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Preface to ”Nutrition at the Interface of Sleep and

Circadian Rhythms: Implications for Health”

The bidirectional interaction of nutrition with central and peripheral endogenous circadian

clocks and with other rhythmic behaviors, especially the sleep–wake cycle, has been often overlooked

in research and preventive medicine; however, it represents a novel frontier for health maintenance

and disease prevention. Nutrient composition, meal timing and its entrainment in the circadian

sleep–wake cycle are integral parts of physiology. Indeed, an unbalanced diet and irregular meal

timing significantly impact on sleep quantity, quality, and timing; contrarily, sleep patterns interact

with the quality and timings of someone’s dietary intake. These aspects are crucially important

in today’s society, which is increasingly characterized by night shifts and social jetlag and, as a

consequence, by unhealthy nutrition, sleep deprivation and circadian misalignment, increasing the

risk of major chronic diseases including cardiometabolic, neurodegenerative, cognitive and oncologic

diseases. This Special Issue, “Nutrition at the Interface of Sleep and Circadian Rhythms: Implications

for Health”, comprises 12 manuscripts (reviews and research articles) highlighting the latest research

on the interaction of nutrition with sleep and circadian rhythms as well as the related health

implications. It aims at providing novel knowledge, contributing to the maintenance of public and

individual wellbeing, performance and health, as well as the prevention of major chronic diseases.

Egeria Scoditti and Sergio Garbarino

Editors
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Nutrition, Sleep, Circadian Rhythms, and Health Implications:
“Come Together”
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Over the last few years, novel and important aspects of nutrition that are often over-
looked in nutritional epidemiology, experimental research, and recommendations for health
maintenance and disease prevention concerning the circadian rhythmicity of feeding, as
well as the bidirectional interaction of nutrition with central and peripheral endogenous
circadian clocks, and with other rhythmic behaviors including the sleep–wake cycle have
received increasing attention from the research community. Besides total energy intake and
diet composition, the daily rhythms of eating patterns are an integral part of homeosta-
sis [1]. Feeding is a resetting and entraining cue for the circadian clock [2]. Unbalanced
nutrition and irregular meal timing patterns, which occur in today’s modern 24/7 society,
especially due to night shifts or social jet lag, are risk factors for circadian disruptions
in physiological processes, including metabolism, neurologic, immune, cardiovascular,
and endocrine functions, among others, thus enhancing the risk for numerous chronic
diseases [1]. Furthermore, dietary intake and timing have a significant impact on sleep
quality and duration and can therefore increase the risk of sleep disturbance and related
health outcomes [3]. Conversely, sleep patterns influence eating behavior, diet quality, and
total energy intake [4].

The importance of these aspects become more evident when considering the significant
implications for public health, disease prevention, and disease management that arise from
the altered crosstalk between diet, sleep, and the circadian system due to genetics, unhealthy
behaviors, (patho)physiological states, and/or environmental factors. Notwithstanding
this, the integrated role of diet, sleep, and circadian rhythms is not accounted for in public
health policy or in health promotion plans, thus representing a current gap that should
be filled.

This Special Issue, entitled “Nutrition at the Interface of Sleep and Circadian Rhythms:
Implications for Health” focused on the interaction as well as the related health implications
of nutrition with sleep and circadian rhythms, gathering 12 papers, including eight original
research articles and four reviews.

The prospective study performed by Al-Musharaf et al. [5] investigated sleep patterns
among a cohort of 140 Saudi women aged 18–39 years old throughout all three trimesters of
pregnancy. They found worsening sleep quality and a shortened sleep duration from early
to late pregnancy, with low socio-economic status, low serum vitamin D levels, greater
energy intake, and sitting time as significant and independent predictors of worsening
changes in sleep patterns during pregnancy.

The study by Fenton et al. [6] was a three-armed randomized controlled trial in
116 adults (70% female, 44.5 years) with overweight and obesity exploring the efficacy of a
multi-component m-Health weight-loss intervention (enhanced) targeting sleep, diet, and
physical activity to improve dietary intake over 6 months, and after a 12-month follow-up,
compared to a waitlisted control group and the traditional dietary and physical activity
intervention, the multi-component weight-loss intervention resulted in reduced total energy

Nutrients 2022, 14, 5105. https://doi.org/10.3390/nu14235105 https://www.mdpi.com/journal/nutrients1
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and sodium intake as well as increased fruit intake in adults at six months compared to the
control group. Importantly, the enhanced intervention group improved their dietary intake
relative to the traditional group at 12 months, with a higher intake of nutrient-dense foods
and protein and a lower intake of energy-dense nutrient-poor foods.

