
acids is required to maximally stimulate maximal protein synthesis [45,46]. Protein intakes of 0–10 g
produced significantly lower protein synthesis, with no additional benefit observed when >30 g was
ingested [45,46]. Moderate amounts of protein spread evenly throughout the day causes a 25% increase
in muscle protein synthesis compared to a skewed intake towards the end of the day. Therefore, low or
irregular protein intake can result in a negative protein balance, with protein degradation surpassing
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protein synthesis and promoting net muscle loss. The amino acid profile and rate of digestibility can
also influence protein synthesis. Protein sources consisting of essential amino acids doubled protein
synthesis rates compared to equal amounts of non-essential amino acids [47]. Leucine, a branched
chain amino acid, is particularly efficient as it stimulates muscle protein synthesis both directly and
indirectly through the secretion of insulin from the pancreatic β cells [48]. Finally, rapidly digestible
proteins such as whey result in a greater stimulation of post prandial muscle protein synthesis when
compared to slowly digestible proteins such as casein [49].

Figure 2. A model of how the altered sleep and feeding patterns of shiftworkers could impair skeletal
muscle health.

The diets of shiftworkers have been reviewed by Lowden et al. [50]. These authors did not
specifically focus on protein intake in shiftworkers, though some evidence suggested high ingestion of
animal protein and fats by nightshift workers. A more consistent pattern is that despite little difference
in energy intake between different work groups, fat and refined carbohydrates comprise a greater
portion of shiftworkers’ diets compared to daytime workers. Such dietary patterns can increase the
risk of insulin resistance, promoting muscle protein degradation, favoring fat infiltration in the muscle
and negatively impacting skeletal muscle health (Figure 2).

As shiftwork disrupts workers’ sleep patterns, studies documenting food choices following
sleep deprivation and sleep restriction may provide further insight into the links between shiftwork,
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diet, and skeletal muscle health. Sleep loss generally increases the preference for foods with a high
carbohydrate content including sweets, salty, and starchy foods compared to vegetables, fruit, and high
protein foods [51–54]. Across two weeks of sleep restriction (i.e., 5 h sleep per night) [55] or following
one night of total sleep deprivation [56], participants increased their ad-libitum food and energy intake,
particularly through increased snacking. Sleep restriction also impacts food-purchasing behaviours,
influencing longer-term food intake. After one night of total sleep deprivation and following a calorie
controlled breakfast, one study reported an increase in the purchase of higher calorie foods, including
sweet and fatty food items, and total grams of food within the same budget compared to a night of
sleep [57]. Neurological factors may contribute to explain these results, with imaging studies showing
a greater response in the food reward areas of the brain to unhealthy food items compared to healthy
food items following sleep restriction [58,59].

The mechanisms by which shiftwork may alter dietary choices could also include alterations in
appetite regulating hormones, leptin (appetite-inhibiting hormone), and ghrelin (appetite-stimulating
hormone [60]); however, direct evidence is lacking. Men working dayshifts recorded lower
concentrations of leptin compared to other shifts [61]. However, early morning shiftworkers had lower
ghrelin concentrations over the day, consumed less total energy, and reported lower appetite ratings
when compared to day and night shiftworkers [61]. These potentially conflicting findings are further
confounded by the direct impact of sleep restriction (common to many shiftworkers) on the same
hormones. For instance, a randomised crossover study found reduced leptin and increased ghrelin
following two consecutive nights of sleep restriction (4 h in bed) when compared to sleep extension
(10 h in bed), under strict calorie control in the form of intravenous glucose [52]. It follows that hunger
and appetite were increased following sleep restriction and were proportional to the increased ghrelin
to leptin ratio [52]. Other studies have reported inconsistent results, with either increases in leptin
following a sleep restriction period [55,62], no change in satiety [62], or no difference in leptin or
ghrelin levels following sleep restriction, despite an increased calorie intake [51]. Teasing out the
relationships between the different types of shiftwork, changes to appetite hormones, and food reward
centers in the brain should be a focus of future research. Only then can the precise mechanisms for
the changes in dietary patterns observed in shiftworkers be understood and targeted interventions
be designed.

Shiftworking also influences alcohol consumption [63,64]. Dorrian and colleagues [63,64] reported
that whilst shiftworkers do not drink more than those on standard work rosters, they are at increased
risk of ‘binge’ drinking; that is, periods of heavy drinking followed by abstinence. Workers on 12-h
rotating shifts consumed more drinks in a single 24-h period compared to those on 8-h rotating
shifts [63]. These findings also align with a recent systematic review demonstrating a positive
relationship between long working hours and alcohol consumption [65]. For the current review,
an increased risk of binge drinking, perhaps during ‘down periods’ between shift ‘blocks’, could pose
significant risks to skeletal muscle health. Recently, Parr and colleagues [66] have shown that heavy
alcohol consumption reduces muscle protein synthesis rates and increases protein degradation [67]
following a bout of combined resistance and endurance exercise. These participants were however
well-rested, night-time sleepers so it is unclear whether the observed impairments of alcohol on skeletal
muscle growth could be further exaggerated by the changes in sleep patterns (incl. sleep restriction)
encountered by shiftworkers.

2.3. Shiftwork, Sleep Disruption, and Hormonal Changes

Hormones are circulating molecules that transmit physiological signals to organs, including to
skeletal muscle. By binding to specific receptors expressed at the surface of the muscle fibre, hormones
trigger the activation of molecular transduction pathways that regulate cell metabolism, structure, and
function. In this section, we will draw on the small group of studies describing the hormonal profile
exhibited by shiftworking populations. This pool of research will be supplemented by experimental
evidence demonstrating the direct impact of sleep deprivation or restriction on the major anabolic
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and catabolic hormones, including testosterone, insulin and insulin like growth factor 1 (IGF-1),
and cortisol.

2.3.1. Testosterone

Testosterone is a key regulator of skeletal muscle mass that directly promotes muscle protein
synthesis [68] while also repressing the negative effect of genes activating protein breakdown [69].
Plasma testosterone levels rise with the onset of sleep and peak after the first REM sleep opportunity. At
least 3 h of normal sleep are required to induce this rise [70]. Concentrations remain high until waking
and then decrease gradually during the day. Early, underpowered field studies investigating the
secretory pattern of testosterone in shiftworkers during and following their night shift reported
decreased nocturnal [71] and diurnal [72] testosterone concentrations in serum. More recently,
Jensen et al. [73] reported that police officers completing 2, 4, and 7 consecutive nights of night shift
(coupled with equivalent recovery days) did not experience any change to their testosterone profiles.
However, the authors did not report whether total testosterone (e.g., area under the curve) was affected.
A study comparing sex hormone profiles in a heterogeneous population of night-versus day workers
revealed that night workers had higher levels of androgen hormones, including testosterone, than day
workers. However, this trend was not apparent when looking at males only. The testosterone peak
was significantly delayed in night workers, independently of sex [74].

The direct relationship between sleep and testosterone in experimental settings has received
more attention. Total sleep deprivation, sleep restriction, and fragmented sleep over a 24-h period,
which could relate to the work of emergency response or on-call workers [2–5], respectively lower
testosterone levels [71,72] and delay the normal nocturnal blood testosterone rise [75]. The nocturnal
rise in testosterone appears dependent on REM sleep with the amplitude of this rise being significantly
lower in participants who did not have any REM sleep opportunity [75]. Sustained sleep restriction,
which is also representative of some shiftworking conditions, impairs testosterone release as well.
After five nights of sleep restriction (4 h sleep per night), there was a trend (p = 0.09) for a reduction
in total daytime testosterone [76]. Failure to reach statistical significance may reflect that the study
was slightly underpowered, the period of sleep restriction was not long enough, or that the total
testosterone measure was not sufficiently sensitive to pick up diurnal patterns. Indeed, eight nights of
sleep restriction (5 h sleep per night) led to significantly decreased testosterone levels during waking
hours, with differences being especially apparent between 2 p.m. and 10 p.m. [77]. Finally, a study
compared the effects of shifting sleep (day sleep) and control conditions (night sleep) on circulating
testosterone levels. Testosterone concentrations generally raised during sleep and dropped during
waking, with small circadian effects being reported [78]. On balance, it appears that shiftwork, and
total and sustained sleep restriction can all impair testosterone release, which may fail to promote
muscle protein synthesis and preserve skeletal muscle health in affected populations.

2.3.2. Insulin and Insulin-Like Growth Factor 1 (IGF-1)

Insulin is a central regulator of skeletal muscle health and metabolism. This peptidic hormone
concurrently increases the postprandial transport and delivery of amino acids to skeletal muscle,
activates muscle protein synthesis, and inhibits muscle protein degradation [79]. Maintaining optimal
insulin function is essential for metabolic health. Insulin resistance, a metabolic disorder that is
characteristic of diabetes and obesity, blunts muscle protein synthesis and promotes muscle protein
degradation. By favouring fatty acid uptake in the muscle, insulin resistance also augments fat
infiltration into the muscle, leading to a negative muscle protein balance and decreased muscle
mass [80,81].

The adverse impact of shiftwork and sleep restriction on insulin resistance is suggested through
the consistent associations existing between shiftwork, sleep restriction, diabetes, and obesity [6].
Drawing on evidence from 38 meta-analyses and 24 systematic reviews, Kecklund and Axelsson [6]
reported that diabetes (relative risk (RR) ratio: 1.09 (95% CI: 1.05 to 1.12)) was more prevalent in
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shiftworking than in control populations. While no data focused on shiftwork per se, sleep restriction
studies returned a RR of 1.25 (95% CI: 1.14 to 1.3) for obesity/weight gain. In experimental settings,
Buxton et al. [82] demonstrated reduced insulin sensitivity following as little as one week of sleep
restriction (5 h per night) in 20 healthy men. Supporting this finding, five nights of sleep restriction
(4 h per night) led to reduced whole body and peripheral insulin sensitivity that was associated with
an increase in fasting non-esterified fatty acid in 14 healthy participants [83].

IGF-1 is another positive regulator of muscle protein synthesis that is the main activator of the
Akt/mTOR pathway in muscle, while also carrying out signaling in other anabolic pathways [84].
Controlled human studies investigating the direct effects of sleep deprivation or restriction on IGF-1
levels are lacking; however, 25 h of sleep deprivation induced significant decreases in free IGF-1
concentrations, while one night of recovery efficiently restored basal circulating IGF-1 levels [85].
Whether chronic changes in IGF-1 concentrations are associated with shiftwork schedules still needs to
be investigated.

2.3.3. Cortisol

Cortisol is the major hormone released through activation of the hypothalamic-pituitary-adrenal
axis in response to psychological or physiological stressors [86] in humans. Elevated cortisol levels
upset skeletal muscle protein balance by suppressing protein synthesis and promoting protein
breakdown [84]. Cortisol inhibits IGF-1 production in skeletal muscle, while up regulating key
inhibitors of protein synthesis [84]. Furthermore, cortisol stimulates the major protein degradation
pathways, including the ubiquitin–proteasome system [84]. Under normal conditions, cortisol release
follows a diurnal pattern characterized by a peak upon morning wakening, followed by a decline
across the day, reaching its lowest level ~3–5 h after night-time sleep onset [86]. Across a variety of
occupations and work rosters, shiftwork disrupts this diurnal pattern. Studies in police, nursing, and
other emergency services demonstrated cortisol dysregulation after short- and longer-term exposure
to shift- and, in particular, night-work rosters [87–89]. The impairment is typically characterized as
suppressed cortisol awakening response, followed by a slower rate of decline, which can lead to an
elevated night-time cortisol levels [89,90]. Depending on the number of samples collected, this flatter
diurnal patterning can lead to a higher overall cortisol release across the day [30,91].

The abnormal cortisol pattern is related to the circadian misalignment caused by the
irregular waking hours required of shiftworkers. Furthermore, workers suffering shortened sleep,
through working longer shifts or rotating between roster-types also demonstrate cortisol release
impairments [90]. Animal models also provide evidence that increased exposure to artificial light, an
acute consequence of shiftwork (Figure 1), is associated with disrupted cortisol secretion patterns [92].
Relevant to our model, the dysregulation of cortisol release in shiftworkers could impair their skeletal
muscle health by favoring a negative protein balance. These relationships between sleep disruptions,
increased cortisol release and progressive muscle wasting have been very recently implicated in the
development of sarcopenia [93]. We propose that the circadian misalignment and sleep disruption
incurred by shiftworkers could also impair skeletal muscle health, independent of age.

3. Potential Countermeasures to Preserve Skeletal Muscle Health in Shiftworkers

The current review hypothesizes that shiftwork, through altered light exposure, disruptions to
sleep, and changes in food intake patterns may impair skeletal muscle health. These populations
may therefore need evidence-based strategies to help promote and preserve this fundamental
human tissue, essential for short-term physical capacity and long-term metabolic health. Identifying
and implementing successful countermeasures will not only benefit the individual shiftworker,
but also improve the health of this essential workforce, underpinning the essential services they
provide communities.

There have been several reviews dedicated to improving shiftworker health (e.g.,
Wright Jr. et al. [1] and Kecklund and Axelsson [6]). Many of these reviews target the factors identified
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in Figure 1 and therefore, strategies targeting circadian adjustment through manipulating light
exposure, improving sleep quantity and quality, and overall diet, could also benefit skeletal muscle
health. Rather than revisit these strategies, this final section will focus on countermeasures that
target two of the main drivers of skeletal muscle synthesis—protein intake and resistance training.
To do so, we will draw on experimental studies in humans and rodents completed in conditions that
approximate one or more aspects of shiftwork (e.g., altered sleep timing).

Dietary protein is an established, potent stimulator of muscle protein synthesis [17]. Res et al. [94]
reported that in humans, a 40-g mixed protein beverage drank 30 min prior to sleep significantly
increased overnight muscle protein synthesis as well as the circulation of essential amino acids when
compared to a control group. Although these findings were observed in participants permitted a full
night’s sleep, they do highlight the potential protective impact of protein ingestion for the skeletal
muscle health of shiftworkers. This possibility is further supported by recent findings using rodent
models. In rats, 96 h of sleep deprivation significantly decreased testosterone levels and elevated
corticosterone (the predominant glucocorticoid in rats) levels [38]. Supplementation by the essential
amino acid Leucine did not protect against these hormonal changes; however, it was able to counteract
the sleep deprivation-induced reduction in muscle fibre CSA in type IIb, but not in type IIa muscle
fibres. Leucine supplementation also rescued the sleep deprivation-induced decrease in markers
of muscle protein synthesis, but not the sleep deprivation-induced increase in markers of protein
degradation [38]. Although no study has replicated these findings in humans, additional protein
ingestion does represent a plausible and practical countermeasure to help shiftworkers to preserve
their skeletal muscle. Research into the timing and dose of the protein required to optimise skeletal
muscle health across a range of shiftworking conditions is a worthwhile focus for future investigations.

Resistance training is another primary stimulator of muscle protein synthesis [95]. Therefore,
it may represent an effective countermeasure to the decrease in muscle protein synthesis and increase
in muscle protein breakdown we have proposed for shiftworking populations (Figure 1). We are
unaware of any studies that have explored the direct impact of resistance training on skeletal
muscle health in shiftworkers or in human participants following a period of sleep deprivation
or restriction. There are, however, some allied findings in rodents to prompt further investigation
into this countermeasure. Monico-Netto et al. [39] tested rats’ responses to 96 h of sleep deprivation,
eight-week resistance training, and 96 h sleep deprivation following the eight-week resistance training
protocol. Resistance training alone increased muscle mass and CSA, while sleep deprivation alone
significantly reduced muscle mass and CSA. When combined, resistance training attenuated the
changes in muscle morphology and attenuated the reduction in circulating levels of anabolic hormones
that were induced by sleep deprivation. In addition, resistance training was able to blunt, but not
fully suppress, the sleep deprivation induced increase in corticosterone levels and protected against
the increase of some, but not all, muscle protein degradation markers. These findings have yet to
be replicated in human participants. The concurrent impact of chronic sleep restriction (and other
sleep disruptions common to shiftwork) and resistance training is also yet to be explored, but the
findings of Monico-Netto et al. [39] are promising and should prompt further research in humans and,
in particular, shiftworking populations.

For researchers and practitioners implementing resistance training programs in shiftworking
populations, research using acute periods of total sleep deprivation and partial sleep restriction provide
some insights that could be used to optimize training prescription. Reilly and Piercy [96] showed
that participants found their sub-maximal bench press exercise at 3 a.m. was significantly more
demanding (i.e., associated with a higher rating of perceived exertion) than when the same load was
lifted at 3 p.m. The experimental design was not continued to examine a training effect, nor could the
impact of the time of day be separated from the sleep deprivation incurred by keeping participants
up until 3 a.m. However, given that perceived exertion is a key driver of self-selected work intensity,
then shiftworkers training following impaired sleep may not be able to (a) lift as much load in their
training and/or (b) progressively overload their training load sufficiently to optimize protein synthesis.
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Secondly, the increased exertion of training, especially if coupled with a lack of progression, could
de-motivate shiftworkers to undertake resistance training. To counter these potential impairments,
workplaces should consider the positive influence that exercising in pairs or teams may have on
motivation and exertion [97,98], two drivers of physical activity and training that are impaired by sleep
restriction [96,99]. Indeed, in a highly competitive team weight-lifting environment, Blumert et al. [100]
found that maximal strength is not impaired by 24 h of complete sleep deprivation. We have also
shown that firefighters working in teams will maintain their physical performance on important tasks
without a decrease in motivation or perceived exertion [101]. Neither of these acute sleep restriction
or deprivation environments are a true proxy for the chronic sleep disruptions commonplace for
shiftworkers. However, researchers seeking to trial resistance training programs with shiftworking
clients should strongly consider the value of exercising in groups or with partners to buffer the normal
drop in motivation or perceived exertion associated with sleep deprivation and restriction.

4. Conclusions

The current review hypothesized that shiftwork may significantly impair skeletal muscle health
through multiple physiological pathways resulting in a reduction of protein synthesis and an
augmentation of protein degradation in the muscle. Our conceptual model explored relationships
between typical shiftwork consequences; altered light exposure, sleep patterns, and food and beverage
consumption, and drivers of skeletal muscle health—protein intake, resistance training, and hormone
release. To date, no study has directly investigated the skeletal muscle health of shiftworkers. In the
absence of direct evidence, we drew from some experimental findings that altered light, sleep, and
eating patterns can directly influence skeletal muscle homeostasis. Emerging data from human and
rodent laboratory experiments suggests that targeted protein ingestion and/or resistance training
may be viable strategies to preserve skeletal muscle health for shiftworkers. Further research is
required to test the potential relationships identified in our review, including the efficacy of the
proposed interventions.
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Abstract: Several studies have reported that short sleep duration is a risk factor for obesity and
metabolic disease. Moreover, both sleep duration and sleep timing might independently be associated
with dietary nutrient intake. In this study, we investigated the associations between self-reported
sleep duration and dietary nutrient intake, with and without adjustments for variations in sleep
timing (i.e., the midpoint of sleep). We conducted a questionnaire survey, comprising a validated
brief self-administered diet history questionnaire (BDHQ) and the Japanese version of the Pittsburgh
Sleep Quality Index (PSQI) among 1902 healthy Japanese adults and found that the dietary intakes of
several nutrients correlated with sleep duration among men regardless of adjustment for the midpoint
of sleep. Particularly, (1) small but significant correlations were observed between sleep duration
and the percentage of energy from protein, regardless of adjustment for the midpoint of sleep;
(2) energy-adjusted intakes of sodium, vitamin D, and vitamin B12 also significantly correlated with
sleep duration; and (3) intakes of bread, pulses, and fish and shellfish correlated with sleep duration.
In contrast, no significant correlations were observed between sleep duration and dietary intakes
among women. This study revealed that after controlling for the midpoint of sleep, sleep duration
correlated significantly with the dietary intake of specific nutrients and foods in a population of
Japanese men.

Keywords: sleep duration; midpoint of sleep; dietary nutrients; nutrition; food

1. Introduction

In recent years, laboratory and epidemiologic evidence has identified short sleep duration as a risk
factor for the development of obesity and metabolic disease [1–4]. Indeed, in humans, sleep duration
plays an important role in regulating the levels of leptin and ghrelin, which are among the key
modulators of appetite and energy expenditure [1,5]. Several studies have shown associations of
repetitive partial sleep deprivation and/or chronic short sleep duration with a significant decrease in
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leptin levels and an increase in ghrelin levels [4,6,7]. This might be related to an increase in subjective
hunger experienced by self-restricted individuals [1].

Several studies have investigated the association between sleep duration and dietary intake. In a
NHANES (National Health and Nutrition Examination Survey)-based study, Grandner et al. found
that relative to normal sleepers (7–8 h), short sleepers (5–6 h) reported higher intakes of absolute
protein, carbohydrate, and total fat but a lower intake of dietary fiber, whereas very short sleepers
(<5 h) reported lower intakes of protein, carbohydrates, dietary fiber, and total fats [8]. In an analysis of
Chinese adults, individuals with a self-reported short sleep duration (<7 h) had a lower carbohydrate
intake and higher fat intake, compared to normal-duration sleepers (7–9 h) [9]. Kant et al. also
observed that both short and long sleepers reported receiving lower percentages of energy from
protein, compared to normal duration sleepers in the NHANES [10].

Several previous studies have therefore emphasized the relationship between short sleep duration
and poor dietary intake. A recent report suggested that in addition to sleep duration, sleep timing
exhibited an important correlation with obesity [11]. Individuals with later sleep timing were 1.5 times
more likely to be obese than were individuals with an early sleep timing, despite reasonably similar
sleep durations [11]. Regarding nutrient intake, two recent studies showed the influence of sleep timing
on the dietary intakes of certain nutrients [12,13]. A cross-sectional study of a large representative
sample of the Finnish population also revealed that individuals with later sleep timing exhibited less
healthy dietary habits, such as lower vitamin and higher fat consumption, compared to individuals
with earlier sleep timing [12]. Another study of young Japanese women found that later sleep timing
(i.e., later midpoint of sleep) was significantly associated with a lower percentage of energy intake
from protein and carbohydrates; a lower energy-adjusted intake of cholesterol, potassium, calcium,
magnesium, iron, zinc, vitamin A, vitamin D, thiamin, riboflavin, vitamin B6, and folate; and a higher
percentage of energy intake from alcohol and fat [13].

Considering the results of the above-mentioned studies, we hypothesized that both sleep duration
and sleep timing are associated with dietary nutrient intake. To test this hypothesis, we conducted a
survey of sleep and dietary nutrient intake in a Japanese adult population. Our primary aim was to
identify the existence of an association between the self-reported sleep duration and the intakes of
specific dietary nutrients, after adjusting for variations in sleep timing.

2. Methods

2.1. Ethical Approval

This study was approved by the ethics committee of Tokyo Medical University (No. 2586),
and written informed consent was obtained from all study participants.

2.2. Patient Selection

A total of 2007 healthy individuals, aged between 30 and 69 years, participated in this
cross-sectional survey. Participants were recruited via study advertisements run by a Clinical Research
Organization. Individuals who met the following criteria were excluded from the present study:
previous or current diagnosis of psychiatric disorders, history of neurologic illness, use of medication
with known effects on sleep or daytime alertness, or shift worker. We also excluded those with
self-reported extremely low or high energy intake (<725 or >3235 kcal/day) (n = 92), and those whose
midpoint of sleep was outside the range of midnight to noon (n = 15). After these exclusions, the final
sample included in the subsequent analyses comprised 1902 adults.

2.3. Demographic Variables

The participants filled out self-administered questionnaires containing questions related to
demographics and lifestyle. The demographic items included age, sex, height, weight, current
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smoking habits (yes or no), current exercise routine (≥2 times/week, ≥30 min/session; yes or no),
family structure (living alone or living with other family members).

2.4. Assessment of Dietary Intake

Dietary intake during the preceding one month was assessed with a validated, self-administered,
brief diet history questionnaire (BDHQ) [14]. The BDHQ is a four-page structured questionnaire that
enquires about the consumption frequency of a total of 56 foods and beverages that are commonly
consumed in the general Japanese population. Dietary intakes, in terms of energy and selected
nutrients, were estimated by applying an ad hoc computer algorithm to the 56 foods and beverages of
the BDHQ and the Standard Tables of Food Composition in Japan [15].

2.5. Assessment of Sleep Duration and Sleep Timing

Sleep duration was assessed using the Japanese version of the Pittsburgh Sleep Quality Index
(PSQI) [16,17]. The PSQI is a self-rated questionnaire that measures sleep difficulty retrospectively for a
one-month period, with a global score ranging from 0 to 21. Higher PSQI scores indicate a lower quality
of sleep. In the PSQI, the subjects reported bedtimes, sleep onset latency, and rise times. Using these data,
we calculated the sleep duration by subtracting the sleep onset time from the rise time and the midpoint
of sleep as the halfway point between sleep onset time and rise time to determine sleep timing [13].

2.6. Statistical Analysis

The average values of dietary intake and anthropometric variables were calculated.
For energy adjustment, we used the percentages of total energy intakes (% energy) from
macronutrients and alcohol and the intakes per 1000 kcal (/1000 kcal) for other nutrients and
food. In this study, we evaluated energy (kcal/day), alcohol (% energy), protein (% energy),
total fat (% energy), carbohydrate (% energy), cholesterol (mg/1000 kcal), sodium (mg/1000 kcal),
potassium (mg/1000 kcal), calcium (mg/1000 kcal), magnesium (mg/1000 kcal), iron (mg/1000 kcal),
zinc (mg/1000 kcal), vitamin A (μg/1000 kcal), vitamin D (μg/1000 kcal), vitamin E (mg/1000 kcal),
thiamin (mg/1000 kcal), riboflavin (mg/1000 kcal), vitamin B6 (mg/1000 kcal), vitamin B12
(μg/1000 kcal), folate (μg/1000 kcal), and vitamin C (mg/1000 kcal), as well as rice (g/1000 kcal),
noodles (g/1000 kcal), bread (g/1000 kcal), confections (g/1000 kcal), potatoes (g/1000 kcal), fat and
oil (g/1000 kcal), fruits (g/1000 kcal), vegetables (g/1000 kcal), pulses (g/1000 kcal), fish and shell fish
(g/1000 kcal), meat (g/1000 kcal), eggs (g/1000 kcal), and milk and milk products (g/1000 kcal).

The Student’s t-test was used to compare continuous variables, and the chi-square test was used
to compare categorical variables between men and women. The multicolinearity effect was checked
using VIF (Variance Inflation Factor) <10/tolerance tests >0.10. A Pearson’s correlation analysis
was performed to examine the relationships between sleep duration and dietary intakes. A partial
correlation procedure was used to examine the linear relationships between these variables after
controlling for the effects of other variables (age, sleep timing). All analyses were performed using the
statistical software SPSS version 15.0 (SPSS Japan, Inc., Tokyo, Japan). p-values < 0.05 were considered
statistically significant.

3. Results

The mean age of all the subjects was 48.0 (10.3) years (mean (standard deviation)), and 54.1%
of the subjects were male. The mean body mass index (BMI) was 22.4 (3.3). The characteristics and
dietary intakes, stratified by sex, are shown in Table 1. We observed significant differences in age
(t(1900) = 15.2, p = 0.001), sleep latency (t(1900) = 6.3, p = 0.001), and rise time (t(1900) = 0.66, p = 0.036)
between men and women. We further observed significant differences in the percentages of current
smokers (χ2(1) = 51.0, p = 0.001), subjects with a current exercise routine (χ2(1) = 47.1, p = 0.001),
subjects who lived alone (χ2(1) = 43.0, p = 0.001), and occupational statuses (χ2(3) = 432.4, p = 0.001).
A residual analysis revealed that among men, the percentage of full-time workers was significantly
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higher and the percentages of part-time workers and homemakers were significantly lower than
among women.

Table 1. Participant characteristics and dietary intakes, stratified by sex (n = 1902).

All (n = 1902) Male (n = 1029) Female (n = 873)
p-Value

Mean SD Mean SD Mean SD

Age, years 48.0 10.3 51.1 10.2 44.3 9.2 0.001
Body mass index, kg/m2 22.4 3.3 23.3 3.1 21.4 3.4 0.063
Bedtime, h:min 23:58 1:26 0:03 1:28 23:52 1:23 0.544
Sleep latency, min 19.4 19.0 16.9 15.0 22.4 22.6 0.001
Rise time, h:min 6:46 1:28 6:47 1:32 6:45 1:22 0.036
Midpoint of sleep, h:min 3:32 1:21 3:34 1:24 3:29 1:16 0.059
Sleep duration, h:min 6:26 1:05 6:23 1:04 6:30 1:07 0.311
Current smoking, % 22.0 28.3 14.7 0.001
Current exercise routine, % 27.7 34.2 20.1 0.001
Living alone, % 16.6 21.8 10.5 0.001

Occupation

Full-time worker 61.8 77.9 42.6 0.001
Part-time worker 8.5 3.0 15.1
Homemaker 11.6 0.0 25.3
Unemployed 18.2 19.1 17.0
Energy, kcal/day 1772.0 527.0 1922.5 521.6 1596.7 478.8 0.001
Alcohol, % energy 5.5 9.0 7.8 10.1 2.8 6.5 0.001

Nutrients

Protein, % energy 14.5 2.9 13.9 2.7 15.3 3.0 0.001
Total fat, % energy 25.4 5.8 24.1 5.8 27.0 5.6 0.001
Carbohydrate, % energy 53.2 8.8 52.8 9.5 53.8 8.1 0.012
Cholesterol, mg/1000 kcal 196.0 75.0 184.3 75.5 210.4 73.1 0.001
Sodium, mg/1000 kcal 2313.0 491.0 2293.2 483.7 2337.1 499.8 0.052
Potassium, mg/1000 kcal 1336.0 404.0 1245.8 351.9 1442.8 435.0 0.001
Calcium, mg/1000 kcal 275.0 108.0 255.0 99.7 300.6 112.6 0.001
Magnesium, mg/1000 kcal 134.0 32.0 129.3 28.3 141.7 35.0 0.001
Iron, mg/1000 kcal 4.1 1.1 3.9 1.0 4.4 1.2 0.001
Zinc, mg/1000 kcal 4.2 0.7 4.1 0.7 4.4 0.7 0.001
Vitamin A, μg/1000 kcal 374.0 230.0 357.2 218.1 395.6 243.6 0.001
Vitamin D, μg/1000 kcal 6.5 4.3 6.1 3.9 6.9 4.6 0.001
Vitamin E, mg/1000 kcal 3.8 1.1 3.5 1.0 4.1 1.1 0.001
Thiamin, mg/1000 kcal 0.37 0.1 0.37 0.1 0.43 0.1 0.001
Riboflavin, mg/1000 kcal 0.69 0.2 0.66 0.2 0.73 0.2 0.001
Vitamin B6, mg/1000 kcal 0.65 0.2 0.62 0.2 0.69 0.2 0.001
Vitamin B12, μg/1000 kcal 4.6 2.4 4.5 2.3 4.8 2.6 0.006
Folate, μg/1000 kcal 176.0 68.0 164.0 58.7 190.9 75.6 0.001
Vitamin C, mg/1000 kcal 58.0 29.0 53.5 26.5 64.8 31.0 0.001

Food Group (g/1000 kcal)

Rice 147.0 76.0 152.1 76.6 142.0 75.6 0.004
Noodles 44.0 30.0 49.2 33.1 38.2 26.3 0.001
Bread 49.0 28.0 43.5 25.8 55.6 30.9 0.001
Confections 27.0 21.0 22.5 17.9 33.5 24.1 0.001
Potatoes 18.0 17.0 19.2 18.4 25.7 21.8 0.001
Fat and oil 5.9 2.6 5.8 2.6 6.0 2.8 0.092
Fruits 62.0 58.0 61.4 59.2 63.9 57.2 0.362
Vegetables 134.0 82.0 116.3 66.2 155.0 95.1 0.001
Pulses 34.0 26.0 30.2 23.1 39.5 29.0 0.001
Fish and Shell fish 36.0 22.0 35.2 20.5 38.3 24.3 0.002
Meat 37.0 20.0 35.8 18.3 40.4 21.8 0.001
Eggs 20.0 14.0 19.8 14.7 21.8 14.7 0.003
Milk and milk products 68.0 61.0 63.5 61.4 73.4 61.2 0.001

SD: standard deviation.
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Table 2. Correlation between sleep duration and dietary intakes among men (n = 1029).

Mean SD 1 r 1 β 2 r 2 β 3 r 3 β

Energy, kcal/day 1922.5 521.6 0.052 −0.05 0.134 −0.06 0.139 −0.06
Alcohol, % energy 7.8 10.1 0.024 0.02 0.150 0.02 0.156 0.02

Nutrients

Protein, % energy 13.9 2.7 0.076b 0.08 0.126b 0.07 0.126b 0.07
Total fat, % energy 24.1 5.8 0.031 0.03 0.032 0.03 0.052 0.03
Carbohydrate, % energy 52.8 9.5 0.068b −0.07 0.182 −0.06 0.183 −0.06
Cholesterol, mg/1000 kcal 184.3 75.5 0.058 0.06 0.113 0.05 0.114 0.05
Sodium, mg/1000 kcal 2293.2 483.7 0.087a 0.09 0.093a 0.09 0.115a 0.08
Potassium, mg/1000 kcal 1245.8 351.9 0.004 0.00 0.220 −0.02 0.224 −0.01
Calcium, mg/1000 kcal 255.0 99.7 0.011 0.01 0.212 0.00 0.218 0.00
Magnesium, mg/1000 kcal 129.3 28.3 0.030 0.03 0.226 0.02 0.230 0.02
Iron, mg/1000 kcal 3.9 1.0 0.045 0.05 0.180 0.04 0.182 0.04
Zinc, mg/1000 kcal 4.1 0.7 0.048 0.05 0.048 0.05 0.056 0.05
Vitamin A, μg/1000 kcal 357.2 218.1 0.014 0.01 0.074 0.01 0.096 0.02
Vitamin D, μg/1000 kcal 6.1 3.9 0.088a 0.09 0.218a 0.08 0.218a 0.08
Vitamin E, mg/1000 kcal 3.5 1.0 0.022 0.02 0.132 0.01 0.133 0.01
Thiamin, mg/1000 kcal 0.4 0.1 0.036 0.04 0.130 0.03 0.131 0.03
Riboflavin, mg/1000 kcal 0.7 0.2 0.026 0.03 0.187 0.02 0.193 0.02
Vitamin B6, mg/1000 kcal 0.6 0.2 0.058 0.06 0.208 0.05 0.213 0.05
Vitamin B12, μg/1000 kcal 4.5 2.3 0.093a 0.09 0.192a 0.08 0.192a 0.08
Folate, μg/1000 kcal 164.0 58.7 0.020 0.02 0.209 0.01 0.222 0.01
Vitamin C, mg/1000 kcal 53.5 26.5 0.007 0.01 0.242 −0.01 0.243 −0.01

Food Group (g/1000 kcal)

Rice 152.1 76.6 0.025 −0.03 0.193 −0.01 0.197 −0.01
Noodles 49.2 33.1 0.038 0.04 0.114 0.04 0.143 0.04
Bread 43.5 25.8 0.056 −0.06 0.074 −0.06 0.092b −0.06
Confections 22.5 17.9 0.054 −0.05 0.062 −0.06 0.083 −0.06
Potatoes 19.2 18.4 0.005 −0.01 0.044 −0.01 0.045 −0.01
Fat and oil 5.8 2.6 0.008 0.01 0.132 0.02 0.136 0.01
Fruits 61.4 59.2 0.005 −0.01 0.166 −0.02 0.167 −0.02
Vegetables 116.3 66.2 0.005 0.01 0.170 −0.01 0.178 0.00
Pulses 30.2 23.1 0.086a 0.09 0.134a 0.08 0.141a 0.08
Fish and Shell fish 35.2 20.5 0.096a 0.10 0.183a 0.09 0.183a 0.09
Meat 35.8 18.3 0.016 0.02 0.133 0.02 0.134 0.02
Eggs 19.8 14.7 0.046 0.05 0.075 0.04 0.081 0.05
Milk and milk products 63.5 61.4 0.031 −0.03 0.093 −0.04 0.099 −0.03

SD: standard deviation; r: Pearson’s correlation coefficient r; β: standardized coefficient β; 1: Univariate regression
analysis; 2: Multivariate regression analysis (sleep duration, age); 3: Multivariate regression analysis (sleep duration,
age, midpoint of sleep); a: p < 0.01, b: p < 0.05, number in bold showed significant variables.
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Table 3. Correlation between sleep duration and dietary intakes among women (n = 873).

Mean SD 1 r 1 β 2 r 2 β 3 r 3 β

Energy, kcal/day 1596.7 478.8 0.002 0.00 0.097 0.01 0.109 0.01
Alcohol, % energy 2.8 6.5 0.018 −0.02 0.031 −0.02 0.068 −0.02

Nutrients

Protein, % energy 15.3 3.0 0.019 0.02 0.147 0.03 0.160 0.03
Total fat, % energy 27.0 5.6 0.051 −0.05 0.064 −0.05 0.068 −0.05
Carbohydrate, % energy 53.8 8.1 0.035 0.04 0.056 0.03 0.057 0.03
Cholesterol, mg/1000 kcal 210.4 73.1 0.026 0.03 0.043 0.03 0.081 0.03
Sodium, mg/1000 kcal 2337.1 499.8 0.049 0.05 0.097 0.06 0.099 0.06
Potassium, mg/1000 kcal 1442.8 435.0 0.039 −0.04 0.217 −0.02 0.222 −0.02
Calcium, mg/1000 kcal 300.6 112.6 0.047 −0.05 0.204 −0.03 0.208 −0.03
Magnesium, mg/1000 kcal 141.7 35.0 0.014 −0.01 0.231 0.01 0.234 0.00
Iron, mg/1000 kcal 4.4 1.2 0.008 −0.01 0.157 0.01 0.161 0.00
Zinc, mg/1000 kcal 4.4 0.7 0.048 0.05 0.119 0.06 0.137 0.06
Vitamin A, μg/1000 kcal 395.6 243.6 0.008 −0.01 0.037 −0.01 0.038 −0.01
Vitamin D, μg/1000 kcal 6.9 4.6 0.017 0.02 0.140 0.03 0.145 0.03
Vitamin E, mg/1000 kcal 4.1 1.1 0.018 −0.02 0.133 −0.01 0.146 −0.01
Thiamin, mg/1000 kcal 0.4 0.1 0.013 −0.01 0.160 0.00 0.166 0.00
Riboflavin, mg/1000 kcal 0.7 0.2 0.050 −0.05 0.177 −0.04 0.178 −0.04
Vitamin B6, mg/1000 kcal 0.7 0.2 0.021 −0.02 0.159 −0.01 0.166 −0.01
Vitamin B12, μg/1000 kcal 4.8 2.6 0.013 −0.01 0.131 0.00 0.131 0.00
Folate, μg/1000 kcal 190.9 75.6 0.015 −0.02 0.166 0.00 0.170 0.00
Vitamin C, mg/1000 kcal 64.8 31.0 0.013 −0.01 0.186 0.00 0.187 0.00

Food group (g/1000 kcal)

Rice 142.0 75.6 0.045 0.05 0.090 0.04 0.106 0.04
Noodles 38.2 26.3 0.014 0.01 0.089 0.01 0.137 0.01
Bread 55.6 30.9 0.043 −0.04 0.043 −0.04 0.044 −0.04
Confections 33.5 24.1 0.029 −0.03 0.069 −0.03 0.093 −0.03
Potatoes 25.7 21.8 0.038 −0.04 0.051 −0.04 0.068 −0.04
Fat and oil 6.0 2.8 0.024 −0.02 0.060 −0.03 0.060 −0.03
Fruits 63.9 57.2 0.008 0.01 0.135 0.02 0.137 0.02
Vegetables 155.0 95.1 0.034 −0.03 0.138 −0.02 0.141 −0.02
Pulses 39.5 29.0 0.006 0.01 0.121 0.02 0.122 0.02
Fish and Shell fish 38.3 24.3 0.018 0.02 0.129 0.03 0.129 0.03
Meat 40.4 21.8 0.002 0.00 0.039 −0.01 0.046 −0.01
Eggs 21.8 14.7 0.002 0.00 0.020 0.00 0.094 0.00
Milk and milk products 73.4 61.2 0.066b −0.07 0.132 −0.06 0.132 −0.06

SD: standard deviation, r: Pearson’s correlation coefficient r; β: standardized coefficient β; 1: Univariate regression
analysis; 2: Multivariate regression analysis (sleep duration, age); 3: Multivariate regression analysis (sleep duration,
age, midpoint of sleep); a: p < 0.01, b: p < 0.05, number in bold showed significant variables.

Total energy and alcohol (% energy) intakes were significantly higher in male versus female
subjects. On the other hand, male subjects had significantly lower intakes of protein (% energy),
fat (% energy), and carbohydrates (% energy), as well as energy-adjusted (per 1000 kcal) nutrients
other than sodium. Regarding food-group intakes (g/1000 kcal), those of bread, confections, potatoes,
vegetables, pulses, fish and shell fish, meat, eggs, milk, and milk products were significantly higher
among women than among men, whereas the reverse was true for rice and noodles.

Data regarding total energy; % energy from alcohol, protein, fat, and carbohydrates;
and energy-adjusted (per 1000 kcal) nutrient and food-group intakes by sex are presented in
Tables 2 and 3, respectively. Regarding macronutrients, small but significant correlations were
observed between sleep duration and the percentage of energy derived from protein, both with and
without adjustments for the midpoint of sleep among men (r = 0.126, p < 0.05). The energy-adjusted
intakes of sodium, vitamin D, and vitamin B12 correlated significantly with sleep duration in men
after adjusting for the midpoint of sleep (sodium: r = 0.115, p < 0.01; vitamin D: r = 0.218, p < 0.01;
vitamin B12: r = 0.192, p < 0.01).