Another prospective study conducted in 607 individuals aged 60 years of age or older
found that a higher energy intake at dinner compared to during other eating occasions
was a risk factor for the development of metabolic syndrome, mostly due to abdominal
obesity and hypertriglyceridemia [7]. This study confirms the impact of meal timing on
cardiometabolic health.

The short-term longitudinal study by Mathew et al. [8] assessed the bidirectional
relationship between caffeinated beverage consumption and objective and subjective sleep
in adolescents. Adolescents with a more variable sleep duration and midpoint were found
to have higher average odds of consuming caffeinated beverages on a given day. The
consumption of one or more caffeinated beverages predicted later sleep onset that night
and a later wake time the next morning versus no consumption. These data could be
important when considering that adolescents commonly report poor sleep patterns and
increasingly adopt the habit of consuming caffeine, which may have a significant influence
on sleep health.

Another paper [9] pertains the effect of energy balance on sleep in adolescents. In that
study, 28 male adolescents, 14 with obesity and 14 normal-weight age-matched controls,
underwent an experimental protocol that included a controlled balanced diet adjusted to
energy requirements (eucaloric) and a diet offered ad libitum for three days in random
order, after which sleep was measured by polysomnography. The results indicate that the
eucaloric diet was able to improve sleep features, including sleep latency and N1 stage, in
adolescents with obesity compared to the ad libitum diet. Interestingly, sleep improvements
occurred in the absence of any substantial modification in macronutrient proportions and
were correlated to reduced energy intake, especially during the evening meal.

The study by Strojny et al. [10] pointed to the effect of chronotype, a measure of the
interindividual variability in circadian rhythmicity as reflected in the preferred timing of
the sleep–wake cycle, on the effectiveness of a 3-week weight loss intervention (caloric
restriction) in 131 adults with obesity. At the end of the intervention, both the morning
and evening chronotypes reported a similar body weight and body mass index (BMI)
reduction, though the evening chronotype, who had earlier meal and sleep times than their
usual habits imposed on them, experienced a tendency towards greater losses in body fat
compared to the morning chronotype.

Another randomized cross-over trial in female adolescents with the habit of skipping
breakfast tested the effects of breakfast consumption compared to breakfast omission for
seven days on free-living physical activity energy expenditure and dietary intake [11].
Physical activity and energy expenditure during physical activity did not differ between
breakfast consumption and breakfast omission, and the total daily energy intake was
almost identical between the conditions. However, breakfast omission was associated
with an increased perceived morning appetite and a tendency for increased carbohydrate
intake as an energy-intake compensation behavior. Consuming breakfast, on the contrary,
contributed to higher fiber intake in breakfast-skipping adolescent girls.

Pacifico et al. [12] analyzed the effects of dietary patterns naturally rich in photosensi-
tizers, such as vegan and vegetarian diets, on skin sensitivity to narrow-band ultraviolet
B (NB-UVB) phototherapy in 119 adults suffering from psoriasis, a chronic inflammatory
skin disease that is also characterized by circadian rhythmicity disorders. They found that
vegan and vegetarian diets and, in particular, the intake of furocumarins are associated
with greater skin sensitivity to NB-UVB phototherapy in psoriatic patients compared to
omnivores, thus limiting the total number of phototherapy sessions needed. The study
points to an important diet-related effect on psoriasis treatment, with implications for
patient management and clinical outcomes.
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Accordingly, among the published reviews, Controne et al. [13] analyzed the bidirec-
tional associations of psoriasis with diet as well as sleep. Scientific evidence was discussed
regarding the effect of unhealthy diets, mainly the Western diet, and of sleep disorders on
psoriasis risk, development, and clinical outcomes, with the analysis of potential under-
lying common mechanisms involving an alteration of immune-mediated responses and
chronic inflammation. The review draws attention to the importance of patient lifestyles
and sleep patterns in the prevention and/or treatment of psoriasis.