Regarding food-group intakes, we observed significant correlations between sleep duration and
the intakes of bread, pulses, and fish and shellfish among men, both with and without adjustment for
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the midpoint of sleep (bread: r = 0.092, p < 0.05; pulses: r = 0.141, p < 0.01; fish and shellfish: r = 0.183,
p < 0.01).

In contrast, we observed no significant correlations between dietary intakes and sleep duration
among women (Table 3).

4. Discussion

To the best of our knowledge, this is the first study to investigate the relationship between
sleep duration and dietary intake of specific nutrients, while considering variations in sleep timing
(i.e., the midpoint of sleep). In an earlier survey of a US population, energy intakes across sleep
duration groups exhibited an inverse U-shaped distribution [8]. Another previous study also found an
association of sleep deprivation with increased energy intake [7]. However, our results did not indicate
a significant correlation between energy intakes and sleep duration. The reason for this discrepancy
should be clarified in future studies.

We observed a significant sex-based difference in energy (kcal/day) intakes; specifically,
male subjects had higher energy intakes. The observed sex-related differences in the intakes of
several energy-adjusted nutrients, such as protein, calcium, and iron, are attributed to differences in
total energy intake. After adjusting for the midpoint of sleep, we found that the intakes of specific
dietary nutrients were correlated with sleep duration among men. The percentage of energy from
protein and the energy-adjusted intakes of sodium, vitamin D, and vitamin B12 exhibited small but
significant increases that correlated with sleep duration. In addition, the intakes of bread, pulses,
and fish and shellfish were correlated with sleep duration, regardless of whether we adjusted for the
midpoint of sleep. These results agree with those of a previous study that investigated the relationship
between sleep duration and dietary intake in the NHANES; in that study, short sleepers reported
lower intakes of protein, carbohydrates, dietary fiber, and total fats than did normal sleepers [8].
Another previous study of adolescents with short sleep durations observed decreased intakes of
healthy foods such as vegetables, fruits, and fish, and increased intakes of unhealthy fast foods such as
pizza, hamburgers, pasta dishes, and snack products [18]. Short sleep duration–induced changes in
food preferences may be accompanied by changes in nutrient intakes, possibly consequent to changes
in the secretion of appetite-related hormones such as leptin and ghrelin [5,6,19]. Previous studies also
reported that total blood levels and circadian changes in cortisol, insulin, and thyroid-stimulating
hormone levels were affected by a short sleep duration [20–22]. Additionally, a short sleep duration
was found to enhance activity in brain reward and food-sensitive centers in response to unhealthy
food stimuli [23]. A short sleep duration also led to extended hours of wakefulness, thus presenting
additional opportunities for increased food intake [5]. Although these parameters were not evaluated
objectively in the present study, they should be addressed in future studies. However, we observed
no significant correlations between sleep duration and dietary intake among women in this study.
We cannot clearly explain this sex-based difference. Previous studies either combined the data of men
and women for analysis [8,12] or surveyed only women [13,24]. However, sex has been suggested as
an important factor regarding food and nutrient intakes [25]. Our present study suggested a sex-based
difference in the influence of sleep duration on dietary intake. Thus, the results of this study suggest
a significant and independent association of sleep duration with dietary intakes of certain nutrients
and foods in a Japanese adult male population after controlling for variations in the midpoint of sleep.
Clock genes may influence the relationship between sleep timing and dietary intake. Circadian clocks,
which are controlled by clock genes, regulate various biological rhythms, including sleep timing
and the endocrine system [26]. In addition, mouse clock gene mutants exhibit increased alcohol
intake [27]. Clock genes were also found to regulate metabolism [26]. In the meantime, periodic meal
intake was found to be an important circadian clock entrainment signal in animals [28]. Furthermore,
certain nutrients and food components, such as glucose, ethanol, caffeine, thiamine, and retinoic acid,
can induce phase-shifts in circadian rhythms [29]. However, we could not identify if reverse causation
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occurred because this epidemiological study was cross-sectional. Further studies are required to
understand the relationships between dietary intakes and circadian clocks in humans.

We should note several limitations of our study. First, information about both dietary nutrient
intake and sleep duration was based on the participants’ self-reports. However, the participants
might have overestimated their vegetable intake and/or underestimated their intakes of sweets and
high-fat foods [14] during the preceding month. Still, the BDHQ was validated and used in several
previous studies. Therefore, we used self-reporting methods to obtain data from our large sample.
Further studies involving biomarkers and digital dietary records of nutrient intake are warranted.
We also did not obtain information about the participants’ usage of caffeine, antidepressants, or other
medications that could influence appetite and/or sleep. Furthermore, the sleep duration and midpoint
of sleep were derived from the same questionnaire, despite the lack of a significant correlation between
these two variables. The subjective sleep duration might also have been misclassified because of
reporting errors, which warrants the use of an objective sleep measurement such as actigraphy. Second,
the results of this study might have been affected by sampling bias, as health-conscious people may
have been more likely to participate in this type of health survey. However, the mean nutrient and
food intake values in this population were almost the same as those reported by similarly aged adults
in the National Nutrition and Health Survey in Japan [30]. Therefore, the subjects of the present study
may be representative of the general Japanese population, at least regarding the study variables.

5. Conclusions

This study found that sleep duration was significantly and independently associated with the
dietary intakes of certain nutrients and foods in a Japanese adult male population after controlling for
variations in the midpoint of sleep.
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Abstract: Sleep disturbance is a frequent and serious complication of hemodialysis (HD). Low serum
vitamin D levels have been associated with sleep quality in non-HD subjects. Our aim was to examine
the possible association between serum vitamin D levels and the presence of sleep disturbance in
HD patients. We recruited 141 HD patients at the HD center of the First Affiliated Hospital of Jiaxing
University during 2014–2015. Serum levels of 25-hydroxyvitamin D (25(OH)D) were determined by
the competitive protein-binding assay. Sleep quality was measured using the Pittsburgh Sleep Quality
Index (PSQI). Demographic, clinical and laboratory data were recorded. Meanwhile, 117 healthy
control subjects were also recruited and underwent measurement of 25(OH)D. Eighty-eight patients
(62.4%) had sleep disturbance (PSQI scores ≥ 5). Patients with sleep disturbance showed lower levels
of 25(OH)D as compared to those without sleep disturbance (85.6 ± 37.4 vs. 39.1 ± 29.1 nmol/L,
p < 0.001). In multivariate analyses, serum levels of 25(OH)D (≤48.0 nmol/L) were independently
associated with sleep disturbance in HD patients (OR 9.897, 95% CI 3.356–29.187, p < 0.001) after
adjustment for possible variables. Our study demonstrates that low serum levels of vitamin D
are independently associated with sleep disturbance in HD patients, but the finding needs to be
confirmed in future experimental and clinical studies.

Keywords: vitamin; sleep disturbance; hemodialysis

1. Introduction

Sleep disturbance is extremely common in hemodialysis (HD) patients, with prevalence ranging
from 41% to 83% [1–4]. The presence of sleep disturbance has been associated with reduced quality of
life [3,5] and increased mortality [3,6] in HD patients. Moreover, it has been reported to be involved in
the development of cardiovascular diseases in patients undergoing maintenance HD [7]. However,
the pathogenesis of sleep disturbance in HD patients remains unclear.

As a fundamental micronutrient, vitamin D is extremely essential for human health [8]. A large
body of preclinical studies has found the profusion of vitamin D receptors in specific areas of the
brainstem that are thought to regulate sleep [9–11]. Furthermore, increasing clinical studies have
shown that low serum levels of vitamin D are associated with poorer sleep, including low sleep
efficiency and short sleep duration, in non-HD subjects, suggesting a potential role for vitamin D
in maintaining healthy sleep [12,13]. Similarly, a significantly correlation between vitamin D levels
and sleep quality has been found in patients with systemic lupus erythematosus (SLE) [14]. Recent
uncontrolled clinical trials of vitamin D supplements in patients with sleep problems have reported
improved sleep quality with higher levels of supplemental vitamin D [15,16].

At the global level, about one billion people have vitamin D insufficiency/deficiency [8].
In patients with chronic kidney disease (CKD) stage 5 on HD, the prevalence of vitamin D
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insufficiency/deficiency is up to 96.6% [17]. The presence of vitamin D anomalies has been associated
with increased risk of cardiovascular outcomes and mortality in patients with end-stage renal disease
(ESRD) on HD [18,19]. To date, however, no study has evaluated the potential relationship of vitamin
D to sleep disturbance in HD patients. Given the involvement of vitamin D in sleep quality in non-HD
subjects and the acknowledged high prevalence of vitamin D anomalies in HD patients, whether
serum vitamin D levels are correlated with sleep disturbance in HD patients was examined.

2. Methods

2.1. Study Population

Patients undergoing maintenance HD with a frequency of three times per week were consecutively
recruited at the HD center of the First Affiliated Hospital of Jiaxing University between 12 May 2014
and 20 June 2015. Eligibility criteria included: (i) Chinese ethnicity; (ii) aged over 18 years; (iii) receipt
of maintenance HD therapy (single-pool Kt/V > 1.0) for at least 3 months; (iv) having the ability and
willingness to give informed consent. Exclusion criteria were: (i) patients with severe visual or auditory
impairment or cognitive dysfunction; (ii) patients with malignancy, autoimmune diseases or active
infections; (iii) current treatment of immunosuppressants, immunomodulators or steroids; (iv) patients
with a history of psychiatric disorders (clinical diagnosis or previous treatment); (v) concomitant
chronic obstructive pulmonary disease and sleep apnea (clinical diagnosis or previous treatment);
(vi) patients taking vitamin D supplementation or with osteoporosis. Meanwhile, 117 healthy
volunteers without renal impairment, concomitant chronic obstructive pulmonary disease, sleep
apnea, sleep complaints or a history of psychiatric disorders, were recruited from a health survey.
Written informed consents were obtained from all participating subjects according to the principles
of the Declaration of Helsinki (1989) and the study was approved by the Ethics Committee of the
First Affiliated Hospital of Jiaxing University. The methods were carried out in accordance with the
approved guidelines.

2.2. Clinical Variables

Demographic and clinical data including time on HD and dialysis shift were obtained through
participant report and electronic medical records. Blood samples were collected according to a standard
protocol between 8 a.m. and 10 a.m. each morning. Blood samples were obtained for all subjects and
stored at −80 ◦C until measurement. All blood samples of the controls were collected at the end of
August 2014. Serum 25-hydroxyvitamin D [25(OH)D] was chosen to measure vitamin D status for all
subjects because of its widespread clinical application, standardized ranges and testing protocol. Serum
25(OH)D levels were test by using a competitive protein-binding assay at our hospital’s laboratory.
The intra-assay coefficient of variation was 7%–10%. Serum 25(OH)D in HD patients was recorded and
divided into four quartiles (≤26.0, 26.1–48.0, 48.1–84.0 and ≥84.1 nmol/L), as the raw 25(OH)D data
were skewed. Blood pressure was measured at admission using an automated sphygmomanometer
after at least 5 min of rest.

2.3. Measurement

Sleep quality was measured using the Pittsburgh Sleep Quality Index (PSQI) [20].
The self-administered questionnaire assesses individual’s sleep quality during the past month and
contains 19 items which yield seven components, including subjective sleep quality, sleep latency,
sleep duration, sleep efficiency, sleep disturbance, use of sleep medications, and daytime dysfunction.
Each component is scored from 0 to 3, which yields a total PSQI score from 0 to 21, with high PSQI
score indicating poor sleep quality. According to Buysse et al., subjects with a PSQI score ≥5 are
considered as “poor sleepers”, while those with a score <5 are defined as “good sleepers”. The Chinese
Version of PSQI has been used in Taiwan [21].
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2.4. Statistical Analysis

Data were analyzed using SPSS for windows (SPSS Inc., Chicago, IL, USA) version 17.
All continuous variables are expressed as the mean ± standard deviation (SD). The categorical variables
were compared using the Pearson χ2 test. Student’s t test or one-way analysis of variance (ANOVA) was
used for normally distributed variables, while the Mann-Whitney U test was performed for parametric
variables with non-normal distributions. Post hoc tests were conducted to determine the difference
between groups, followed by Fisher’s least significant difference (LSD) test. The association between
serum 25(OH)D levels and sleep disturbance in HD patients was evaluated by logistic regression
(Enter method) including all factors with p < 0.05 in the univariate analysis. The results were expressed
as adjusted odds ratios (OR) with the corresponding 95% confidence intervals (CI). Level of statistical
significance was defined as p < 0.05.

3. Results

3.1. Group Differences in Demographic and Clinical Information

A total of 141 HD patients (86 men, 55 women) with a mean age of 68 years were enrolled in the
current study. The PSQI total score was 8.5 ± 4.3 and 88 patients (62.4%) were poor sleepers with
PSQI global scores ≥5. The sub-scores were as follows: sleep quality, 1.2 ± 0.63; sleep onset latency,
1.4 ± 1.20; sleep duration, 1.54 ± 1.14; sleep efficacy, 0.29 ± 0.85; sleep disturbance 1.72 ± 0.79; daytime
dysfunction, 2.23 ± 1.21. None of them received vitamin D supplementation and psychiatric drugs.
There were no significant differences in mean age and gender (M/F) between HD patients and healthy
volunteers. No between-season sampling differences were observed for the 25(OH)D levels in HD
patients: spring (n = 17), 46.7 ± 30.7 nmol/L; summer (n = 60), 58.9 ± 37.5 nmol/L; fall (n = 51),
60.3 ± 41.8 nmol/L; and winter (n = 13), 44.2 ± 27.9 nmol/L (p = 0.40).

HD patients showed markedly lower serum 25(OH)D levels as compared to normal controls
(56.6 ± 39.5 vs. 68.8 ± 19.9 nmol/L, p = 0.002). The serum 25(OH)D levels were significantly lower
in poor sleepers than in good sleepers (39.1 ± 29.1 vs. 85.6 ± 37.4 nmol/L, p < 0.001). Furthermore,
significant differences were observed between poor sleepers and good sleepers in 25(OH)D level
quartiles of patients (p < 0.001). Indeed, the proportion of subjects in lower quartiles (≤26.0 and
26.1–48.0 nmol/L) was significantly higher in patients with sleep disturbance (both p < 0.001), while
the proportion of subjects in higher quartiles (48.1–84.0 and ≥ 84.1 nmol/L) was significantly lower in
patients with sleep disturbance (both p < 0.001) (Table 1).

When compared to good sleepers, the poor sleepers had spent a longer time on HD (2 (1–4) vs.
1 (1–2) years, p < 0.001), had a lower serum hemoglobin level (90.99 ± 18.30 vs. 109.96 ± 11.05 g/L,
p < 0.001), a lower serum albumin level (32.54 ± 5.72 vs. 37.73 ± 3.63 g/L, p < 0.001), a lower serum
calcium level (2.08 ± 0.21 vs. 2.24 ± 0.24 mmol/L, p < 0.001), a higher phosphate level (1.59 ± 0.57 vs.
1.56 ± 0.45 mmol/L, p = 0.024), and a lower HDL-C level (0.87(0.72–1.11) vs. 1.03(0.84–1.21) mmol/L,
p = 0.004) (Table 1).

3.2. Independent Characteristics of Patients with Sleep Disturbance

With all HD patients taken as a whole, the presence of sleep disturbance taken as a dependent
variable, and quartile 3 and quartile 4 taken as the references used for levels of serum 25(OH)D in the
logistic analysis, 25(OH)D levels (≤48.0 nmol/L) were independently associated with the presence of
sleep disturbance in HD patients (OR 9.897, 95% CI 3.356–29.187, p < 0.001). Moreover, lower levels of
hemoglobin, lower levels of albumin and higher levels of phosphorus were significantly associated
with the presence of sleep disturbance in HD patients (OR 0.954, 95% CI 0.921–0.988, p = 0.009; OR
0.867, 95% CI 0.760–0.989, p = 0.034 and OR 3.423, 95% CI 1.061–11.044, p = 0.039, respectively) (Table 2).
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Table 1. Demographic, clinical and laboratory characteristics of the sample.

Variables Poor Sleepers (PSQI ≥ 5, n = 88) Good Sleepers (PSQI < 5, n = 53) Normal Controls (n = 117)

Gender (M/F) 52/36 34/19 68/49
Age (years) 59.7 ± 15.3 62.8 ± 12.5 60.1 ± 14.0

BMI (kg/m2) 22.6 ± 3.4 21.7 ± 2.7 22.8 ± 2.9
Education level 1/2 a 21 (23.9) 16 (30.2)

Widowed 11 (11.7) 3 (5.7)
Current smoking 18 (20.5) 9 (17.0)
Current drinking 11 (12.5) 6 (11.3)

Cause of renal failure
Diabetes 28 (31.8) 15 (28.3)

Hypertension 28 (31.8) 11 (20.8)
Glomerulonephritis 16 (18.2) 14 (26.4)

Other 16 (18.2) 13 (24.5)
Time on HD (years) 2 (1–4) b 1 (1–2)

Dialysis shift (morning/evening) 54/34 23/20
SBP (mmHg) 148.6 ± 27.3 141.6 ± 32.7
DBP (mmHg) 76.9 ± 15.0 76.7 ± 15.0

Hemoglobin (g/L) 91.0 ± 18.3 b 111.0 ± 11.1
Albumin (g/L) 32.5 ± 5.7 b 37.7 ± 3.6

Fasting glucose (mmol/L) 4.7 (4.0–5.9) 4.5 (3.9–6.8)
Creatinine (FV) 600.6 ± 262.1 649.7 ± 255.1

Uric acid (μmol/L) 358.3 ± 166.8 332.4 ± 121.0
Calcium (mmol/L) 2.08 ± 0.21 b 2.24 ± 0.24

Phosphate (mmol/L) 1.59 ± 0.57 c 1.56 ± 0.45
iPTH (pg/mL) 239.9 (124.9–431.0) 211.9 (90.0–314.4)

Triglyceride (mmol/L) 1.55 (1.17–2.25) 1.60 (1.11–2.65)
Total cholesterol (mmol/L) 4.29 (3.57–5.11) 4.36 (3.70–5.60)

LDL-C (mmol/L) 2.58 (1.98–3.09) 2.42 (1.94–3.07)
HDL-C (mmol/L) 0.87 (0.72–1.11) c 1.03 (0.84–1.21)

25(OH)D d

Quartile 1 36 (40.9) b 3 (5.7)
Quartile 2 28 (31.8) b 4 (7.5)
Quartile 3 12 (13.6) b 23 (43.4)
Quartile 4 12 (13.6) b 23 (43.4)

25(OH)D (nmol/L) 39.1 ± 29.1 b,e 85.6 ± 37.4 e 68.8 ± 19.9

Data are expressed as number (percentage) or means (±SD) or medians (IQR). Abbreviations: PSQI, Pittsburgh
Sleep Quality Index; BMI, body mass index; HD, hemodialysis; SBP, systolic blood pressure; DBP, diastolic blood
pressure; iPTH, intact parathyroid hormone; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density
lipoprotein cholesterol; 25(OH)D, 25-hydroxyvitamin D. a 1 Bachelor or above, 2 elementary school, Junior high
school, senior high school; b p < 0.001 compared with good sleepers; c p < 0.05 compared with good sleepers;
d p < 0.001 between poor sleepers and good sleepers in 25(OH)D level quartiles of patients; e p < 0.001 compared
with normal controls.

Table 2. Characteristics associated with sleep disturbance in HD patients a.

Variables OR (95% CI) p Value

25(OH)D b 9.897 (3.356–29.187) <0.001
Time on HD 0.687
Hemoglobin 0.954 (0.921–0.988) 0.009

Albumin 0.867 (0.760–0.989) 0.034
Calcium 0.306

Phosphate 3.423 (1.061–11.044) 0.039
HDL-C 0.715

25(OH)D, 25-hydroxyvitamin D; HD, hemodialysis; OR, odds ratio; CI, confidence interval; HDL-C, high-density
lipoprotein cholesterol. a Contains only the variables which were significant (p < 0.05) in the multivariable model; b

Quartile 1 and quartile 2.

4. Discussion

To the best of our knowledge, this is the first study to analyze the association between serum
levels of vitamin D and sleep quality in HD patients. We found that low serum levels of vitamin D
were significantly associated with sleep disturbance in HD patients, which is similar to the findings of
previous studies in elderly adults and patients with SLE [12–14]. Our finding might have important
implications in providing novel proposals for the prevention and treatment of sleep disturbance in
HD patients.
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In the present study, we found that 62.4% of HD patients had sleep disturbance, which is consistent
with the findings of recent research [4,22]. Currently, despite many available documents, it remains
difficult to determine the true prevalence of sleep disturbance in HD patients, possibly due to these
differences in study designs, the time of sleep evaluation, the source of patient recruitment, and
race/ethnicity [23]. Our results also demonstrated that lower levels of hemoglobin, lower levels of
albumin and higher levels of phosphorus were risk factors for the development of sleep disturbance in
HD patients, which broadly agrees with the results of earlier studies [4,24,25].