In the review by Sejbuk et al. [14], modifiable factors affecting sleep quality were
discussed, addressing, in particular, the role of nutrition, stimulants, and physical activity.
The gathered data suggest that proper nutrition, in terms of caloric intake, micro- and
macronutrient composition and balance as well as eating timing, may benefit sleep quality,
while stimulants, including alcohol, nicotine, caffeine, and cannabis, negatively influence
sleep quality. Physical activity and, in particular, a sufficient amount of moderate- to high-
intensity exercise, preferably not performed in the late evening, emerges as an important
player in improving sleep quality and preventing insomnia. Pending future research
addressing individual lifestyle factors could be a strategy to significantly modulate sleep
and, through this, to impact wellbeing and disease prevention.

In line with this notion, Scoditti et al. [15] synthetized evidence from the literature on
the effect of the Mediterranean diet, one of the most studied and healthful dietary patterns,
on sleep features in healthy individuals. Evidence, though limited to epidemiological
studies, converge upon a benefit of the Mediterranean diet on sleep, promoting adequate
sleep duration and quality and preventing sleep disturbances. The plausible mediating role
of the antioxidant, anti-inflammatory, immunomodulatory, and neuroprotective properties
of the foods and nutrients in the Mediterranean diet as well as the modulation of the gut
microbiota in sleep improvement was described. The evidence further strengthens the
notion that diet may influence sleep and could contribute to sleep hygiene.

Garbarino et al. [16] reviewed evidence from the literature regarding the role of
nutrition (composition and timing) as a (de)synchronizer of the internal circadian clock in
peripheral tissues, with the possible role of chrononutrition in contrasting the effects of
circadian misalignment and sleep deprivation, which prevails in modern society, mainly
due to shift work schedules and social jet lag. As an excellent example, chocolate, an energy-
dense nutrient-rich food containing high levels of flavonoids, was discussed regarding
its beneficial effect on mental and cognitive functions, the cardiovascular system, and
metabolism as well as its attenuation of the stress- and sleep-deprivation-induced alteration
of the circadian sleep–wake rhythm, especially when consumed at breakfast and generally
during the active phase.

This Special Issue provides novel knowledge on the complex interplay of diet, sleep,
and circadian rhythms and contributes to spurring further research as well as elaborate
novel directions for improving public and individual wellbeing and health and strategies
for the prevention of major diseases.

Author Contributions: Conceptualization, E.S. and S.G.; methodology, E.S.; investigation, E.S.;
writing—original draft preparation, E.S.; writing—review and editing, E.S. and S.G. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: This three-arm randomised controlled trial evaluated whether (1) a multi-component
weight loss intervention targeting diet, physical activity (PA), and sleep was effective at improving
dietary intake over six months and 12 months, compared with a control, and (2) the enhanced
diet, PA, and sleep intervention was more effective at improving dietary intake than the traditional
diet and PA intervention. A total of 116 adults (70% female, 44.5 years, BMI 31.7 kg/m2) were
randomised to either traditional diet and PA intervention; enhanced diet, PA, and sleep intervention;
or wait-list control. To examine between-group differences, intervention groups were pooled and
compared with the control. Then, the two intervention groups were compared. At six months, the
pooled intervention group consumed 1011 fewer kilojoules/day (95% CI −1922, −101), less sodium
(−313.2 mg/day; 95% CI −591.3, −35.0), and higher %EI from fruit (+2.1%EI; 95% CI 0.1, 4.1) than
the controls. There were no differences in intake between the enhanced and traditional groups
at six months. At 12 months, the pooled intervention and control groups reported no significant
differences. However, compared to the traditional group, the enhanced reported higher %EI from
nutrient-dense foods (+7.4%EI; 95% CI 1.3, 13.5) and protein (+2.4%EI; 95% CI 0.1, 4.6), and reduced
%EI from fried/takeaway foods (−3.6%EI; 95% CI −6.5, −0.7), baked sweet products (−2.0%EI; 95%
CI −3.6, −0.4), and packaged snacks (−1.1%EI; 95% CI −2.2, −0.3). This weight loss intervention
reduced total energy and sodium intakes as well as increased fruit intake in adults at six months.
The enhanced intervention group reported improved dietary intake relative to the traditional group
at 12 months.