We found that serum levels of vitamin D were significantly lower in poor sleepers than in good
sleepers. Sleep disturbance is associated with increased food intake and obesity which is an important
risk factor for vitamin D deficiency [26,27]. Nevertheless, there was no intergroup difference in BMI in
our HD cohort. Since serum levels of vitamin D are directly related to sunlight exposure in humans [8],
low vitamin D levels of the poor sleepers could result from decreased exposure to sunlight.

Importantly, we found that serum vitamin D levels were independently associated with the
presence of sleep disturbance in HD patients. As mentioned earlier, a growing body of studies has
reported low vitamin D levels with sleep disturbance in non-HD subjects [12–14]. Moreover, several
uncontrolled clinical trials have demonstrated the positive effects of vitamin D supplementation
on sleep quality in non-HD subjects [15,16]. The exact mechanisms by which vitamin D could
affect sleep are unclear. In animal studies, vitamin D receptors have been found in specific regions
of the central nervous system, some of which regulate sleep, including the anterior and posterior
hypothalamus, the raphe nuclei, the midbrain central gray, and the nucleus reticularis pontis caudalis
and oralis [9–11,28], which suggests vitamin D may play a role in individuals’ sleep. Another possible
explanation is the effect of vitamin D on the immune system. Vitamin D plays a key role in modulating
the secretion of inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-6
(IL-6), and interleukin-1β (IL-1β) [29–31]. A growing body of evidence suggests the involvement
of IL-1β, TNF-α, and other inflammatory cytokines in sleep regulation [32,33]. Plasma levels of
IL-1, IL-6 and TNF-α are increased in maintenance HD patients [34,35], which correlates with a poor
outcome in these patients [36,37]. Vitamin D deficiency is extremely common in HD patients and is an
independent predictor of disease progression and mortality in these patients [17–19]. Therefore, these
results mentioned above suggest that vitamin D might play an important role in sleep disturbance in
HD patients.

Some limitations of the present study should be noted. First, the association between vitamin D
levels and sleep traits has been reported to vary by race/ethnicity [23]. Subjects in our sample were
recruited from the Han Chinese population. Therefore, our results may not be readily generalized
to other populations. Second, the effects of other variables on vitamin D levels, such as dietary
intake and lifestyle changes, were not considered in the current study. Finally, we did not perform an
objective sleep assessment such as a polysomnography to prove our findings. Further studies with a
polysomnogram or other objective measures are needed. However, the correlation between the PSQI
and polysomnography has been shown to be significant in certain domains [38].

5. Conclusions

In summary, despite of these limitations, our study demonstrates an important association
between serum levels of vitamin D and sleep disturbance in patients undergoing maintenance HD.
However, the finding would have to be confirmed in future experimental and clinical studies.
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Abstract: Caffeine is commonly consumed to help offset fatigue, however, it can have several negative
effects on sleep quality and quantity. The aim of this study was to determine the relationship between
caffeine consumption and sleep quality in adults using a newly validated caffeine food frequency
questionnaire (C-FFQ). In this cross sectional study, 80 adults (M ˘ SD: 38.9 ˘ 19.3 years) attended
the University of South Australia to complete a C-FFQ and the Pittsburgh Sleep Quality Index (PSQI).
Caffeine consumption remained stable across age groups while the source of caffeine varied. Higher
total caffeine consumption was associated with decreased time in bed, as an estimate of sleep time
(r = ´0.229, p = 0.041), but other PSQI variables were not. Participants who reported poor sleep
(PSQI global score ě 5) consumed 192.1 ˘ 122.5 mg (M ˘ SD) of caffeine which was significantly
more than those who reported good sleep quality (PSQI global score < 5; 125.2 ˘ 62.6 mg; p = 0.008).
The C-FFQ was found to be a quick but detailed way to collect population based caffeine consumption
data. The data suggests that shorter sleep is associated with greater caffeine consumption, and that
consumption is greater in adults with reduced sleep quality.

Keywords: sleep hygiene; caffeine intake; sleep quantity; sleep quality; caffeine food
frequency questionnaire

1. Introduction

Caffeine is a widely consumed stimulant that is found in a variety of commonly consumed
foods and beverages such as chocolate, soft drink (soda), tea, and coffee. Caffeine is commonly
used as a fatigue countermeasure [1]. Due to its action on adenosine receptors [2,3] caffeine improves
alertness [4]. The Australian Bureau of Statistics (ABS) showed that on average in 2011/2012 Australian
adults aged 19–70 years had daily caffeine intakes ranging between 103 and 183 mg per day [5], with
coffee being the most common source of caffeine [5]. Currently there are no consumption guidelines
for caffeine in Australia. Therefore, it is important to examine the impact caffeine has on our sleep to
make more informed recommendations on consumption and to better understand the impact in roles
where caffeine consumption is higher.

While sleep need is individual and can differ from person to person, it is recommended that
adults obtain 7–9 h per night [6]. Sleep has been shown to be important for many different cognitive
and health reasons [7–10]. These benefits of sleep are not only dependent on total sleep time but
also sleep quality, measured by variables such as sleep efficiency, and sleep onset latency. In adults
there are a number of experimental studies investigating caffeine intake and its influence on sleep,
with previous experimental studies finding that caffeine consumption can impact sleep quality [11,12].
Experimental laboratory studies have shown that when caffeine is ingested one to three hours before
bedtime it decreases sleep efficiency [11–13], decreases total sleep time [11,12,14], and increases
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sleep onset latency [11–13]. It can also impact sleep architecture by reducing the amount of deep
sleep [12,13]. However, the experimental nature of these studies does not take into account the impact
of an individual’s habitual caffeine intake or sleep patterns [15].

The effect of caffeine on sleep in university and general populations has been examined by several
cross-sectional surveys and/or field studies [16–23]. In these studies increased caffeine consumption
has been associated with decreased total sleep time [16,21], increased naps [16], decreased time in
bed [17], increased sleep efficiency due to decreased time in bed [17], daytime sleepiness [20,22], and
poor subjective sleep quality [22,23]. However, in other studies increased caffeine consumption does
not impact total sleep time [17], daytime sleepiness [17] or Pittsburgh Sleep Quality Index (PSQI)
global score [18,19,23]. Of these cross-sectional studies, only one looked at total caffeine consumption,
i.e., all caffeinated beverages and caffeinated food consumed [18], while the others examined only
caffeinated beverages [16,23] or a selection of caffeinated beverages [17,19–22]. Additionally, it was
not always clear what question was asked to calculate caffeine consumption, or how the participants
recorded their intake. Also many studies do not consider caffeine from chocolate or examine the
separate sources of caffeine individually. This is important because different age groups may prefer
particular sources of caffeine. Furthermore, all the previous questionnaire studies rely on an individual
knowing what drinks/foods contain caffeine.

The mixed sleep patterns in caffeine users could be due to reporting inaccuracies. Few studies
gather detailed information about caffeine consumption or sources of caffeine. To address this we
have developed a caffeine food frequency questionnaire (C-FFQ) [24] that is short, does not rely on
prior caffeine content knowledge, and gathers information about a wide variety of caffeine sources
(coffee, tea, soft drink (soda) and chocolate beverages and foods). The overall aim of this study was to
determine the relationship between caffeine consumption and sleep using this newly validated Caffeine
Food Frequency Questionnaire (C-FFQ) [24] and self-reported sleep quality in adults. Specifically, this
study aimed to: (1) identify what types of foods/beverages contribute to caffeine intake; (2) determine
the impact of caffeine on different sleep quality variables (time in bed, sleep onset latency and
sleep efficiency); and (3) determine the difference in caffeine intake between self-reported good and
poor sleepers.

2. Materials and Methods

This cross-sectional study was designed to investigate the relationship between habitual caffeine
consumption and sleep. It was conducted between March and August 2015 at the University of South
Australia, Adelaide. The project was approved by the University of South Australia’s Human Research
Ethics Committee (HREC number: 30885).

2.1. Participants

Adults were recruited via University of South Australia web pages, social media, flyers, and word
of mouth. Participants were ineligible for the study if they did not consume caffeine daily, were under
the age of 18 years, not proficient in reading and writing in English, experiencing any sleep related
conditions, have any conditions that affect caffeine intake, and not able to attend the University of
South Australia. Participants were also excluded if they were taking any medications (prescription or
over the counter, e.g., sleeping tablet, herbal supplement) to assist sleeping or alertness.

2.2. Procedure

All participants gave written informed consent before attending the University of South Australia.
While at the University of South Australia participants were asked to complete questionnaires recalling
caffeine consumption over the past week and sleep patterns over the past month.
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2.3. Measures

Caffeine food frequency questionnaire (C-FFQ): The C-FFQ is a self-report, validated, and reliable
questionnaire designed to assess the average daily caffeine consumption and the range of caffeinated
products consumed [24]. The C-FFQ asks about beverages (e.g., energy drinks, soft drinks (soda),
both hot and cold coffee and tea, and chocolate flavoured milk) and foods (e.g., chocolate) that were
consumed in the previous week. The questionnaire requires participants to select the beverage or
foods they consumed based on images of currently available products in Australia, indicating the
specific brand, size, and the number of times over the last week each was consumed. Average daily
total caffeine consumption and average daily caffeine amounts from beverage and food sources were
expressed as mg/day.

Pittsburgh Sleep Quality Index (PSQI): The PSQI is a frequently used sleep quality questionnaire
that has been shown to be reliable and valid in many populations [25–27]. The PSQI is a subjective
measure of sleep which uses self-report to measure sleep quality and sleep disturbance over a
one-month period. The PSQI contains 19 self-report questions and 5 questions rated by the bed
partner or roommate. This study utilised only the self-rated questions which combine to form seven
component scores [25]. The seven component scores include subjective sleep quality, sleep latency,
sleep duration, habitual sleep efficiency, sleep disturbances, use of sleep medication, and daytime
dysfunction. Each component has a range of 0–3 points. In all cases a score of 0 indicates the best
outcome, while a score of 3 indicates the worst outcome. A global PSQI score is calculated from adding
together all seven component scores to give an overall indication of sleep quality. The PSQI global
score ranges from 0 to 21 points, with 0 indicating no difficulty and 21 severe difficulties. A global
score of ě5 indicates poor sleep quality [25]. This cut-off has been shown to have high specificity and
sensitivity for distinguishing insomnia patients and controls [25,27].

2.4. Statistical Analysis

The C-FFQ calculates a total caffeine value and caffeine values for beverage and food subcategories
as mg/day. All data were checked for normality and caffeine variables were found to be positively
skewed. Log transformation of total caffeine intake allowed correction to a normal distribution;
however, due to the skew of caffeine from individual beverage and food categories they could not be
transformed. Data extracted from the PSQI included subscales of sleep information and from these a
global score was calculated. Good sleepers were determined by a global score of less than or equal to 5
and poor sleepers were determined by a global score of above 5 as described by Buysse, Reynolds,
Monk, Berman and Kupfer [25]. Sleep variables were non-normal and could not be transformed
to normal.

Mean, standard deviation, median, interquartile range, and range was calculated for caffeine
values to describe the population. Participants were broken into age groups similar to the Australian
Bureau of Statistics categorization [5] to allow for comparison. All outliers for the sleep and caffeine
variables (>3 SD above the mean) were clarified with the participant completing the questionnaire, and
all variables were subsequently considered to be accurate and viable. To determine differences between
groups both parametric and non-parametric tests were used. For parametric data independent samples
t-tests were used, for the data which could not be transformed and were non normal Mann Whitney U
tests were used, and for categorical comparisons chi square tests were used.

For further analysis, non-parametric (Spearman) correlations were utilised to assess relationships
with caffeine and sleep variables. Finally, to determine if there were differences between PSQI
categorical sleep variables and total caffeine consumption a one-way ANOVA were undertaken.
The ANOVA dependent variables included subjective sleep quality, sleep disturbances, use of sleep
medication, and daytime dysfunction. In all tests, significance was determined if p < 0.05.

135

Bo
ok
s

M
DP
I



Nutrients 2016, 8, 479

3. Results

3.1. Study Participants

Of the 104 people who were provided with study information, 90 participants consented to
the study and 84 participants returned the questionnaires. The final data set for analyses included
80 participants with four questionnaires having missing data (Figure 1). The final sample consisted of
54 females and 26 males, aged 19–94 years (mean ˘ SD 38.9 ˘ 19.3 years), with a mean caffeine intake
of 164.9 mg/day. Most of the participants (85%) reported their sleep quality to be either very or fairly
good and 86% of the participants had not taken medications to help them sleep over the past month
(prescribed or over the counter). Of the sample, 80% stated that they had disturbed sleep less than
once a week. Finally, 83% of the sample had minimal problems during the day due to their sleepiness
(further measures of caffeine and sleep are reported in Table 1). There was no difference in age between
the good sleepers (PSQI global score < 5) and poor sleepers (PSQI global score > 5) and age had no
relationship with sleep efficiency (p = 0.0574), sleep onset latency (p = 0.756), however as age increased
so did time in bed (p = 0.030).

Figure 1. Description of participant flow throughout the study.
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Table 1. Caffeine consumption and sleep measures for participants.

Mean (SD) Median (IQR) Range

Total caffeine (mg) 165.1 (105.3) 133.4 (120.1) 41.6–726.6
Coffee (mg) 109.9 (99.4) 87.2 (82.3) 0.0–646.6

Tea (mg) 38.0 (56.2) 13.6 (50.9) 0.0–271.4
Chocolate (mg) 3.5 (4.6) 1.7 (4.3) 0.0–20.6
Soft Drink (mg) 9.0 (24.0) 0.0 (8.6) 0.0–182.4

Energy drink (mg) 4.9 (20.4) 0.0 (0.0) 0.0–135.0
PSQI global score 5.3 (2.5) 5.0 (4.0) 0.0–21.0

SOL (min) 18.8 (11.8) 20.0 (20.0) 1.0–60.0
SE (%) 88.3 (9.3) 89.1 (13.7) 55.6–100.0
TIB (h) 8.0 (1.0) 8.0 (1.0) 6.0–13.3

Abbreviations: SD, standard deviation; PSQI, Pittsburgh Sleep Quality Index; IQR, interquartile range; mg,
milligrams; SOL, sleep onset latency; SE, sleep efficiency; TIB, time in bed; global score, PSQI total score; %,
percentage. Notes: Chocolate includes both food and drink.

3.2. Types of Foods/Beverages That Contribute to Caffeine Intake by Gender

There were no differences in total caffeine consumption between men and women t(78) = 0.60,
p = 0.548. Further, Mann Whitney U tests were undertaken to determine any differences in caffeine
consumption from different caffeine sources between genders and showed no differences in caffeine
consumption from coffee, tea, soft drink and chocolate between genders. However, males consumed
more caffeine from energy drinks compared with females (U = 589.50, z = ´2.36, p = 0.018; Male median
(IQR): 0.0 (0.0) mg, range: 0.0–135.0 mg; Female median (IQR): 0.0 (0.0) mg, range: 0.0–22.4 mg). Due to
the small intake of energy drinks consumed overall in this sample the differences between gender in
overall caffeine consumption was not considered to impact the results and males and females were
analysed together.

3.3. Types of Foods/Beverages That Contribute to Caffeine Intake by Age

There was no significant correlation between total caffeine consumption and age (r = 0.167,
p = 0.145), with similar mean intakes across age groups and a wide variation within age groups
(18–30 years: 174.6 (˘139.4) mg; 31–50 years: 149.1 (˘74.6) mg; 51–92 years: 184.4 (˘72.4) mg). Energy
drink consumption significantly decreased with age (r = ´0.297, p = 0.008). Tea consumption increased
with age (r = 0.217, p = 0.056) and soft drink consumption decreased with age (r = ´0.221, p = 0.052),
however these effects were only trends. Coffee intake and chocolate intake was not correlated with
age (Figure 2).

Figure 2. Percent of caffeine intake from different sources by age groups. Total n = 80; 18–30 years:
n = 32, 31–50 years: n = 31, 51–92 years: n = 16. Notes: Chocolate includes beverages and food.
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3.4. Impact of Caffeine on Sleep Quality

Sleep onset latency (Figure 3A) and sleep efficiency (Figure 3B) were not significantly correlated
with caffeine (Figure 3). Time in bed was significantly related to total caffeine intake (r = ´0.229,
p = 0.041) with time in bed increasing with decreasing caffeine consumption (Figure 3C). Furthermore,
caffeine consumption was not significantly associated with other sleep factors (subjective sleep quality,
medications needed to sleep, sleep disturbance, and daily dysfunction due to sleepiness).

Figure 3. Scatterplots showing the relationship between total caffeine consumed and sleep variables:
sleep efficiency, time in bed and sleep onset latency. (A) represents total caffeine intake versus sleep
onset latency, r = 0.028; (B) shows total caffeine intake versus sleep efficiency, r = ´0.113; (C) shows
total caffeine intake versus time in bed, r = ´0.229.

3.5. Caffeine Intake between Self-Reported Good and Poor Sleepers

To determine if caffeine consumption differed between good and poor sleepers, caffeine variables
were compared between participants who reported a PSQI global score ě 5 (poor sleep quality) and
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PSQI < 5 (good sleep quality). On average, poor sleepers reported greater total caffeine consumption
(mean ˘ SD: 192.1 ˘ 122.5 mg) compared to good sleepers (mean ˘ SD: 130.0 ˘ 62.6 mg; mean
difference = 62.2 mg, t(78) = ´2.73, p = 0.008, d = 0.64).

Furthermore, caffeine from coffee intake was significantly less in good sleepers (median = 66.5,
IQR = 83.1) than poor sleepers (median = 99.2, IQR = 83.3), U = 1028.50, z = 2.34, p = 0.019, r = 0.26.
While caffeine from tea (p = 0.874), chocolate (p = 0.658), soft drink (p = 0.368) and energy drinks
(p = 0.395) showed no differences found between groups (Table 2).

Table 2. A descriptive table showing the means, standard deviations, medians, and interquartile ranges
for all variables for good and poor sleepers as indicated from the PSQI. The table also shows p values
comparing good and poor sleepers using either independent samples t-test. Mann Whitney U test
and chi square tests. Participants with good sleep quality had PSQI global scores of less than 5 and
participants with poor sleep quality had PSQI global scores of greater than 5.

Good Sleep Quality
n = 35

Poor Sleep Quality
n = 45 p Values

Mean (SD) Median (IQR) Mean (SD) Median (IQR)

Total caffeine (mg) 130.0 (62.6) 123.2 (58.2) 192.1 (122.5) 140.4 (160.6) 0.008 I

Coffee (mg) 81.7 (68.5) 66.5 (83.1) 132.2 (115.0) 99.2 (83.3) 0.019 M

Tea (mg) 35.4 (48.4) 13.6 (54.3) 39.5 (61.5) 13.6 (55.0) 0.874 M

Chocolate (mg) 3.6 (4.0) 1.7 (4.5) 3.5 (4.9) 1.7 (4.5) 0.658 M

Soft Drink (mg) 6.5 (13.2) 0.0 (5.2) 10.9 (29.2) 0.0 (10.4) 0.368 M

Energy drink (mg) 2.9 (15.4) 0.0 (0.0) 6.0 (23.0) 0.0 (0.0) 0.395 M

SOL (min) 11.4 (7.6) 10.0 (13.0) 24.3 (11.0) 30.0 (15.0) 0.000 C

SE (%) 95.0 (4.6) 94.1 (8.6) 82.9 (8.8) 82.4 (11.1) 0.239 M

TIB (h) 7.9 (0.7) 8.0 (1.3) 8.2 (1.2) 8.0 (1.1) 0.000 C

Abbreviations: SD, standard deviation; PSQI, Pittsburgh Sleep Quality Index; IQR, interquartile range; mg,
milligrams; SOL, sleep onset latency; SE, sleep efficiency; TIB, time in bed; global score, PSQI total score; %,
percentage; I, Independent samples t-test was used; M, Mann-Whitney U test was used; C, Chi-square test was
used. Notes: Chocolate includes both food and drink.

4. Discussion

The current study found that caffeine consumption did not change dramatically across the lifespan,
with only energy drinks changing significantly across age groups. Furthermore, decreased time in bed
was associated with increased caffeine consumption, and people with poor self-reported sleep quality
consumed significantly more caffeine than people with good self-reported sleep quality scores.