Keywords: diet; nutrition; physical activity; sleep; overweight; obesity; weight loss; RCT; m-health

1. Introduction

In 2015, 39% of the global population was overweight or obese [1]. Excess adiposity
increases the risk of chronic diseases, such as type two diabetes and cardiovascular disease,
decreases life expectancy, and has negative personal, social, and economic consequences [2].
Contributing to the prevalence of overweight and obesity is poor diet quality [3], which
is characterised by high consumption of energy-dense, nutrient-poor foods and drinks
containing saturated fat and/or added salt and sugar, and alcohol; with inadequate con-
sumption of fruits, vegetables, and whole grains [4,5]. Given the association between

Nutrients 2021, 13, 2468. https://doi.org/10.3390/nu13072468 https://www.mdpi.com/journal/nutrients5
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poor diet quality and weight gain [3], aligning dietary patterns with national guidelines
is a recommended strategy for treatment of overweight and obesity, along with increas-
ing physical activity [6]. Weight loss interventions most commonly target reduced total
fat and increased fruit and vegetable intakes to create an energy deficit [7–9]. However,
weight loss studies rarely report participants’ dietary changes in addition to weight loss
outcomes [10,11]. Of those studies that have reported dietary outcomes, change in total
energy intake or macronutrient intake was most commonly reported, while change in
overall diet quality or foods was rarely reported [12]. While changes energy and macronu-
trient intakes are important, identifying changes in the consumption of different types
of healthy/unhealthy foods provides valuable information about food patterns that are
amenable to change in the context of overweight and obesity. This information could be
used to inform future weight loss interventions and may assist in improving effectiveness.

Recently, sleep has been recognised as another health behaviour that is potentially
modifiable for weight management [13,14]. Short sleep duration has been linked to poor
dietary behaviours with several experimental studies reporting increased energy intake,
higher number of meals and snacks consumed, and increased night-time eating in response
to short sleep duration [14–17]. The physiological mechanisms that drive increased food
intake and energy intake following short sleep are not well understood, but short sleep
appears to increase activity in the brain’s hedonic (reward) system. Evidence from experi-
mental studies suggests that during periods of restricted sleep duration, the presentation
of food stimuli provokes greater activity patterns in brains areas associated with pleasure
and reward, compared with viewing the same food stimuli following normal sleep [18–22].
Another proposed mechanism is through the regulation of appetitive hormones. Several
experimental studies have reported elevated concentration of the hunger-stimulating hor-
mone ghrelin and reduced concentration of the satiety hormone leptin in response to short
sleep duration [23–25]. In terms of the increase in energy intake that can occur when
sleep is insufficient, meta-analyses have reported an increase of 1059–1612 kilojoules (kJ)
(253–385 kcal) per day in adults whose sleep was restricted to ≤5.5 h per night, compared
with controls [18,26,27]. As such, increasing sleep duration among short-sleepers may
contribute to reducing energy intake and improving energy balance [28] for enhanced
weight loss.

Few randomised controlled trials (RCTs) have measured the effect of a dedicated sleep
intervention on dietary intake [29–32]. One RCT (n = 42) measured the effect of extended
sleep duration on aspects of dietary intake including energy, macronutrient, sugar, fibre,
and caffeine intake and diet quality over four weeks in adults with normal weight [29].
The study reported that extended sleep duration reduced free-sugar intake and increased
adherence to dietary guidelines [29]. Another RCT (n = 22) that measured the effect of
six weeks of extended sleep duration compared with control on energy, macronutrient,
and sodium intake for eight days reported no significant change in dietary outcomes [30].
However, preliminary data from an RCT (n = 60) in adults with overweight and obesity has
shown that two weeks of sleep extension (≈1.2 h per night) resulted in significantly lower
energy intake (−207 kcal per day), compared with control [31]. There is limited evidence
investigating dietary outcomes in response to a sleep intervention over longer periods.

The primary objective of the current study was to evaluate whether a multi-component
m-Health weight loss intervention in adults with overweight and obesity that targeted di-
etary, physical activity, and sleep behaviours was effective at improving dietary intake over
six months, and longer-term at 12 months, compared to a wait-list control. The secondary
objective was to evaluate whether the intervention targeting dietary, physical activity,
and sleep behaviours (enhanced) was more effective at improving dietary intake than
the dietary and physical activity intervention (traditional). The hypotheses were that the
enhanced and the traditional interventions would achieve greater improvements in dietary
intake than the wait-list control at six and 12 months, and that the enhanced intervention
would achieve greater improvements in dietary intake than the traditional intervention.
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2. Materials and Methods

2.1. Trial Design

This is a secondary analysis of the Move, Eat & Sleep study, which has been described
in detail elsewhere [33]. Move, Eat & Sleep was a 3-arm parallel-group RCT with a six-
month intervention period (primary endpoint) and follow-up at 12 months. Participants
were recruited May–September 2017 from Newcastle, NSW, Australia, primarily by media
stories, social media advertising, and participant registries. Sample size calculations were
based on the primary outcome measure, weight (kilograms), as described elsewhere [34].
A minimum of 114 participants was required to provide adequate power, and a total of
116 were randomised. Participants were stratified by baseline body mass index (BMI)
(25.0–29.9, 30.0–40.0 kg/m2) and randomly allocated (1:1 ratio) by the project manager
to one of three groups using secure, web-based, permuted block randomisation that was
generated by an independent statistician. Ethical approval was granted by the Human
Research Ethics Committee of the University of Newcastle (H-2017–0039), and the trial
was prospectively registered with the Australian New Zealand Clinical Trials Registry
(ACTRN12617000735358; U1111-1219-2050). Informed written consent was obtained from
all individual participants included in the study. The reporting of this study adheres to the
Consolidated Standards of Reporting Trials (CONSORT) guidelines [35].

2.2. Participants

Individuals were eligible for participation if they reported being aged 18–65 years, a
BMI of 25.0–40.0 kg/m2 (overweight/obesity classification), had access to an iOS/Android
device with Internet access, and had the ability to attend four assessments over 12 months.
Individuals were ineligible if they were using a tracking device for physical activity and/or
sleep, were pregnant, reported the presence of a sleep disorder diagnosed by a medical
practitioner, were taking medication related to sleep or weight management, had a condi-
tion that precludes participation in physical activity and/or modification of diet and/or
sleep, had lost ≥4.5 kg of body weight in the last three months, intended to participate in
another weight loss program, had previous weight loss surgery, or were employed as a
shift-worker (on a rotating roster).

2.3. Intervention

The intervention components have been described in detail previously [34]. Briefly,
the Move, Eat & Sleep study was a multi-component m-Health behaviour-change weight
loss intervention. The traditional intervention group targeted change in dietary and
physical activity behaviours, while the enhanced intervention group targeted change in
dietary behaviours, physical activity, and sleep health. The wait-list control group received
access to the intervention after the 12 month follow-up. Participants received intervention
content specific to their group allocation and self-directed under free-living conditions. The
intervention content was guided by specific behaviour change techniques (e.g., goal-setting,
self-monitoring) to operationalise constructs from the self-regulatory and social cognitive
theories [36–38].

The dietary intervention was delivered via intervention materials and one face-to-face
dietary session with a dietitian, where participants were given personalised dietary advice
based on assessment of their current dietary intake, as measured by the Australian Eating
Survey® (FFQ) and personalised nutrition report (Australian Eating Survey® Version 2, The
University of Newcastle, Callaghan, NSW, Australia) [39,40]. They received information
about the Australian Dietary Guidelines and the Australian Guide to Healthy Eating,
which promote increased intake of nutrient-dense core food groups and reduced intake of
energy-dense, nutrient-poor discretionary foods and drinks [41]. Resources for planning
healthy meals, controlling portion sizes, and interpreting food labels were also provided.
Participants were given a personalised daily energy intake target of 2000 kJ less than
their estimated energy requirement to create an energy deficit, as this is the amount
required to achieve ≈0.5 kg weight loss per week [42]. Intervention group participants
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were instructed to set dietary behaviour goals and self-monitor their behaviours using
the Balanced app, which contains 10 daily food goals: (1) eat two serves of fruit, (2) eat
five serves of vegetables, (3) choose whole-grains, (4) choose low-fat dairy, (5) choose lean
meats/alternatives, (6) have a soft drink/energy drink-free day, (7) have an alcohol-free
day, (8) choose healthy snack options, (9) have a fast-food-free day, (10) drink plenty of
water. Participants were instructed to choose the number of food goals they would aim
to achieve daily. This approach has been used previously to improve indicators of diet
quality [43]. Participants were instructed to self-monitor their daily energy intake against
their recommended energy intake goal using the ControlMyWeightTM app by CalorieKing
four days per week (CalorieKing Wellness Solutions Inc., La Mesa, CA, USA). Participants
were also recommended to self-monitor and receive feedback about their diet quality by
completing the free online Healthy Eating Quiz™ (version 3, The University of Newcastle,
Callaghan, NSW, Australia) [44] monthly throughout the intervention period.