The first aim of the study was to identify the sources of caffeine that contribute to an adult’s
total caffeine intake using the newly validated C-FFQ. It was found that the average consumption of
caffeine in this population was 165.1 mg per day. National data, obtained using an intensive 24 h recall
process on two occasions, suggests Australian adults consume approximately 103–183 mg of caffeine
per day [5]. This is similar to that found in the current study additionally, the sources of caffeine across
age groups were also similar in amounts to the national data [5]. In the current study the percentage of
caffeine from tea was highest in the 51–92 years age group; in the previous national data it steadily
rose across the lifespan and was highest in the 71 years and over age group. Furthermore, the current
sample showed that as people age they are significantly less likely to consume caffeine from energy
drinks and consume less soft drinks. Finally, the percentage of caffeine from chocolate remained
steady across the lifespan in both our sample and the previous national data. There was, however,
a difference in percentage of caffeine from coffee between the current data and the previous national
data. The current study consumed less caffeine from coffee intake in the 31–50 years age bracket when
compared to the national data, with the percentage of caffeine from coffee remaining equal from 18 to
50 years and declining in the oldest age group.

The second aim of the study was to determine the relationship between caffeine and sleep
quality (variables from the subscales of the PSQI). The current study showed that total caffeine
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consumption had a small negative correlation with time in bed. This result is similar to a previous
cross sectional survey study [17] however, in contrast with Sanchez-Ortuno and colleagues [17] total
caffeine consumption was not correlated with sleep efficiency. The contrast in findings could be
explained by the differences in measuring caffeine. The current study used a validated food frequency
questionnaire to estimate total caffeine intake and not a generic “cups per day” or “number of drinks
in the last week” question as in other studies [17–19,23], nor did it rely on participants knowing what
beverages they consume contain caffeine. Furthermore, the mean caffeine intake value is greater in
the study by Sanchez-Ortuno and colleagues [17] (mean caffeine intake across the day: 225 mg) and
perhaps is large enough to impact sleep compared to the current study which recorded an average of
165.1 mg per day.

The current study showed that total caffeine consumption was not correlated with subjective sleep
quality, medicinal sleep aids, sleep disturbance, or daily dysfunction due to sleepiness, similar to other
studies [18,23]. However, this is different to experimental laboratory studies that have found caffeine
consumption negatively impacts sleep quality [11,14]. This could be explained by the dose of caffeine
consumed, as laboratory studies tend to give higher amounts of caffeine to participants than the
habitual amount recorded in the current study. For example Carrier et al. [13] gave 100 mg three hours
before bed followed by an additional 100 mg one hour before bed time. Additionally, given that the
time of caffeine consumption was not recorded in this study it is possible that it was consumed earlier
in the day and therefore had less of an effect on sleep. Finally, the results of the current study indicate
a global relationship between sleep and caffeine consumption and it is highly possibly that poor or
short sleep drives caffeine consumption rather than the other way around. It would be beneficial for
future studies to measure the timing of caffeine consumption to further investigate if habitual caffeine
consumption interferes with sleep.

The third aim of the study was to determine the difference in caffeine consumption between good
and poor sleepers as measured by the PSQI global score (a score which included all the variables to
determine an overall score of sleep quality). There was a significant difference in caffeine consumption
between participants who were classified as good sleepers and those classified as poor sleepers. Good
sleepers on average consumed 67 mg less caffeine per day; approximately one cup of instant coffee.
However other field studies [18,19,23] have found that the PSQI global score was not related to the
amount of caffeine consumed. The contrast in findings could be explained by the differences in the
ways caffeine consumption was measured as discussed above. The strength of the current study is that
it measured all sources of caffeine and examined a broad population with a wide age range throughout
the year, i.e., not specifically medical students [23] or students during exam period [19].

The current study provides an overview of the average daily caffeine habits of adults across
the lifespan and compares it to the sleep habits. However, some limitations need to be taken into
consideration. Firstly, we did not record the participants’ weight or height measurements to calculate
the body mass index. The relationship between sleep and weight is well documented [8], with shorter
sleep and poorer sleep quality associated with obesity. Secondly, the general population sample
means that the results may not be generalizable to groups who consume more caffeine such as shift
workers. Therefore, it is not possible to generalise this information to shift workers as they have
different sleep and wake patterns which would potentially increase caffeine use and worsen sleep
quality. Furthermore, there are limitations to self-report sleep compared to objective measures such as
Actiwatches and Polysomnography. While objective measures are preferred, observational studies
have widely used subjective measures previously due to cost and logistics. In adults it has been shown
that subjective measures of sleep is equal to objective measures of sleep [28,29].

5. Conclusions

This study demonstrates the importance of accurately measuring caffeine sources as patterns of
consumption can differ across the lifespan. Additionally, while this study found higher amounts of
caffeine consumed related to decreased time in bed there was no association between subjective sleep
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quality and the amount of caffeine consumed. This could be due to the fact daily caffeine consumption
was, on average, low to moderate or it could be because caffeine was not consumed close to bed
time. This should be the focus of future research. With caffeine being consumed by a wide range of
the population and found in many beverages and foods, it is necessary to understand the full health
implications and how it may interfere with our daily behaviours such as sleep.
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Abstract: Acute, non-clinical insomnia is not uncommon. Sufferers commonly turn to short-term
use of herbal supplements to alleviate the symptoms. This placebo-controlled, double-blind study
investigated the efficacy of LZComplex3 (lactium™, Zizyphus, Humulus lupulus, magnesium and
vitamin B6), in otherwise healthy adults with mild insomnia. After a 7-day single-blind placebo
run-in, eligible volunteers (n = 171) were randomized (1:1) to receive daily treatment for 2 weeks
with LZComplex3 or placebo. Results revealed that sleep quality measured by change in Pittsburgh
Sleep Quality Index (PSQI) score improved in both the LZComplex3 and placebo groups. There were
no significant between group differences between baseline and endpoint on the primary outcome.
The majority of secondary outcomes, which included daytime functioning and physical fatigue,
mood and anxiety, cognitive performance, and stress reactivity, showed similar improvements in
the LZComplex3 and placebo groups. A similar proportion of participants reported adverse events
(AEs) in both groups, with two of four treatment-related AEs in the LZComplex3 group resulting in
permanent discontinuation. It currently cannot be concluded that administration of LZComplex3
for 2 weeks improves sleep quality, however, a marked placebo response (despite placebo run-in)
and/or short duration of treatment may have masked a potential beneficial effect on sleep quality.

Keywords: lactium; Zizyphus; Humulus lupulus; nutritional supplements; complementary medicines;
sleep disturbance; insomnia; LZComplex3; clinical trial

1. Introduction

Insomnia is defined by disturbances in sleep quality together with impairment of daytime
functioning, for example fatigue and low mood [1]. Disturbances in sleep quality include difficulty
getting to sleep, staying asleep or experiencing non-restorative sleep despite adequate opportunity
for sleep [1]. An estimated 13%–33% of Australians experience some form of insomnia, similar to
the estimated rates of insomnia in Western countries including Canada and the United States and in
low-income countries across Africa and Asia [2–4]. Insomnia can occur as an acute episode, usually
triggered by factors such as ill health, change of medication or circumstances, or stress [5]. Such sleep
disturbances generally resolve without treatment once the trigger is eliminated. However, people can
also turn to short-term use of medications (typically hypnotics such as a benzodiazepine) or herbal
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supplements during these episodes of insomnia [5–7]. In contrast, long-term or chronic insomnia can
involve the development of maladaptive behaviors and a different treatment approach is required [5].

Commonly used herbal supplements for insomnia often include single or combined formulations
of lemon balm (Melissa officinalis), chamomile (Matricaria recutita), valerian (Valeriana spp.), hops
(Humulus lupulus), passionflower (Passiflora incanata), lactium™ (αS1-casein hydrolysate) and sour
date (Zizyphus jujube var. spinosa) [8]. A new combined formulation, LZComplex3, contains lactium,
sour date and hops, plus magnesium and vitamin B6 (pyridoxine) to provide nutritional support for
metabolic pathways involved in sleep regulation. The rationale for the use of lactium as a sleeping
aid originates from the observation that milk calms and soothes newborns [9]. The milk compound
thought to be responsible for the calming or anxiolytic effects is a hydrolysate of αS1-casein, the
bioactive peptide α-casozepine [10]. Lactium is the manufactured form of αS1-casein hydrolysate
containing the α-casozepine peptide. Clinical studies have demonstrated that lactium reduces some
symptoms related to stress [11,12]. Lactium has also been shown to have anxiolytic effects and to
improve stress-induced sleep disturbance in animal studies [10,13,14].

Sour date (Zizyphus jujube var. spinosa; alternative spelling Ziziphus) is a fruit used in traditional
Chinese medicine for its mild sedative and calming properties, to relieve irritability and aid
sleep [15,16]. In combination with other herbs, it has been reported to improve mood and performance
in individuals with anxiety and to improve sleep quality and a sense of well-being in individuals
with sleep disorders [17,18]. Hops (Humulus lupulus) have been used in traditional western medicine
for the treatment of mood disturbances such as restlessness and anxiety and in sleep disturbances
due to reported calming and sleep-promoting properties [19–24]. Magnesium is involved in more
than 300 metabolic reaction pathways including the production of melatonin, which regulates the
sleep cycle [25]. Human and animal studies have implicated magnesium in the modulation of
sleep [26–31]. Vitamin B6 may indirectly promote sleep quality through its role in the synthesis of a
number of neurotransmitters involved in sleep regulation, including dopamine, serotonin, glutamate,
γ-aminobutyric acid (GABA), and histamine [32,33].

Although the individual components in LZComplex3 have been studied with respect to their
effects on sleep and/or stress (a common cause of sleeping difficulties), the efficacy of the combined
formulation as a treatment for sleep disturbance has not been investigated. We report here the results
of a clinical trial the primary objective of which was to investigate the short-term effect of LZComplex3
on sleep quality, mood and cognitive function in individuals with sleeping difficulties not caused by a
primary sleeping disorder or other diagnosed condition.

2. Materials and Methods

2.1. Trial Design

This study was a placebo-controlled, double-blind, randomized, parallel group phase III trial
with a single blind placebo run-in period (Figure 1). The trial was conducted at the Centre for Human
Psychopharmacology, Swinburne University of Technology, Hawthorn, Victoria, Australia between
6 January 2014 and 23 December 2014. Ethical approval was granted by Bellberry Ltd., Eastwood, SA,
Australia. The trial is registered with the Australian New Zealand Clinical Trials Registry (number
ACTRN: 12613001363774) and was performed in accordance with the requirements for the conduct
of clinical studies set by the Clinical Trial Notification (CTN) scheme of the Australian Therapeutic
Goods Administration (TGA) and the Declaration of Helsinki.

Assessments of sleep quality, daytime functioning and physical fatigue, mood and anxiety,
stress-reactivity, and cognitive function were completed by participants during the baseline and end
of treatment visits, as well as during a final follow-up visit one week after the end of treatment.
All assessment visits followed a procedure identical to that used at the baseline visit. In addition,
participants completed all subjective sleep, daytime functioning, physical fatigue, mood and anxiety
assessments at home 1, 3 and 7 days after baseline. All participant data were collected either at the
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study site (at screening, baseline, end of treatment, and final follow-up visits) or at the participants’
homes (interim assessments between baseline and end of treatment).

Figure 1. Study design. R* = randomization; D = study day.

2.2. Study Participants and Randomization

Potentially eligible participants were identified in an initial telephone screen. Participant eligibility
was confirmed at the initial screening visit; each eligible participant was allocated a unique participant
number as soon as written informed consent was obtained and prior to any screening assessments.
Mood questionnaires including the Hospital Anxiety and Depression Scale (HADS) [34] and State-Trait
Anxiety Inventory Trait subscale (STAI-T) [35] were completed and participants were required to
familiarize themselves with all the study assessments and procedures in order to reduce errors at
baseline and practice effects.

Eligible participants were healthy adults aged 18–65 years with no significant diagnosed diseases
(as judged by the Investigator) who had self-reported sleeping difficulties over one month prior to
the screening call. Following accepted practice [36], sleeping difficulties were defined as a Pittsburgh
Sleep Quality Index (PSQI) Score >5 (PSQI scores range from 0 to 21 and higher scores indicate
worse sleep quality). Participants with a primary sleep disorder (sleep apnoea-hypopnoea, periodic
limb movement disorder, restless legs syndrome, narcolepsy, idiopathic hypersomnia, Kleine-Levin
syndrome, as determined by subjective report and compilation of participants' medical history during
the initial telephone screening assessment prior to randomization) were excluded. The full lists of
inclusion and exclusion criteria are provided in Appendix A: Table A1.

Eligible participants entered a one-week single-blind placebo run-in period, during which a daily
sleep questionnaire (Consensus Sleep Diary; CSD [37]) was used to establish baseline sleeping criteria
and detect placebo responders. Placebo response was based on CSD scores, and defined as sleep
efficiency above 85%, sleep onset latency below 31 min, and wake after sleep onset below 31 min.

At the baseline visit following the placebo run-in, placebo responders were excluded and all
other participants were randomly assigned to treatment for two weeks (placebo or LZComplex3 in a
1:1 ratio) based on a randomization list generated centrally by an external independent third party.
Participants and investigators were blinded to study treatment in the treatment phase and did not
have access to the randomization codes except under exceptional medical circumstances.

Participants were invited at the baseline visit to wear an actiwatch to collect objective sleep data
for exploratory cross-validation of the subjective sleep outcome measures. Participants who agreed
were given an actiwatch to wear for the duration of the two-week treatment period.

2.3. Study Treatment

LZComplex3 tablets (Table 1) and placebo tablets were provided in blister packs and were matched
for size, appearance, colour, smell and taste. The tablets were supplied to participants at the start of
the placebo run-in and treatment phases in kit boxes. Each kit box contained sufficient blister packs of
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tablets to last for the duration of each phase of the trial plus an additional week to cover for any delays
in attending the next scheduled visit. For the duration of each phase, participants were required to
take two tablets daily, 30 min before retiring for sleep.

Table 1. LZComplex3 components.

Nutrient Amount per Tablet

Lactium™ (hydrolysed milk protein; alpha casozepine enriched) 75 mg
Sour date (Zizyphus jujube var. spinosa) ext. equiv. to dry seed 4.5 g (4500 mg)

Hops (Humulus lupulus) ext. equiv. to dry flower 500 mg
Magnesium oxide (equivalent magnesium) 81.7 mg (52.5 mg)

Vitamin B6; pyridoxine hydrochloride (equivalent pyridoxine) 10 mg (8.23 mg)

2.4. Primary and Secondary Outcome Measurments

The primary outcome was the change in overall sleep quality after two weeks of daily
supplementation with LZComplex3. The primary outcome was measured by the change in PSQI scores
from baseline to end of treatment at day 14. Secondary outcomes were the safety of LZComplex3 and
the change in sleep quality, daytime functioning and physical fatigue, mood and anxiety, cognitive
performance, and stress reactivity at 1, 3, 7 and 14 days after treatment with LZComplex3 and after one
week post-treatment. The secondary outcomes were measured using validated assessments as outlined
in Table 2. Objective measurement of sleep efficiency and time asleep using actigraph data from a
subset of up to 90 participants was a pre-specified exploratory outcome designed to assess the use of
actigraphy as a means of cross-validation of the primary and secondary endpoints. The Mini-Mitter
Actiwatch-L (Respironics, Inc., Bend, Oregon) was used to collect actigraph data. Adverse Events
(AEs), including Serious Adverse Events (SAEs) and Adverse Events of Special Interest (AESI), were
collected at every visit. The AE observation period commenced the day of consent and finished at the
final follow-up visit.

Table 2. Outcome measures.

Outcome Measurements

Primary outcome

Sleep quality Pittsburgh Sleep Quality Index (PSQI) [38]

Secondary outcome

Sleep quality

Leeds Sleep Evaluation Questionnaire (LSEQ) [39]
Epworth Sleepiness Scale (ESS) [40]
Insomnia Severity Index (ISI) [41]
Consensus Sleep Diary (CSD) [37]

Daytime functioning and
physical fatigue

Burckhardt Quality of Life Scale (QoLS) [42]
Chalder Fatigue Scale (CFS) [43]

Mood, anxiety and stress reactivity
Bond–Lader Visual Analogue Scales (Bond-Lader VAS) [44]

State-Trait Anxiety Inventory (STAI) State subscale (STAI-S) [35]
Stress and Fatigue Visual Analogue Mood Scales (VAMS)

Cognitive performance Purple multi-tasking framework (MTF)

2.4.1. Screening Assessments

Screening assessments included the HADS, STAI-T, Leeds Sleep Evaluation Questionnaire (LSEQ),
Bond-Lader Visual Analogue Scale (VAS), and the Stress and Fatigue Visual Analogue Mood Scales
(VAMS). The HADS is a 14-item questionnaire designed to measure levels of anxiety and depression
and was administered at screening to exclude participants with depression and/or anxiety [34].
The STAI-T comprises 20 different statements (e.g., “Some unimportant thought runs through my
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mind and bothers me”) [35]. Participants indicate how they generally feel on a scale ranging from
“almost never” to “almost always”. Scores on the STAI-T range from 20 to 80, with higher scores
indicating more anxiety. The Trait subscale of the STAI was to be used at screening to detect those
participants who may have excessive levels of trait anxiety prior to commencing the study.

2.4.2. Treatment Assessments

Details of each assessment method are provided in Appendix A: Table A2.

2.5. Statistical Analyses

With an anticipated drop-out/non-compliance rate of 33%, it was estimated that a total of
170 participants would be required for 80% power to detect a medium effect size of approximately
0.5 at the 5% level of significance, with respect to the primary outcome. All analyses were conducted
on a modified intention-to-treat (mITT) population, representing a per protocol/completer analysis
and defined as all participants who were randomized and who had valid PSQI measures at both
baseline and end of treatment. The primary outcome was also measured in the per protocol (PP)
population, which included all participants in the mITT population who were at least 80% and less
than 120% compliant with randomized treatment medication and had no major protocol deviations.
Safety analyses were conducted on the safety population, which included all participants who were
randomized and received at least one dose of study drug.

All measures were analyzed using SAS software (V9.4, SAS Statistical Institute, Cart, NC, USA).
A general repeated measures mixed model was fitted to explore the difference between placebo and
LZComplex3 in unadjusted change of total PSQI across all PSQI assessments for the mITT population.
Day numbers and treatment group were included as fixed effects, participant as a random effect, the
change in PSQI from baseline as the dependent variable and the baseline value of PSQI as a covariate.
Secondary endpoints except ISI scores were analyzed in the same form as the primary endpoint.
For the STAI-S, Bond-Lader VAS and VAMS scores, the mixed model also included time point (before
and after administration of the MTF) as a fixed effect. A multinomial distribution and cumulative
logit link function using PROC GLIMMIX was used to explore the difference between placebo and
LZComplex3 in unadjusted change in ISI. The intended analysis of actigraphy data was not performed
due to insufficient participant numbers (n = 16).

3. Results

3.1. Participant Characteristics

From a total of 241 participants, 171 were eligible for randomization following screening
and the placebo run-in period. Eighty-five participants were allocated to the LZComplex3 group
and 86 participants to the placebo group. After exclusions and losses, a total of 160 participants
(LZComplex3, n = 78; placebo, n = 82) were eligible for analysis in the mITT population (Figure 2).

Participant demographics and other baseline characteristics are shown in Table 3.
All characteristics were similar in the placebo and LZComplex3 groups. Most subjects were
compliant during both the placebo run-in and treatment periods of the study. The mean compliance
score, calculated as the percentage of study drug taken relative to the amount prescribed in the
protocol, was 83.0 (standard deviation; SD 17.6) during the run-in period. The mean compliance
scores in the LZComplex3 and placebo groups during the treatment period were 98.3 (SD 8.6) and
100.5 (SD 7.3) respectively.
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Figure 2. Participant flow. AE = adverse event, PSQI = Pittsburgh Sleep Quality Index

Table 3. Demographic and other baseline characteristics (safety population; n = 170).

Characteristic Placebo (n = 85) LZComplex3 (n = 85)

Gender

Male, n (%) 38 (44.7) 36 (42.4)
Female, n (%) 47 (55.3) 49 (57.6)

Ethnicity
Caucasian/White, n (%) 61 (71.8) 58 (68.2)

Black, n (%) 0 (0.0) 1 (1.2)
Asian/Oriental, n (%) 13 (15.3) 13 (15.3)

Other, n (%) 11 (12.9) 13 (15.3)
Age in years, mean (SD) 31.0 (10.5) 29.6 (9.05)
Height in cm, mean (SD) 172.6 (9.9) 171.2 (10.4)
Weight in kg, mean (SD) 71.3 (12.6) 70.0 (13.9)

Years of education, mean (SD) 16.6 (2.5) 17.0 (2.6)

SD = Standard deviation.