The physical activity intervention component promoted increasing daily steps,
moderate-to-vigorous intensity physical activity (MVPA), and resistance training (RT)
activity to align with physical activity and sedentary behaviour guidelines [45]. Partici-
pants were asked to set physical activity goals and self-monitor daily step counts, minutes
of physical activity, and number of RT sessions using the Balanced app and a provided
Fitbit Alta activity tracker (Fitbit Inc, San Francisco, CA, USA).

The sleep intervention component delivered to the enhanced intervention group pro-
vided information about sleep duration and quality recommendations, the importance of
sleep health, and daily sleep hygiene practices for participants to implement to promote
healthy sleep. Information on stress management techniques (i.e., progressive muscle
relaxation, deep breathing, mindfulness), and guidance on cognitive (e.g., self-efficacy,
outcome expectations, goal-setting, action planning, self-monitoring, feedback) and be-
havioural self-regulation strategies (e.g., sleep hygiene practices such as limited bed and
wake time variability, limiting caffeine consumption) to promote sleep health was also
provided [34,46,47]. Enhanced group participants were asked to set and self-monitor sleep
goals for sleep time, wake time, and sleep hygiene practices to help them achieve adequate
sleep duration, consistent sleep timing, and improved sleep quality. To promote compli-
ance and reinforce the intervention components, participants received personalised weekly
feedback about their progress in relation to their goals.

2.4. Measures

All outcome measures were completed at baseline, six months, and 12 months at
The University of Newcastle, Australia by trained assessors using a standardised protocol.
Assessors were blinded to participant group allocation at each time point, and participants
were blinded to group allocation until the completion of baseline assessments.

2.4.1. Sociodemographics and Anthropometry

Sociodemographic data were collected at baseline using the QualtricsXM online survey
platform (Qualtrics, Provo, UT, USA). Weight and height were measured to the nearest
0.1 kg and 0.1 cm, respectively, on a combined stadiometer and calibrated digital scale
(Biospace BSM370 Portable Automatic BMI Stadiometer, Biospace Co, Ltd., Seoul, Korea)
and used to calculate BMI (weight (kg)/height (m2)). Waist circumference was measured
to the nearest 0.5 cm using a measuring tape (Seca 203, Seca Gmph & Co., Hamburg,
Germany). Glycated haemoglobin (HbA1c) was measured using a capillary blood sample
and analysed using the validated A1C Now+ device (Polymer Technology Systems).

2.4.2. Dietary Intake

Dietary outcomes (energy intake, macronutrient intake (including alcohol), micronu-
trient intake, nutrient-dense food intake, energy-dense nutrient-poor food intake, diet
quality, and caffeine intake) were measured using the Australian Eating Survey (AES),
which is a validated 120-item semi-quantitative FFQ that measures the frequency of con-
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sumption of foods items and types over the previous three to six months [39,40]. Standard
adult portion sizes were derived from the 1995 National Nutrition Survey data or from
the product standard serving size. Nutrient intakes were calculated from the most current
food composition database of Australian foods, the AusNut 1999 database (All Foods), and
AusFoods (Brands) Revision 5. The AES also generates a diet quality score, the Australian
Recommended Food Score (ARFS) calculated from a subset of AES questions [39,40]. Diet
quality scores are based on core food groups recommended in the Australian Dietary
Guidelines [39,48] and calculated by summing points per food item. The score range is
from 0 to 73, with higher scores indicative of higher diet quality and categorised as: ‘needs
work’ (<33), ‘getting there’ (33–38), ‘excellent’ (39–46), or ’outstanding’ (47+) [44]. Daily
caffeine consumption (drinks containing caffeine) was measured using a question adapted
from the AUDIT-C alcohol screening test [49], with minor word changes.

2.4.3. Physical Activity and Sleep Health

Weekly minutes of MVPA were measured using The Active Australia Survey (AAS).
The AAS has acceptable levels of validity and test–retest reliability [50,51], and it is sensi-
tive to change [52]. Sleep quality was measured using the Pittsburgh Sleep Quality Index
(PSQI) [53]. The PSQI is a 19-item survey that measures indicators of sleep health (sleep du-
ration, sleep onset latency, sleep efficiency, sleep disturbances, daytime dysfunction, sleep
medication use, and subjective sleep quality) over the previous month. The scores (0–3) for
each sleep indicator are summed to provide an overall sleep quality score ranging from 0
to 21, where ‘0′ indicates no sleeping difficulty and ‘21′ indicates severe difficulty. Sleep
quality scores >5 are indicative of poor sleep quality [53]. Sleep duration is calculated from
PSQI questions about bed and wake times. The PSQI has demonstrated good reliability
(Cronbach α = 0.83), sensitivity to change, and strong psychometric properties [53,54].