3.2. Primary Outcome

The mean change in total PSQI across time in the mITT population is presented in Figure 3a.
Over the 2-week treatment period, the mITT population showed a gradual reduction in mean total
PSQI from baseline to end of treatment (day 14) in both the LZComplex3 and placebo groups. Negative
change scores indicate improved sleep quality in both groups, thus the change in both groups is in
the direction of improved sleep. A mixed models analysis of covariance found a significant effect
of day on PSQI (F4,517 = 30.40, p < 0.001) but no effect of treatment (F1,157 = 0.14, p = 0.713) and no
interaction between treatment and day (F4,517 = 1.13, p = 0.340) in the mITT population. The results
were similar in the PP population, with a significant effect of day (F4,499 = 29.63, p < 0.001), no effect
of treatment (F1,150 = 0.17, p = 0.685) and no interaction between treatment and visit (F4,499 = 1.06,
p = 0.374). The unadjusted PSQI scores between baseline and end of treatment are presented in Table 4.
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Figure 3. Least squares mean change in total Pittsburgh Sleep Quality Index (PSQI) between
baseline (day 0) and end of the observation period (day 21) by treatment group in: (a) the modified
intention-to-treat (mITT) population and (b) the per protocol (PP) population.

Table 4. Total PSQI, mean (SD).

mITT Population PP Population

n Mean PSQI
Change from

Baseline
n Mean PSQI

Change from
Baseline

Baseline
Placebo 82 9.0 (2.5) 81 9.0 (2.1)

LZComplex3 78 9.4 (2.6) 72 9.5 (2.6)

Day 1
Placebo 56 9.0 (2.3) 0.0 (2.1) 55 8.9 (2.3) 0.0 (2.1)

LZComplex3 61 9.2 (2.6) −0.2 (1.3) 59 9.1 (2.6) −0.3 (1.2)

Day 3
Placebo 60 8.7 (2.3) −0.4 (1.8) 59 8.7 (2.3) −0.4 (1.8)

LZComplex3 60 9.2 (2.6) −0.3 (1.4) 58 9.1 (2.6) −0.3 (1.3)

Day 7
Placebo 62 8.0 (2.4) −0.9 (1.9) 61 8.0 (2.4) −0.8 (1.9)

LZComplex3 67 8.2 (2.8) −1.2 (2.1) 62 8.2 (2.7) −1.2 (2.1)

Day 14
Placebo 82 7.7 (2.7) −1.3 (2.4) 81 7.7 (2.7) −1.3 (2.5)

LZComplex3 78 7.6 (2.8) −1.8 (2.1) 72 7.7 (2.8) −1.8 (2.0)

Day 21
Placebo 82 7.3 (2.5) −1.7 (2.8) 81 7.3 (2.5) −1.7 (2.8)

LZComplex3 77 7.9 (3.0) −1.5 (2.3) 72 7.9 (3.0) −1.6 (2.3)

mITT = modified intention-to-treat, PP = per protocol, PSQI = Pittsburgh Sleep Quality Index, SD = standard deviation.
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3.3. Secondary Outcomes

Similar to the primary outcome measure, the majority of secondary outcome measures showed
similar changes in the placebo and LZComplex3 groups across the study period (Figures S1–S9,
Table S1). A significant effect of day was found across all secondary outcomes measures except CSD
domains, “Alertness” and ”Calmness” components of the Bond-Lader VAS, and ”Stress” and ”Fatigue”
components of the VAMS. A cumulative logit link function in PROC GLIMMIX found a significant
effect of treatment on ISI between baseline and end of the study. A between-group difference was
detected in the proportions of participants with improved, worsened, or no change in ISI at day
3 compared with baseline (Figure S3). A mixed models analysis of covariance found a significant
effect of treatment on STAI-S total scores that was due to a significant difference between the placebo
and LZComplex3 groups in change in STAI-S total scores from pre- to post-administration of the
MTF at day 0 and day 14 (Figure S7). There were no significant treatment effects detected across
any other secondary outcome measures. Time point (before or after administration of the MTF) was
found to have a significant independent effect on STAI-S total score, Bond-Lader VAS “Calmness” and
“Contentedness” components, and VAMS “Stress” and “Fatigue” components (Figures S7–S9).

3.4. Safety

There were 25 AEs (19 mild, 5 moderate and 1 severe) reported during the run-in period, none of
which were serious (defined as any experience which was fatal or life-threatening, was permanently
disabling, required hospitalisation or prolongation of hospitalisation, was a congenital anomaly,
or was an important medical event that could jeopardize the subject or require intervention to
prevent one of those outcomes). Overall, 25 AEs were reported during the treatment period (Table 5).
The proportion of participants reporting an AE was similar in each treatment group (placebo, n = 9
(10.6%; LZComplex3, n = 11 (12.9%); p = 0.8125; Table 5). The most common AEs were infections
(placebo, n = 6; LZComplex3, n = 7) and gastrointestinal disorders (placebo, n = 0; LZComplex3, n = 4).
There were no deaths or other serious adverse events. Two of the 4 AEs related to treatment in the
LZComplex3 group led to permanent discontinuation. There were two hospitalizations reported, both
in the LZComplex3 group, neither of which fulfilled the criteria of a serious AE.

Table 5. Summary of adverse events (AEs) reported during the treatment period (safety population).

Type Placebo (n = 85) LZComplex3 (n = 85)

AEs, n 11 14
Mild 5 5

Moderate 5 4
Severe 1 5

Patients reporting AEs, n (%) 9 (10.6) 11 (12.9)
Mild 5 (5.9) 5 (5.9)

Moderate 4 (4.7) 4 (4.7)
Severe 1 (1.2) 4 (4.7)

AEs leading to discontinuation, n 0 2
Abdominal pain 0 (0.0) 1 (1.2)

Dyspepsia 0 (0.0) 1 (1.2)

Serious AEs, n 0 0

AEs of special interest, n 0 0

AEs related to study treatment, n 0 4
Abdominal pain 0 (0.0) 1 (1.2)

Dyspepsia 0 (0.0) 1 (1.2)
Gastritis 0 (0.0) 1 (1.2)

Gastroenteritis 0 (0.0) 1 (1.2)
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4. Discussion

This study evaluated the efficacy of LZComplex3 in improving sleep quality in otherwise-well
individuals with sleeping difficulties. There were no group differences in the primary outcome.
Improvements in sleep quality were seen over a two-week treatment period with LZComplex3,
however a persistent placebo response was observed and there was no significant treatment effect
compared with placebo. Although the study included a one-week placebo run-in period designed to
identify and exclude placebo-responders, it appears that that the run-in period may not have been of
sufficient length. It is also possible that the persistent placebo response occurring after randomization
may have been due to participants’ increased focus on overall sleep hygiene as a result of study visits
and assessments, filling in a daily sleep diary and observing the protocol-mandated study parameters
regarding stimulant use and sleep times. This degree of attention was not required in the placebo
run-in phase. It has previously been suggested that having a patient keep a sleep diary for 2 weeks
will aid with identification of behaviors that may worsen insomnia, thus providing a useful behavioral
intervention [45]. Participants were required to fill in the CSD daily for the duration of the run-in and
treatment periods, which may have contributed to the improvements in sleep quality observed in both
treatment groups.

An improvement in sleep quality with LZComplex3 was expected, as previous studies have
supported the use of individual components of the formulation as an aid for sleeping difficulties
or insomnia (see Introduction). However, rigorous clinical studies are lacking. Effects of lactium
on sleep quality have been investigated in a double-blind, controlled, parallel study of 32 Japanese
patients experiencing poor sleep as determined by a global PSQI score greater than 4 [46]. As in the
current study, improvements in sleep quality were observed over 4 weeks within the lactium group,
however there were no significant differences between the placebo and lactium groups for any of the
sleep components evaluated. It is possible that an effect of lactium was not detected due to a placebo
response and the small sample size. Clinical evidence for the anxiolytic effects of lactium is more
supportive. In a double-blind, randomized, controlled study of 42 healthy men treated with 3 doses
each 12 h apart, experimental stress-induced elevations in blood pressure were significantly lower
in the lactium group compared with the placebo group, supporting an anti-stress activity of lactium.
As stress is a common cause of sleeping difficulties, it is thought that lactium may promote good
quality sleep through its anti-stress activity.

The efficacy of sour date (Zizyphus jujube var. spinosa) in treating insomnia has been investigated
in one clinical trial in the form of suanzaorentang [17,47], a popular Chinese herbal formula consisting
of sour date (Zizyphus jujube var. spinosa), Fu Ling (mushroom) (Poria cocos), szechuan lovage
(Ligusticum wallichii), Zhi Mu (Anemarrhenae rhizoma), and liquorice root (Glycyrrhizae radix) in a
ratio of 7:5:2:1:1 [48]. The study compared self-rated measures of sleep quality in 60 participants with
insomnia who received placebo for one week, followed by suanzaorentang for two weeks, followed by
another week of placebo. All ratings of sleep quality significantly improved during the suanzaorentang
treatment phase compared with the placebo periods. A number of trials evaluating the efficacy of
suanzaorentang using benzodiazepines as the comparator showed favorable results for suanzaorentang
in improving sleep, although the studies lacked methodological rigor [47].

Hops (Humulus lupulus) is considered to be a sedative agent, a view that originated from the
observation of sleepiness in European hops-pickers [49]. It is commonly used in combination
preparations with other herbs such as valerian (Valeriana spp.) and passionflower (Passiflora
incanata) [50,51]. Although hops (Humulus lupulus) is listed as an approved herb for mood disturbances
including sleep disturbances in The Complete German Commission E Monographs [52], there are no
randomized controlled trials investigating the efficacy of hops (Humulus lupulus) alone in the treatment
of insomnia. Thus it remains unclear whether hops (Humulus lupulus) has independent sedative effects,
works as a synergist, or lacks sedative activity.

The rationale for inclusion of magnesium and vitamin B6 in LZComplex3 is based on in vitro
and animal studies suggesting they may promote sleep quality by supporting metabolic pathways
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involved in sleep regulation, rather than due to any direct sedative activity [26–33]. Given the current
clinical evidence base for the individual components in LZComplex3, it is difficult to determine
whether the primary endpoint of this study was not met because of an absence of sedative activity,
unknown complex pharmacokinetic interaction between the individual active ingredients, or because
of methodological factors.

It is possible that the two-week treatment duration in our study was not long enough to observe
a treatment effect, and/or the one-week placebo run-in period was not long enough to eliminate all
placebo responders. Another possibility is that the study population may have included individuals
with chronic insomnia, which unlike brief or acute insomnia generally requires a cognitive behavioral
approach to treatment [5]. The study population was selected based on a global PSQI score greater
than 5, which indicates poor sleep [38]. However, individual’s responses on the PSQI questionnaire
could not be used to differentiate between acute and chronic insomnia. Conversely, our ability to
detect a treatment effect may be due to eligibility here being set at a minor level of sleeping difficulties,
while individuals with more severe insomnia would be expected to benefit most from treatment.

Overall, the secondary outcome measures did not support a benefit of LZComplex3 over placebo
during the two week treatment period. Participants completed a battery of questionnaires assessing
various aspects of sleep quality, daytime functioning and physical fatigue, mood and anxiety, cognitive
performance, and stress. Poor sleep can contribute to impairment of daytime functioning and physical
fatigue thus these outcomes were anticipated to improve with better quality sleep. However, given that
no significant difference between LZComplex3 and placebo was detected with respect to improvement
in sleep quality as measured by the PSQI, it is not surprising that daytime functioning and physical
fatigue were also not significantly different between the treatment groups. An improvement in ISI at
day 3 favoring LZComplex3 and a between-group difference in stress reactivity as measured by change
in STAI-S total score from pre- to post-administration of the MTF which appeared to be due to a slight
increase in stress reactivity in the placebo group at baseline and at day 14 were the only significant
treatment effects detected. Potential improvements in mood, anxiety and stress with LZComplex3
were anticipated as there is evidence that they may be positively impacted by some of the individual
components of the formulation [10–14,17–24]. In our study, a clinically significant treatment effect may
not have been detected for the same reasons as described for the primary outcome measure.

The safety data collected in this study indicate that LZComplex3 is well-tolerated at the dose of
two tablets prior to sleep. Overall the safety profile of LZComplex3 was similar to placebo, with similar
proportions of patients reporting AEs in both groups, the majority of which were mild or moderate
and none of which were serious. There were more severe AEs reported in the LZComplex3 group and
only two were considered possibly, probably or definitely related to treatment (both gastrointestinal
disorders).

5. Conclusions

Despite finding a negative primary efficacy outcome, this study demonstrated an improvement
in the PSQI and other measures of sleep quality for patients taking LZComplex3 with no deficits in
cognitive or psychomotor function and a benign safety profile. These findings, taken into context
with the marked placebo effect, short treatment duration and methodological limitations, suggest that
further investigation of LZComplex3 is warranted.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/9/2/154/s1,
Figure S1: Adjusted mean change in Leeds Sleep Evaluation Questionnaire (LSEQ) scores, Figure S2: Adjusted
mean change in Epworth Sleepiness Scale (ESS) scores, Figure S3: Adjusted mean change in Insomnia Severity
Index (ISI), Figure S4: Adjusted mean change in Consensus Sleep Diary (CSD) scores, Figure S5: Adjusted mean
change in the Chalder Fatigue Scale (CFS) total score, Figure S6: Adjusted mean change in the Burckhardt Quality
of Life Scale (QoLS) total score, Figure S7: Adjusted mean change in the State-Trait Anxiety Inventory State
subscale (STAI-S) score, Figure S8: Adjusted mean change in Bond-Lader Visual Analogue Scale (VAS) scores,
Figure S9: Adjusted mean change in Visual Analogue Mood Scale (VAMS) scores, Table S1: Adjusted change in
multi-tasking framework (MTF) total and component scores.
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The following abbreviations are used in this manuscript:

AE adverse event
CFS Chalder Fatigue Scale
CSD Consensus Sleep Diary
EOT end of treatment
ESS Epworth sleepiness scale
HADS Hospital Anxiety And Depression Scale
ISI Insomnia Severity Scale
LSEQ Leeds Sleep Evaluation Questionnaire
mITT Modified intention-to-treat
MTF Multi-tasking framework
PP per protocol
PSQI Pittsburgh Sleep Quality Index
QoLS Quality of Life Scale
STAI-S State-Trait Anxiety Inventory State subscale
STAI-T State-Trait Anxiety Inventory Trait subscale
VAMS Visual Analogue Mood Scale

Appendix A

Table A1. Participant inclusion and exclusion criteria.

Inclusion Criteria

• Individuals (male and female) with no significant diagnosed diseases by the judgment of the Investigator,
who self-report sleeping difficulties over one month prior to the screening call.

• Age 18–65 years.
• Body mass index 18–30 kg/m2.
• Normal vital signs (blood pressure less than 140/90 mmHg (i.e., systolic blood pressure less than

140 mmHg and a diastolic blood pressure less than 90 mmHg, and a heart rate between 60–100 bpm).
• Pittsburgh Sleep Quality Index Score >5.
• Typical bedtime between 9 p.m. and 12 a.m.
• Symptoms consistent with Primary Insomnia established at Screening.
• Signed written informed consent.
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Table A1. Cont.

Exclusion Criteria

• Hospital Anxiety And Depression Scale depression score >8 and/or anxiety score >12
(assessed at Screening)

• Regular use of illicit drugs, excessive or inappropriate use of over the counter or prescription drugs or
excessive use of alcohol (assessed by the Investigator or delegate and/or reported by the volunteers).

• Smoking more than 10 cigarettes a day.
• Consumption of more than 10 cups of tea or coffee (or equivalent of other caffeine containing drinks)

and/or consumption of these drinks after 5 p.m.
• Allergy to milk proteins, latex or LZComplex3 ingredients.
• Primary sleep disorder (sleep apnoea-hypopnoea, periodic limb movement disorder, restless legs

syndrome, narcolepsy, idiopathic hypersomnia, Kleine-Levin syndrome).
• Use of medicinal products for sleep disorders (e.g., hypnotic agents, anxiolytics, herbal remedies,

homeopathy for hypnotic purposes) in the month prior to inclusion, or exhibiting withdrawal symptoms
from the use of medicinal products for sleep disorders at Screening.

• On-going non-pharmacological treatment of sleep disorders (e.g., cognitive behavioral therapy,
relaxation therapy)

• Expected sleep disturbance from external sources during the study period (such as young children or
other household disturbance).

• Previous failure on prescription sleep medication.
• Pregnancy or lactation.
• Current sleep disturbance due to pain or a general medical condition including but not limited to pain,

cystitis, urinary frequency, heart burn or others by the judgment of the Investigator that would preclude
participation in the study.

• Sleep Efficiency >85% AND Sleep Onset Latency below 31 min AND Wake after Sleep Onset below
31 min (assessed during week 1 using the Consensus Sleep Diary).

• Participants who withdraw consent during screening (participants who are not willing to continue or fail
to return).

Table A2. Treatment assessments.

Sleep quality

The PSQI is a 19-item questionnaire that produces a global sleep quality score and the following
seven component scores: sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep
disturbance, use of sleeping medications, and daytime dysfunction [38]. Scores range from 0 to
21 and are designed to differentiate between good and poor sleep quality. Higher score indicates
worse sleep quality.
The LSEQ is a standardised self-reporting instrument comprising ten 100 mm visual analogue scales
that pertain to the ease of getting to sleep, quality of sleep, ease of awakening from sleep and
alertness and behavior following wakefulness [39].
The ESS is an 8-item questionnaire asking subjects to rate their probability of falling asleep on a
scale of increasing probability from 0–3 for eight different situations that most people engage in
during their daily lives, though not necessarily every day (e.g., sitting and reading, as a passenger in
a car for an hour without a break) [40]. A score between 0 and 9 is considered to be normal while a
score between 10 and 24 could indicate sleep problems.
The ISI is a 7-item questionnaire that addresses the degree of distress or concern caused by different
sleep problems including sleep-onset and sleep maintenance problems, satisfaction with current
sleep pattern, interference with daily functioning, noticeability of impairment attributed to the sleep
problem [41]. Total score ranges from 0 to 28, with a higher score suggesting more severe
sleep problems.
The CSD is a standardised sleep diary that measures sleep efficiency, wake after sleep onset, and
sleep onset latency [37].
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Daytime
functioning and
physical fatigue

The Burckhardt QoLS is a 16-item scale that measures six conceptual domains of quality of life:
material and physical well-being; relationships with other people; social, community and civic
activities; personal development and fulfilment; recreation, and independence, the ability to do for
yourself [42]. Each domain is scored on a 7-point “delighted-terrible” scale, with a higher total
quality of life score indicating better quality of life.
The CFS is an 11-item self-rating measure of fatigue severity for both physical and mental
symptoms. The total score is derived from the number of items in which the participant responded
“Worse than usual” or “Much worse than usual”, with higher scores indicating greater fatigue, and
negative change values indicating less fatigue [43].

Mood and
anxiety

The Bond-Lader VAS comprises a total of 16 lines (approximately 100 mm) anchored at either end
by antonyms (e.g., alert–drowsy, calm–excited), on which participants indicate their current
subjective position [44]. Individual item scores are calculated as the percentage distance along the
line. The Bond-Lader VAS was collapsed into three category scales of “alertness”, “contentedness”,
and “calmness”.
The STAI-S measures fluctuating levels of anxiety on a 20-item subscale [35]. Scores range from 20 to
80, with higher scores indicating more anxiety.
Stress and Fatigue VAMS are single visual analogue scales aimed to gauge subjective mood
experience at the present moment relating to stress and fatigue.
The Bond-Lader VAS, STAI-S and Stress and Fatigue VAMS were each administered before and after
the MTF in order to measure acute levels of anxiety in response to an experimental stressor.

Cognitive
performance

and stress
reactivity

The purple MTF consists of two tasks assessing executive function (mathematical processing and
stroop colour-word), a psychomotor task that has a set time limit for completion (target tracker),
and a working memory task that presents stimuli at 10 s intervals (memory search), all conducted
simultaneously. The MTF can be used to elicit acute psychological stress in laboratory settings to
assess stress reactivity.

CFS = Chalder Fatigue Scale; CSD = Consensus Sleep Diary; ESS = Epworth Sleepiness Scale; ISS = Insomnia
Severity Index; LSEQ = Leeds Sleep Evaluation Questionnaire; MTF = multi-tasking framework; PSQI = Pittsburgh
Sleep Quality Index Score; QoLS = Quality of Life Scale; STAI-S = State-Trait Anxiety Inventory State subscale;
VAMS = Visual Analogue Mood Scales; VAS = Visual Analogue Scales.
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Abstract: Growing evidence suggests that diet alteration affects sleep, but this has not yet been
studied in adults with insomnia symptoms. We aimed to determine the effect of a six-month diet
intervention on sleep among overweight and obese (Body mass index, BMI ≥ 25 kg/m2) men with
chronic insomnia symptoms. Forty-nine men aged 30–65 years with chronic insomnia symptoms
were randomized into diet (n = 28) or control (n = 21) groups. The diet group underwent a six-month
individualized diet intervention with three face-to-face counseling sessions and online supervision
1–3 times per week; 300–500 kcal/day less energy intake and optimized nutrient composition were
recommended. Controls were instructed to maintain their habitual lifestyle. Sleep parameters were
determined by piezoelectric bed sensors, a sleep diary, and a Basic Nordic sleep questionnaire.
Compared to the controls, the diet group had shorter objective sleep onset latency after intervention.
Within the diet group, prolonged objective total sleep time, improved objective sleep efficiency, lower
depression score, less subjective nocturnal awakenings, and nocturia were found after intervention.
In conclusion, modest energy restriction and optimized nutrient composition shorten sleep onset
latency in overweight and obese men with insomnia symptoms.