2.5. Statistical Methods

Analyses followed intention-to-treat principles using generalised linear mixed models
(GLMM). To examine between-group differences, first, the pooled intervention group
(traditional and enhanced) was compared to the control group. The groups were combined
to maximise statistical power. Then, the two intervention groups were compared to each
other. Group differences in key variables at six months were examined using GLMM
using an ANCOVA (baseline-adjusted) approach. The models included fixed effects for
the baseline value of the outcome, group, and the BMI stratification variable (categorised
as 25 to <30 and 30 to 40 kg/m2). Group differences in caffeine intake at both time points
were examined using logistic regression with adjustment for the baseline value of the
outcome. GLMM were used to measure group differences in dietary intake, physical
activity, and sleep quality and duration at 12 months. A random intercept for ID accounted
for repeated measures. All models used a response distribution and link function as
appropriate to the outcome, with an alpha level of 0.05. Sensitivity analyses explored the
influence of participants living in the same residence allocated to the same intervention
group. Analyses were conducted using Stata version 15 [55]. Effect sizes were calculated
using the equation: Cohen’s d = (M1 change score − M2 change score)/SD pooled [change scores]. The
magnitude of effects is interpreted using the criteria, small (0.2), medium (0.5), and large
(0.8), as defined by Cohen [56].

3. Results

3.1. Participants

The Move, Eat & Sleep Study enrolled 116 participants: traditional intervention group,
n = 41; enhanced intervention group, n = 39; wait-list control group, n = 36 (Figure S1). The
retention rate was 70% at six months with 81 participants completing dietary assessments
(traditional, n = 32; enhanced, n = 28; wait-list control, n = 21), and 47% at 12 months
(54 participants: traditional, n = 23; enhanced, n = 14; wait-list control, n = 17). The mean
age of participants was 44.5 ± 10.4 years (range 19–65 years), 71% were female and 94%
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identified as Caucasian. Eighty-seven percent of participants were employed, and 78%
reported ≥14 years of education. The mean baseline BMI was 31.7 ± 3.9 kg/m2 (obese
classification). Participants reported participation in 313 min of MVPA per week. The
mean PSQI sleep quality score was 7.0, and the mean self-reported sleep duration was 6.8 h
(406 min) per night (Table 1).

3.2. Dietary Intake
3.2.1. Baseline

Participants (n = 116) had mean (±SD) energy intake of 9683 (±3146) kJ per day,
with 43.5% of energy from carbohydrate, 33.3% from fat (14.0% from saturated fat), 18.0%
from protein, and 5.6% from alcohol. Nutrient-dense foods contributed 58.3% of total
energy intake, with grain foods contributing the most energy (16.7%), followed by meats
(13.1%), dairy foods (9.0%), vegetables (8.5%), fruits (6.6%), and meat alternatives (4.4%).
Participants reported consuming 4.5 serves of vegetables and 1.8 serves of fruit per day. Par-
ticipants had a mean ARFS (diet quality score) of 35.4 (±9.0) out of a maximum 73 points,
which is categorised as ‘getting there’ [44], and scored the highest for variety within the veg-
etable subscale. Energy-dense nutrient-poor foods contributed 41.7% of total energy intake,
predominantly from fried/takeaway foods (9.1% of total energy), confectionery (6.8%),
baked sweet products (5.6%), and alcoholic beverages (5.6%). At baseline, approximately
half (52%) of participants reported consuming ≤2 drinks containing caffeine per day, while
the remaining participants reported higher caffeine consumption. Overall, dietary intake
was similar between all groups at baseline (Table 1).

3.2.2. Six Months and 12 Months

Total daily energy intake: At six months, there was a significant mean difference
between the pooled intervention group (traditional and enhanced groups) and the control
group in energy intake. The pooled intervention groups consumed 1011 fewer kilojoules
(242 kcal) per day compared with the control group (95% CI −1922, −101; p = 0.029;
Cohen’s d = 0.55), indicating a medium-sized intervention effect (Table 2). At 12 months,
the pooled intervention group maintained a non-significant reduction in total energy intake
compared with the control group (−913 kJ; 95% CI −2033, 207; p = 0.110; d = 0.47) (Table 3).