Keywords: insomnia symptoms; sleep; sleep onset; diet intervention; nutrient; overweight; obesity

1. Introduction

Insomnia is a highly prevalent sleep disorder and has become a significant health issue in many
countries. The prevalence of chronic insomnia symptoms classified by the Diagnostic and Statistical
Manual of Mental Disorders, 4th Edition (DSM-IV) criteria ranges between 15.2% and 22.1% of the
general population in different regions of the world [1–3]. In Finland, nearly a quarter of the employed
people are reported to suffer from insomnia [4]. Insomnia symptoms are risk factors of various
adverse health consequences [5]. For instance, difficulty initiating sleep, the symptom represented
by prolonged sleep onset latency (SOL), is independently associated with all-cause mortality among
Finnish men [6].

A growing body of evidence suggests that overweight and obesity are significant risk factors
for impaired sleep and insomnia [7–9]. Population-based study showed that obese adults had higher
incidence of subjective sleep disturbances than non-obese ones [9]. Longitudinal studies suggested
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that both obesity and weight gain could predict future development of insomnia symptoms [7,8].
Diet is an important mediator between sleep and overweight/obesity. Growing evidence suggest
that diet alterations can directly influence sleep parameters [10,11]. Furthermore, the associations
between nutrients and insomnia symptoms have been reported by recent studies [12–14]. However,
no previous study has investigated whether diet intervention leads to improved sleep parameters
related to insomnia symptoms, such as sleep onset latency. There is also a lack of data regarding the
effects of diet-induced weight loss on sleep among overweight and obese populations, especially in
men, among which the combined prevalence of overweight and obesity is higher than women in
Finland [15].

Thus, the present study aimed to investigate whether sleep parameters among overweight and
obese men with chronic insomnia symptoms can be improved through a six-month diet intervention.
We hypothesized that reduced energy intake and optimized nutrient composition can improve one or
multiple objectively and subjectively measured sleep parameters.

2. Methods

The present randomized controlled trial forms part of a larger study with different lifestyle
interventions on middle-aged men with sleep disorders (Monitoring and treatment of obesity-related
sleep disorders, ISRCTN77172005). Results regarding the comparisons between exercise and control
groups have been reported in an earlier publication [16]. In the present paper, we focus solely on
the comparison between diet and control groups. However, to give an overall picture of the study,
baseline characteristics and sleep outcomes at baseline and six months across the three groups are
summarized in Tables S1 and S2. The study was approved by the Ethics Committee of the Central
Finland Health Care District (7/2011). Informed consent was obtained from all participants prior to
the baseline measurements and a copy of the signed consent form was archived.

2.1. Participants

Participants were 49 Finnish men aged 30–65 years with chronic (three months or longer)
complaints of insomnia symptoms. Ninety-four percent (n = 46) of them had BMI ≥ 25 kg/m2.
Participants were voluntarily recruited through the outpatient clinics and public health care centers in
the Central Finland Health Care District, or through advertising on the local radio news media and the
Internet. The summary of participant flow is presented in Figure 1.

The modified Basic Nordic sleep questionnaire (BNSQ) [17], the health and behavior questionnaire,
and participant’s medical history were collected and reviewed by a physician for screening. Insomnia
symptoms were classified according to the DSM-IV-TR criteria (without the criterion of daytime
consequences) from answers to the modified BNSQ. Individuals were considered to have chronic
insomnia symptoms if one or more of the following symptoms had occurred at least three nights
per week, during the past three months: (1) Difficulty initiating sleep (subjective SOL ≥ 30 min);
(2) Difficulty maintaining sleep (awakening during sleep ≥3 times/night, or difficulty in falling
asleep after nocturnal awakening with total wake after sleep onset ≥30 min); (3) Early morning
awakenings (wake up ≥30 min earlier than desired in the morning and unable to fall asleep again);
(4) Non-restorative sleep [18,19].

Exclusion criteria were: (1) other sleep disorders include moderate or severe apnea
(Apnea-hypopnea index, AHI ≥ 15), restless leg syndrome and periodic leg movement disorder
(periodic leg movement arousal index > 15), narcolepsy, REM behavior disorder, and circadian rhythm
disorder; (2) Medical history during the past three years related to diseases such as cardiovascular
disease, heart failure, liver disease, and cancer; (3) Current diagnosis of major depression; (4) History
of other major mental illness or substance abuse; (5) History of cognitive impairment and major
neurological disorders; (6) History of eating disorders; (7) Taking special diet at the moment; (8) Chronic
pain conditions; (9) Regular use of sedatives, hypnotics, and painkillers; (10) Shift work [12].
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Figure 1. Participant flow of the study.

2.2. Measurements

All measurements were carried out before randomization, and after the six-month intervention
period. In addition, nutrient intake and anthropometry were measured at three months.

2.2.1. Descriptive Characteristics

Age, education, employment, and smoking habits were elicited at baseline with the health and
behavior questionnaire. Age of onset of insomnia and occurrences of insomnia symptoms were elicited
with the baseline modified BNSQ.

2.2.2. Energy Consumption and Nutrients Intake

A three-day diet diary (two weekdays and one weekend) collected the type, item, and estimated
portion of all food and drink intake during each day. Archiving of diet information, calculation of
nutrients intake, total calories, and proportions of energy-yielding nutrients in total calories (E%) were
carried out by the Micro-Nutrica software (The Social Insurance Institution of Finland, Turku, Finland).
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2.2.3. Anthropometry and Fat Mass

All anthropometric measurements were performed after overnight fasting (12 h). Height was
measured to the nearest 0.5 cm using a fixed wall scale. Weight was determined to the nearest
0.1 kg using a calibrated physician weight scale. BMI was calculated as weight (kg) per height2 (m2).
Neck, chest, waist, and hip circumferences were determined to the nearest 0.1 cm by a measuring tape
using standardized procedures, and the average value of three measurements was taken for analysis.
Blood pressure were measured using an oscillometric monitor in sitting position after five-minute
resting, average value of three measurements was retained. Fat mass was determined using dual
energy X-ray densitometry (DXA; Prodigy, GE Lunar, Madison, WI, USA).

2.2.4. Energy Expenditures

A seven-day physical activity diary was collected on the same days as sleep measurements.
The diary recorded primary living activity at 30-min intervals over 24 h. Energy expenditures were
calculated as metabolic equivalent multiplied by minutes per day (MET min/day), according to
the 2011 Compendium of Physical Activities [20]. Expenditures were categorized into exercise and
recreational activity (e.g., walking a dog, berry picking), livelihood physical activity (e.g., personal
care, housework, commuting, occupational activities), as well as sedentary behaviors (METs ≤ 1.5
while in a sitting or reclining posture) and sleep [21].

2.2.5. Objective Sleep Measurement

Home-based objective sleep data were collected by an unobtrusive online sleep monitoring
system (Beddit pro; Beddit Ltd., Espoo, Finland). The system included a piezoelectric bed sensor.
Ballistocardiographic signals were sampled by the piezoelectric sensor at 140 Hz and simultaneously
uploaded to a web server through the Internet, where sleep/wake status was classified in 30-s epochs
based on heart rate variability, respiration rate variability, and binary actigram [22]. An ambient
brightness sensor, included in the system, was placed in the bedroom for determining lights-out time.
For participants who had a bed partner, sensor attachment was considered to avoid overlapping
measurements. Participants were instructed to mention conditions that might have affected the
measurements, such as children and pets in the bedroom, in the sleep diary. Measurement was set
automatically to start each evening at 18:00, and end at noon the next day. Total sleep time (TST),
SOL (determined as the duration from being present in bed with lights out to the first five minutes of
consecutive sleep) [23], wakefulness after sleep onset (WASO), and sleep efficiency (SE) were obtained
for each night. Sleep was measured for seven nights, including two weekends. Measurements
were taken within 14 days both before and after the six-month study period. For analyses, average
values across the nights were used; at least five nights’ valid data at both baseline and six months
were needed. Validation of the sleep/wake in 30-s epochs was carried out against two-night
polysomnography measurement (31 subjects with insomnia complaints, age (±SD) = 51.8 ± 8.4 years,
BMI = 30.9 ± 4.8 kg/m2). Correlations in sleep outcomes were obtained as follow: TST (Pearson’s
r = 0.85, p < 0.001), SOL (Pearson’s r = 0.81, p < 0.001), WASO (Kendall’s tau-b = 0.74, p < 0.001),
SE (Kendall’s tau-b = 0.68, p < 0.001) [16].

2.2.6. Sleep Diary and Modified BNSQ

The seven-night sleep diary was collected on same nights with objective sleep measurement.
Items included time of going to bed, estimated time of falling asleep, number of nocturnal awakenings,
final waking-up time, morning-rated subjective sleep quality, fatigue upon awakening, nap duration,
and other issues related with sleep. The average values for the recorded nights were used for analyses.
Epworth sleepiness scale (ESS) score [24], Rimon’s brief depression scale score [25], insomnia symptom
frequency, and other subjective sleep assessment results were elicited by the modified BNSQ.
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2.3. Randomization

After the baseline measurements, participants were randomized and allocated into the diet
intervention or control group, by an external statistician. Randomization was stratified by age and
BMI (≤ or >medians) with a block size of 5, using SAS v. 9.2, (SAS Institute, Cary, NC, USA).

2.4. Interactive Diet Intervention

A six-month individualized diet intervention program was made according to the three-day
diet diary results and BMI at baseline. Individualized programs were introduced to each participant
face-to-face by study nutritionists on the first day of intervention. Diet suggestions were made
according to the Finnish Nutrition Recommendations [26]. Suggested proportions of energy-yielding
nutrients were: 40%–45% of carbohydrate in total daily energy intake (E%) with <5 E% sucrose;
35–40 E% total fat with ≤10 E% saturated fatty acids (SFA), 15–20 E% monounsaturated fatty acids
(MUFA), and 5–10 E% polyunsaturated fatty acids (PUFA); and 20 E% protein [26]. In addition, greater
consumption of dietary fiber, vitamin A, vitamin D, vitamin E, B vitamins, vitamin C, magnesium,
and potassium was recommended through selected food options (cereals, vegetables, fruits, berries,
nuts, legumes, mushrooms, etc.). Participants with overweight and obesity (n = 27) were advised to
gradually reduce their daily energy intake by 300–500 kcal during the first three months, with a target
of reducing body weight by 3 kg. After this period, calorie intake was suggested to remain at the
reduced level. Two intermediate face-to-face counseling sessions were held in the first and the fourth
month of the intervention. Each intermediate session involved individualized diet counseling with a
nutritionist, and a cooking course in which examples of meals that fulfilled the nutritional criteria of
this study were introduced.

During the intervention, an online diet and nutrition counseling service (MealTracker, Wellness
Foundry Holding Ltd., Helsinki, Finland) was utilized for supervising individuals’ dietary intake
and providing diet suggestions. Participants were instructed to photograph all daily dietary intakes
(including drinks) using a smartphone or a digital camera, and upload all photos to the server 1–3 days
per week during the intervention. The photos were uploaded via a mobile application, or through
the service’s website. According to the uploaded photos, a nutritionist assessed each individual’s
daily calorie intake and consumptions of nutrients. Individualized feedback including dietary intake
facts and instructions for diet adjustment in the upcoming days was thus formulated and sent to
participants via mobile text message and e-mail each day with uploaded information. Diet photos
were saved in each participant’s account in the server, which was only accessible to the participant
and the nutritionist. A training session for taking and uploading diet photos was held prior to the
intervention. All participants in the diet group were able to use the service correctly.

2.5. Control Group

Controls were instructed to keep their habitual, pre-recruitment lifestyle for six months. They were
given an opportunity to participate in the diet plus exercise intervention program for three months
after the study period.

2.6. Statistical Analysis

The estimated change of the objective SOL was based on published data [16,27]. Statistical power
was over 80% to detect a 30% lowered SOL in the diet group from baseline, and no change of SOL in
the control group, with the unbalanced allocation of 28 and 21 participants in each randomized group.

Analyses were carried out following the intention-to-treat principle. For participants with missing
or incomplete values at follow-ups, the last observed values were carried forward. All analyses were
performed using IBM SPSS statistics version 20 (SPSS, Inc., Chicago, IL, USA). All tests were two-tailed;
a p value less than 0.05 was set as significant. The Shapiro–Wilk W test and Levene’s test were used
to examine the normality and homogeneity, respectively. Skewed data were transformed by natural
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logarithm. Baseline differences between groups were evaluated by one-way analysis of variance
(ANOVA), or Pearson’s χ2 test. Time-by-group differences were evaluated by analysis of covariance
(ANCOVA), controlling for the baseline values. Within-group differences were evaluated by repeated
measures ANOVA, followed with Bonferroni corrections for multiple comparisons. In addition,
Pearson’s correlation coefficients were calculated between changes from baseline to six months for
selected variables.

3. Results

Baseline descriptive characteristics by group are given in Table 1. Retention rates between diet
and control groups were comparable (Diet = 26/28, Control = 19/21, p = 0.579, Fisher’s exact test).

Table 1. Descriptive characteristics at baseline.

Diet (n = 28) Control (n = 21)
p #

Mean (95% CI) Mean (95% CI)

Age (year) 51.0 (47.3 to 54.8) 52.6 (48.0 to 57.2) 0.592
Age when insomnia complaint started (year) 37.4 (33.1 to 41.6) 39.8 (33.7 to 46.0) 0.482

Height (cm) 178.9 (177.0 to 180.8) 178.3 (175.6 to 180.9) 0.696
Weight (kg) 93.8 (89.2 to 98.4) 93.1 (85.2 to 100.9) 0.860

BMI (kg/m2) 29.4 (27.9 to 30.8) 29.2 (27.2 to 31.2) 0.879
Systolic blood pressure (mmHg) 142.8 (139.0 to 146.6) 140.7 (135.2 to 146.3) 0.513
Diastolic blood pressure (mmHg) 88.8 (84.9 to 92.6) 91.4 (86.7 to 96.1) 0.363

Occurrences Percentage Percentage

Difficulty initiating sleep 42.9 42.9 1.000
Difficulty maintaining sleep 57.1 76.2 0.166
Early morning awakenings 32.1 23.8 0.523

Non-restorative sleep 39.3 42.9 0.801
Smoking presently 14.3 19.0 0.655

At least tertiary degree education 82.1 95.2 0.166
Employed 82.1 71.4 0.374

# One-way ANOVA or Pearson’s χ2 test.

3.1. Compliance with Diet Interventions

On average, participants in the diet group who attended the six-month follow-up measurements
uploaded 1.9 ± 1.1 (SD) days per week during intervention. All of these participants attended all
three counseling sessions. Two participants dropped out during the first month of the study, both due
to the unwillingness to change diet. There were no diet photos uploaded from the participants who
dropped out.

3.2. Energy Consumption and Nutrient Intake

Within the diet group, total energy intake was reduced at six months compared to baseline
(p = 0.006, Figure 2); however, changes in other nutrients were not detected. Total energy intake
was reduced at three months in both groups (p = 0.001 and 0.012, respectively). Proportions of
energy-yielding nutrients in total calories did not show significant change in either group. Compared
to the controls, the diet group had greater intakes of potassium (2158 vs. 1806 mg/1000 kcal, p = 0.029,
ANCOVA controlling for baseline) and magnesium (219 vs. 193 mg/1000 kcal, p = 0.036, ANCOVA
controlling for baseline) at three months (not shown in figure).
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Figure 2. Daily calorie intake by three-day diet diary at baseline vs. three and six months.

3.3. Anthropometry, Fat Mass, and Energy Expenditures

Body weight, total fat mass, and waist circumference decreased significantly in the diet group
compared to the control group (p = 0.043 to 0.009, Table 2). No significant changes in physical activity,
sedentary time, or total energy expenditure were found in either group during the intervention.

Table 2. Anthropometry, fat mass, and energy expenditures at baseline and follow-ups.

Diet Control

Baseline 3 Months 6 Months Baseline 3 Months 6 Months

Anthropometry

Weight (kg) 93.8
(89.2 to 98.4)

92.7
(88.3 to 97.0) #

92.7
(88.1 to 97.4) #

93.1
(85.2 to 100.9)

93.5
(85.5 to 101.5) #

94.4
(86.3 to 102.5) *,#

Neck circumference (cm) 42.0
(41.0 to 43.0)

41.9
(40.9 to 43.0)

42.2
(41.3 to 43.2)

41.9
(40.6 to 43.3)

42.0
(40.5 to 43.4)

42.6
(41.2 to 44.0) *

Chest circumference (cm) 109.4
(106.8 to 112.0)

109.2
(106.5 to 111.9)

109.7
(106.9 to 112.5)

107.7
(102.6 to 112.9)

108.0
(102.9 to 113.1)

109.5
(104.5 to 114.5) *

Waist circumference (cm) 106.6
(102.9 to 110.2)

106.1
(102.7 to 109.4)

105.9
(102.4 to 109.4) #

105.0
(99.9 to 110.1)

105.4
(99.9 to 110.8)

106.7
(101.3 to 112.2) *,#

Hip circumference (cm) 104.5
(101.9 to 107.1)

103.1
(100.1 to 106.1)

103.5
(100.4 to 106.7)

102.7
(98.6 to 106.7)

103.5
(99.6 to 107.3)

104.0
(100.0 to 108.1)

Fat mass

Total fat mass (kg) 27.5
(24.2 to 30.7) n/a 26.8

(23.5 to 30.2) #
28.0

(23.6 to 32.5) n/a 28.9
(24.0 to 33.8) *,#

Trunk fat mass (kg) 17.6
(15.6 to 19.6) n/a 17.2

(15.1 to 19.3)
17.7

(14.5 to 20.8) n/a 18.2
(14.9 to 21.5) *

Energy expenditures

Total expenditure (MET min/day) 2346.1
(2254.9 to 2437.3) n/a 2398.8

(2299.7 to 2498.0)
2341.1

(2224.0 to 2458.1) n/a 2322.6
(2210.0 to 2435.3)

Exercise and recreational physical
activity (MET min/day)

226.7
(150.8 to 302.6) n/a 292.5

(194.5 to 390.4)
249.5

(145.2 to 353.8) n/a 254.3
(151.9 to 356.7)

Household physical activity
(MET min/day)

840.9
(675.4 to 1006.5) n/a 845.4

(689.9 to 1000.9)
803.0

(631.5 to 974.5) n/a 751.6
(548.6 to 954.6)

Sedentary behaviors (MET min/day) 846.7
(739.0 to 954.4) n/a 801.7

(706.1 to 897.3)
824.6

(737.1 to 912.1) n/a 845.0
(758.3 to 931.7)

Data are shown as mean (95% CI); # p < 0.05, compared to the other group, analyses of covariance controlling
for baseline values; * p < 0.05, compared to the baseline values, repeated measures ANOVA with Bonferroni
post hoc comparisons.
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3.4. Objective Sleep Parameters

At baseline, the valid objective sleep data for analyzing were on average 6.4 ± 1.1 and
6.8 ± 0.6 nights in diet and control groups, respectively. At six months, the corresponding numbers
were 6.4 ± 0.9 and 6.6 ± 0.7. There was no between-group difference in the number of nights analyzed
at baseline or six months (p = 0.110 and 0.613, respectively, one-way ANOVA). Nights marked by
participants as being subject to significant disturbance in the measurement process (such as a pet
sleeping in the bed) were excluded. Results of the objective sleep measurements are given in Figure 3.
Compared to the control group, the diet group showed shorter SOL (p < 0.001) after intervention.
Within the diet group, prolonged TST (p = 0.004), curtailed SOL (p < 0.001), and increased sleep
efficiency were found (p = 0.004) through intervention. In the diet group, change of objective SOL
through intervention did not correlate with changes in body weight or fat mass (both p > 0.05,
Pearson’s r).
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Data are shown as mean (95% CI).         Baseline 6 months
†  Analyses on Natural Log transformed data. 
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Figure 3. Sleep outcomes by piezoelectric system at baseline and six months.

3.5. Subjective Sleep Assessments

No time-by-group difference was detected among subjective sleep parameters (Table 3). Within the
diet group, nocturnal awakenings (p = 0.035), number of nocturia (p = 0.001), and Rimon’s depression
score (p = 0.029) were reduced compared to the baseline values.
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4. Discussion

In this study we found that a six-month diet intervention was associated with reduced body
weight, fat mass, and curtailed objective sleep onset latency among overweight and obese men with
chronic insomnia symptoms.

Previous studies have investigated whether adjusting total energy intake may alter sleep
parameters. A recent study reported that one-week ad libitum feeding with increased calorie
density (high fat diet) resulted in increased sleep/wake fragmentation in mice [11], which indicates
a link between excessive energy consumption and disturbed sleep. A human study of acute diet
alteration in normal sleepers has shown that, compared to limited total energy intake, sleep after ad
libitum feeding was characterized by longer SOL and shorter slow wave sleep [10]. By suggesting
controlled total calorie intake for a period of six months, our study further infers the association
between energy restriction and improved nocturnal sleep parameters such as SOL in individuals with
insomnia symptoms.

Nonetheless, it is not known whether total energy intake or the relative proportion of
energy-yielding nutrients plays the more important role in mediating the effect of diet on sleep.
In this study, subjects who received diet intervention reported significantly reduced total energy
intake. However the proportions of the major categories of energy-yielding nutrients (carbohydrates,
fat, protein) were not significantly changed through intervention. Hence energy reduction per se
with negative energy balance may contribute to faster sleep onset among overweight individuals.
More studies are needed in order to identify whether altering energy proportions without changing
the total calories in the diet has the same effect on sleep among humans. So far, only a few studies have
tested the effects of isocaloric diets with different nutrient composition on sleep and sleepiness. These
studies suggested an association between macronutrient proportion and sleep-related parameters, but
the results are inconclusive due to the small sample size and the non-randomized study nature. A study
dating back to 1975 found less slow wave sleep following a two-day high-carb-low-fat diet than after a
two-day low-carb-high-fat diet [28]. Another study compared the acute effect of high-carb/low-fat
and low-carb/high-fat diets on sleepiness, and found a stronger feeling of sleepiness at 2–3 h following
the former dietary pattern [29].

The mechanisms underlying the association between reduced energy intake and improved
nocturnal sleep parameters remain to be revealed. It is known that diet among overweight and
obese individuals is characterized by a larger proportion of fat in total energy consumption [12].
One study has shown that chronic high fat feeding reduces prepro-orexin level in hypothalamus
in obese mice [30]. Since orexin is an important neuropepitide for maintaining wakefulness and
regulating energy balance, we hypothesize that by reducing total energy intake, orexin signaling in
the hypothalamus is strengthened, which induces more stable wakefulness and less sleep duration
during the daytime. Less daytime sleep may further contribute to better nocturnal sleep, with higher
sleep efficiency [31,32]. In addition, orexin neurons showed impaired thermo-sensitivity after high
calorie density feeding [33], which prolonged sleep onset according to the mechanism that thermo
downregulation triggers sleep. Therefore, we assume that lowering calorie intake may also recover the
blunted thermo response of orexin neurons.

In the present study, we found that subjects in the diet intervention group had a greater intake
of potassium and magnesium than the controls. This was partially in line with earlier reports that
intakes of non-energy-yielding nutrients such as fiber, Vitamin D, potassium, and magnesium are
associated with sleep [10,13,34–36]. Although the mechanisms regarding the role of potassium and
magnesium on sleep regulation are not yet understood, these results suggest we should pay attention
to micronutrients that may affect sleep.

Another noteworthy point in this study is that diet intervention led to lower body weight, fat
mass, and waist circumference, and such contrasts were not just the result of weight and fat mass
reductions in the diet group, but also, more significantly, of increased weight and fat mass among
the controls. These results, together with other evidence, indicate that chronic insomnia symptoms
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contribute to weight gain [37–43]. This process is possibly caused by diet-induced positive energy
balance. We also tested whether diet-induced weight change was associated with changes in objective
sleep parameters; however, no significant correlation was found among dieters in our study. This might
either be due to the small sample size (n = 28 in the diet group) or to the fact that the amount of body
weight alteration is not necessarily related to absolute changes in objective sleep parameters.

The present study was subject to several limitations. First, apart from the objective sleep onset
latency, no time-by-treatment difference was observed in the sleep parameters. Thus, in comparison
with other non-pharmaceutical methods for mitigating insomnia symptoms, such as cognitive
behavioral treatment and aerobic exercise [16,23,27,44], diet intervention may have a weaker treatment
efficacy for insomnia. Nevertheless, as the average weight reduction did not achieve the goal (3 kg)
under such a diet intervention protocol, stricter calorie intake control should be introduced in order to
test the effects of diet on sleep in this population. Moreover, diet information was only recorded at
baseline, three months, and six months, which limited information on actual nutrient intake during
intervention. Finally, we did not exclude participants with mild sleep apnea (5 ≤ AHI < 15) due to the
high prevalence of this symptom among overweight and obese men (up to 61.4%) [45]. Hence, it is
possible that the improvement in sleep was partially due to improvements in sleep breathing.

To our knowledge, this is the first randomized controlled study investigating the effects of
diet intervention on sleep among individuals with insomnia symptoms. The results suggest that a
six-month diet intervention with reduced energy intake and recommended nutrient composition
reduces objective SOL among overweight and obese men with chronic insomnia symptoms.
The findings of the present study provide new evidence for the potential role of dietary interventions
in overweight and obese men with insomnia.

5. Conclusions

Modest energy restriction and optimized nutrient composition shorten sleep onset latency in
overweight and obese men with insomnia symptoms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/8/11/751/s1,
Table S1: Descriptive characteristics of three groups at baseline; Table S2: Sleep outcomes of three groups at
baseline and six months.

Acknowledgments: The authors are grateful to Shu Mei Cheng, Tuija M. Mikkola, Arja Lyytikäinen,
Samu Martinmäki, and Aki Rahikainen for their contribution to data collection or diet intervention. This study was
financially supported by the Finnish Funding Agency for Technology and Innovation (TEKES 2206/31/2010), the
Chair Professor Program of Shanghai Jiao Tong University Zhiyuan Foundation (CP2014013), and the State General
Administration of Sport of China (2015B062). The first author received financial support from the Juho Vainio
Foundation and the Finnish Cultural Foundation. The study sponsors played no role in the design, methods, data
management, or data analyses of the study, nor in the decision to publish.

Author Contributions: S.C., X.T., M.A. and M.P. designed the research. X.T., K.W., P.W., J.T., M.A. and S.C.
conducted the research. X.T., M.P. and S.C. performed statistical analysis. X.T., M.A., K.W., P.W., J.T., M.P. and S.C.
wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Roth, T.; Coulouvrat, C.; Hajak, G.; Lakoma, M.D.; Sampson, N.A.; Shahly, V.; Shillington, A.C.;
Stephenson, J.J.; Walsh, J.K.; Kessler, R.C. Prevalence and perceived health associated with insomnia based on
DSM-IV-TR; International Statistical Classification of Diseases and Related Health Problems, Tenth Revision;
and Research Diagnostic Criteria/International Classification of Sleep Disorders, Second Edition criteria:
Results from the America Insomnia Survey. Biol. Psychiatry 2011, 69, 592–600. [PubMed]

2. Pallesen, S.; Sivertsen, B.; Nordhus, I.H.; Bjorvatn, B. A 10-year trend of insomnia prevalence in the adult
Norwegian population. Sleep Med. 2014, 15, 173–179. [CrossRef] [PubMed]

168

Bo
ok
s

M
DP
I



Nutrients 2016, 8, 751

3. Chung, K.F.; Yeung, W.F.; Ho, F.Y.; Yung, K.P.; Yu, Y.M.; Kwok, C.W. Cross-cultural and comparative
epidemiology of insomnia: The Diagnostic and statistical manual (DSM), International classification of
diseases (ICD) and International classification of sleep disorders (ICSD). Sleep Med. 2015, 16, 477–482.
[CrossRef] [PubMed]

4. Lallukka, T.; Arber, S.; Rahkonen, O.; Lahelma, E. Complaints of insomnia among midlifeemployed people:
The contribution of childhood and present socioeconomic circumstances. Sleep Med. 2010, 11, 828–836.
[CrossRef] [PubMed]

5. Sivertsen, B.; Lallukka, T.; Salo, P.; Pallesen, S.; Hysing, M.; Krokstad, S.; Øverland, S. Insomnia as a risk
factor for ill health: Results from the large population-based prospective HUNT Study in Norway. J. Sleep Res.
2014, 23, 124–132. [CrossRef] [PubMed]

6. Lallukka, T.; Podlipskytė, A.; Sivertsen, B.; Andruškienė, J.; Varoneckas, G.; Lahelma, E.; Ursin, R.; Tell, G.S.;
Rahkonen, O. Insomnia symptoms and mortality: A register-linked study among women and men from
Finland, Norway and Lithuania. J. Sleep Res. 2016, 25, 96–103. [CrossRef] [PubMed]

7. Palm, A.; Janson, C.; Lindberg, E. The impact of obesity and weight gain on development of sleep problems
in a population-based sample. Sleep Med. 2015, 16, 593–597. [CrossRef] [PubMed]

8. Singareddy, R.; Vgontzas, A.N.; Fernandez-Mendoza, J.; Liao, D.; Calhoun, S.; Shaffer, M.L.; Bixler, E.O. Risk
factors for incident chronic insomnia: A general population prospective study. Sleep Med. 2012, 13, 346–353.
[CrossRef] [PubMed]

9. Vgontzas, A.N.; Lin, H.M.; Papaliaga, M.; Calhoun, S.; Vela-Bueno, A.; Chrousos, G.P.; Bixler, E.O. Short
sleep duration and obesity: The role of emotional stress and sleep disturbances. Int. J. Obes. 2008, 32, 801–809.
[CrossRef] [PubMed]

10. St-Onge, M.P.; Roberts, A.; Shechter, A.; Choudhury, A.R. Fiber and saturated fat are associated with sleep
arousals and slow wave sleep. J. Clin. Sleep Med. 2016, 12, 19–24. [CrossRef] [PubMed]

11. Perron, I.J.; Pack, A.I.; Veasey, S. Diet/energy balance affect sleep and wakefulness independent of body
weight. Sleep 2015, 38, 1893–1903. [CrossRef] [PubMed]

12. Tan, X.; Alén, M.; Cheng, S.M.; Mikkola, T.M.; Tenhunen, J.; Lyytikäinen, A.; Wiklund, P.; Cong, F.;
Saarinen, A.; Tarkka, I.; et al. Associations of disordered sleep with body fat distribution, physical activity
and diet among overweight middle-aged men. J. Sleep Res. 2015, 24, 414–424. [CrossRef] [PubMed]

13. Grandner, M.A.; Jackson, N.; Gerstner, J.R.; Knutson, K.L. Sleep symptoms associated with intake of specific
dietary nutrients. J. Sleep Res. 2014, 23, 22–34. [CrossRef] [PubMed]

14. Kurotani, K.; Kochi, T.; Nanri, A.; Eguchi, M.; Kuwahara, K.; Tsuruoka, H.; Akter, S.; Ito, R.; Pham, N.M.;
Kabe, I.; et al. Dietary patterns and sleep symptoms in Japanese workers: The Furukawa Nutrition and
Health Study. Sleep Med. 2015, 16, 298–304. [CrossRef] [PubMed]

15. Saaristo, T.E.; Barengo, N.C.; Korpi-Hyövälti, E.; Oksa, H.; Puolijoki, H.; Saltevo, J.T.; Vanhala, M.; Sundvall, J.;
Saarikoski, L.; Peltonen, M.; et al. High prevalence of obesity, central obesity and abnormal glucose tolerance
in the middle-aged Finnish population. BMC Public Health 2008, 8, 423. [CrossRef] [PubMed]

16. Tan, X.; Alén, M.; Wiklund, P.; Partinen, M.; Cheng, S. Effects of aerobic exercise on home-based sleep among
overweight and obese men with chronic insomnia symptoms: A randomized controlled trial. Sleep Med.
2016, 25, 113–121. [CrossRef] [PubMed]

17. Partinen, M.; Gislason, T. Basic Nordic Sleep Questionnaire (BNSQ): A quantitated measure of subjective
sleep complaints. J. Sleep Res. 1995, 4, 150–155. [CrossRef] [PubMed]

18. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 4th ed.; Text Revision;
American Psychiatric Assiciation: Washington, DC, USA, 2000.

19. Ohayon, M.M.; Reynolds, C.F., III. Epidemiological and clinical relevance of insomnia diagnosis algorithms
according to the DSM-IV and the International Classification of Sleep Disorders (ICSD). Sleep Med. 2009, 10,
952–960. [CrossRef] [PubMed]

20. Ainsworth, B.E.; Haskell, W.L.; Herrmann, S.D.; Meckes, N.; Bassett, D.R., Jr.; Tudor-Locke, C.; Greer, J.L.;
Vezina, J.; Whitt-Glover, M.C.; Leon, A.S. 2011 Compendium of Physical Activities: A second update of
codes and MET values. Med. Sci. Sports Exerc. 2011, 43, 1575–1581. [CrossRef] [PubMed]

21. Sedentary Behaviour Research Network. Letter to the editor: Standardized use of the terms “sedentary” and
“sedentary behaviours”. Appl. Physiol. Nutr. Metab. 2012, 37, 540–542.

22. Paalasmaa, J.; Waris, M.; Toivonen, H.; Leppäkorpi, L.; Partinen, M. Unobtrusive online monitoring of sleep
at home. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2012, 2012, 3784–3788. [PubMed]

169

Bo
ok
s

M
DP
I



Nutrients 2016, 8, 751

23. Morin, C.M.; Vallières, A.; Guay, B.; Ivers, H.; Savard, J.; Mérette, C.; Bastien, C.; Baillargeon, L. Cognitive
behavioral therapy, singly and combined with medication, for persistent insomnia: A randomized controlled
trial. JAMA 2009, 301, 2005–2015. [CrossRef] [PubMed]

24. Johns, M.W. A new method for measuring daytime sleepiness: The Epworth sleepiness scale. Sleep 1991, 14,
540–545. [PubMed]

25. Keltikangas-Järvinen, L.; Rimon, R. Rimon’s Brief Depression Scale, a rapid method forscreening depression.
Psychol. Rep. 1987, 60, 111–119. [CrossRef] [PubMed]

26. The National Nutrition Council of Finland. Suomalaiset Ravitsemussuositukset—Ravinto ja Liikunta Tasapainoon
[The Finnish Nutrition Recommendations—Nutrition and Physical Balance]; The National Nutrition Council of
Finland: Helsinki, Finland, 2005.

27. Passos, G.S.; Poyares, D.; Santana, M.G.; D’Aurea, C.V.; Youngstedt, S.D.; Tufik, S.; de Mello, M.T. Effects of
moderate aerobic exercise training on chronic primary insomnia. Sleep Med. 2011, 12, 1018–1027. [CrossRef]
[PubMed]

28. Phillips, F.; Chen, C.N.; Crisp, A.H.; Koval, J.; McGuinness, B.; Kalucy, R.S.; Kalucy, E.C.; Lacey, J.H. Isocaloric
diet changes and electroencephalographic sleep. Lancet 1975, 2, 723–725. [CrossRef]

29. Wells, A.S.; Read, N.W.; Uvnas-Moberg, K.; Alster, P. Influences of fat and carbohydrate on postprandial
sleepiness, mood, and hormones. Physiol. Behav. 1997, 61, 679–686. [CrossRef]

30. Tanno, S.; Terao, A.; Okamatsu-Ogura, Y.; Kimura, K. Hypothalamic prepro-orexin mRNA level is inversely
correlated to the non-rapid eye movement sleep level in high-fat diet-induced obese mice. Obes. Res.
Clin. Pract. 2013, 7, e251–e257. [CrossRef] [PubMed]

31. Jakubowski, K.P.; Hall, M.H.; Lee, L.; Matthews, K.A. Temporal relationships between napping and nocturnal
sleep in healthy adolescents. Behav. Sleep Med. 2016, 14, 1–13. [CrossRef] [PubMed]

32. Owens, J.F.; Buysse, D.J.; Hall, M.; Kamarck, T.W.; Lee, L.; Strollo, P.J.; Reis, S.E.; Matthews, K.A. Napping,
nighttime sleep, and cardiovascular risk factors in mid-life adults. J. Clin. Sleep Med. 2010, 6, 330–335.
[PubMed]

33. Belanger-Willoughby, N.; Linehan, V.; Hirasawa, M. Thermosensing mechanisms and their impairment by
high-fat diet in orexin neurons. Neuroscience 2016, 324, 82–91. [CrossRef] [PubMed]

34. Tuomilehto, H.; Peltonen, M.; Partinen, M.; Lavigne, G.; Eriksson, J.G.; Herder, C.; Aunola, S.;
Keinänen-Kiukaanniemi, S.; Ilanne-Parikka, P.; Uusitupa, M.; et al. Sleep duration, lifestyle intervention,
and incidence of type 2 diabetes in impaired glucose tolerance: The Finnish Diabetes Prevention Study.
Diabetes Care 2009, 32, 1965–1971. [CrossRef] [PubMed]

35. Massa, J.; Stone, K.L.; Wei, E.K.; Harrison, S.L.; Barrett-Connor, E.; Lane, N.E.; Paudel, M.; Redline, S.;
Ancoli-Israel, S.; Orwoll, E.; et al. Vitamin D and actigraphic sleep outcomes in older community-dwelling
men: The MrOS sleep study. Sleep 2015, 38, 251–257. [CrossRef] [PubMed]

36. Durlach, J.; Pagès, N.; Bac, P.; Bara, M.; Guiet-Bara, A. Biorhythms and possible central regulation of
magnesium status, phototherapy, darkness therapy and chronopathological forms of magnesium depletion.
Magnes. Res. 2002, 15, 49–66. [PubMed]

37. St-Onge, M.P.; Roberts, A.L.; Chen, J.; Kelleman, M.; O’Keeffe, M.; RoyChoudhury, A.; Jones, P.J. Short sleep
duration increases energy intakes but does not change energy expenditure in normal-weight individuals.
Am. J. Clin. Nutr. 2011, 94, 410–416. [CrossRef] [PubMed]

38. Calvin, A.D.; Carter, R.E.; Adachi, T.; Macedo, P.G.; Albuquerque, F.N.; van der Walt, C.; Bukartyk, J.;
Davison, D.E.; Levine, J.A.; Somers, V.K. Effects of experimental sleep restriction on caloric intake and
activity energy expenditure. Chest 2013, 144, 79–86. [CrossRef] [PubMed]

39. Hursel, R.; Gonnissen, H.K.; Rutters, F.; Martens, E.A.; Westerterp-Plantenga, M.S. Disadvantageous shift in
energy balance is primarily expressed in high-quality sleepers after a decline in quality sleep because of
disturbance. Am. J. Clin. Nutr. 2013, 98, 367–373. [CrossRef] [PubMed]

40. Markwald, R.R.; Melanson, E.L.; Smith, M.R.; Higgins, J.; Perreault, L.; Eckel, R.H.; Wright, K.P., Jr. Impact of
insufficient sleep on total daily energy expenditure, food intake, and weight gain. Proc. Natl. Acad. Sci. USA
2013, 110, 5695–5700. [CrossRef] [PubMed]

41. Shechter, A.; O’Keeffe, M.; Roberts, A.L.; Zammit, G.K.; RoyChoudhury, A.; St-Onge, M.P. Alterations in
sleep architecture in response to experimental sleep curtailment are associated with signs of positive energy
balance. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012, 303, R883–R889. [CrossRef] [PubMed]

170

Bo
ok
s

M
DP
I



Nutrients 2016, 8, 751

42. Rahe, C.; Czira, M.E.; Teismann, H.; Berger, K. Associations between poor sleep quality and different
measures of obesity. Sleep Med. 2015, 16, 1225–1228. [CrossRef] [PubMed]

43. Cheng, F.W.; Li, Y.; Winkelman, J.W.; Hu, F.B.; Rimm, E.B.; Gao, X. Probable insomnia is associated with
future total energy intake and diet quality in men. Am. J. Clin. Nutr. 2016, 104, 462–469. [CrossRef] [PubMed]

44. Reid, K.J.; Baron, K.G.; Lu, B.; Naylor, E.; Wolfe, L.; Zee, P.C. Aerobic exercise improves self-reported sleep
and quality of life in older adults with insomnia. Sleep Med. 2010, 11, 934–940. [CrossRef] [PubMed]

45. Peppard, P.E.; Young, T.; Barnet, J.H.; Palta, M.; Hagen, E.W.; Hla, K.M. Increased prevalence of
sleep-disordered breathing in adults. Am. J. Epidemiol. 2013, 177, 1006–1014. [CrossRef] [PubMed]

© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

171

Bo
ok
s

M
DP
I



Bo
ok
s

M
DP
I



MDPI AG 

St. Alban-Anlage 66  

4052 Basel, Switzerland 

Tel. +41 61 683 77 34 

Fax +41 61 302 89 18 

http://www.mdpi.com 

Nutrients Editorial Office 

E-mail: nutrients@mdpi.com 

http://www.mdpi.com/journal/nutrients 

Bo
ok
s

M
DP
I



Bo
ok
s

M
DP
I



MDPI AG 
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03842-760-5

Bo
ok
s

M
DP
I


	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