Macronutrients: No significant differences were observed between the pooled inter-
vention group and the control group at six months for macronutrient distribution (including
alcohol) or fibre intake (Table 2). Effect sizes ranged from d = 0.02 to 0.29. At 12 months,
the enhanced group reported a significantly higher percentage of energy from protein
than the traditional group (+2.4 %EI; 95% CI 0.1, 4.6; p = 0.040; d = 0.74). No significant
between-group differences were observed for energy, macronutrient, or micronutrient
intake at 12 months (Table 3).

Micronutrients: The pooled intervention groups reported statistically significantly
lower sodium intakes per day compared with the controls at six months (−313.2 mg; 95%
CI −591.3, −35.0; p = 0.027; d = 0.56) (Table 2). At 12 months, the reduction in sodium intake
was maintained by the pooled intervention group, but it was not significantly different
from the controls (−326.2 mg; 95% CI −662.6, 10.2; p = 0.057; d = 0.56) (Table 3).

Energy intake from healthy core foods and discretionary non-core foods, and diet
quality: There were no significant differences between the pooled intervention group and
the control group at six months in nutrient-dense food intakes, energy-dense nutrient-poor
food intake, or diet quality, with small–medium effect sizes estimated (d = 0.03–0.44). At six
months, the pooled intervention group reported a significantly higher percentage of energy
from fruits than the control group (+2.1 %EI; 95% CI 0.1, 4.1; p = 0.040; d = 0.53); however,
while still higher than at baseline, the difference in fruit intake between groups was not
maintained at 12 months (+1.6 %EI; 95% CI −0.3, 3.5; p = 0.093; d = 0.47). Caffeinated
beverage consumption was also not significantly different at six or 12 months. At 12 months,
the pooled intervention group reported significantly lower consumption of fried/takeaway
foods relative to the control group (−2.4 %EI; 95% CI −4.7, −0.2; p = 0.034; d = 0.64).
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At six months, there were no differences in intake of nutrient-dense foods, energy-
dense nutrient-poor foods, and diet quality (Table 2) between the traditional and enhanced
groups (d = 0.05–0.52). However, at 12 months, significant differences were observed
between the traditional and enhanced groups for eight dietary outcomes, with the enhanced
group consuming a higher percentage of energy intake from nutrient-dense foods (+7.4 %EI;
95% CI 1.3, 13.5; p = 0.017; d = 0.81), protein (+2.4 %EI; 95% CI 0.1, 4.6; p = 0.040; d = 0.74),
and lean meats (+4.5 %EI; 95% CI 0.4, 8.5; p = 0.029; d = 0.76), and lower percentage of energy
intake from energy-dense nutrient-poor foods (−7.4 %EI; 95% CI −13.5, −1.3; p = 0.017;
d = 0.81), fried/takeaway foods (−3.6 %EI; 95% CI −6.5, −0.7; p = 0.015; d = 0.81), baked
sweet products (−2.0 %EI; 95% CI −3.6, −0.4; p = 0.014; d = 0.85), and packaged snacks
(−1.1 %EI; 95% CI −2.2, −0.03; p = 0.043; d = 0.75). The enhanced group also reported
significantly lower serves of fruit than the traditional group at 12 months (−0.8 serves; 95%
CI −1.5, −0.2; p = 0.011; d = 0.90) (Table 3).

4. Discussion

The primary objective was to evaluate whether a multi-component m-Health weight
loss intervention in adults with overweight and obesity that targeted dietary, physical
activity, and sleep behaviours was effective at improving dietary intake over six months,
and after 12 month follow-up, compared with a wait-list control. Results indicated that the
pooled intervention, relative to the control, was effective in the short term (six months) in
achieving significantly lower total energy and sodium intakes and increased fruit intake.
Whilst the pooled intervention group maintained these improvements at 12 months, the
differences between the pooled intervention and the control groups were not significant.
The secondary objective was to evaluate whether the intervention targeting dietary, physical
activity, and sleep behaviours (enhanced) was more effective at improving dietary intake
than the dietary and physical activity intervention only (traditional). The results of this
study show that at six months there were no significant differences in dietary intake
observed between the intervention groups. However, at 12 months, the enhanced group
reported a significantly higher percentage of energy intake from nutrient-dense foods, in
particular lean meats, and significantly lower percentage of energy intake from energy-
dense nutrient-poor foods. The enhanced group reported lower daily energy intake at
12 months than at six months, while traditional group reported increased energy intake
between six and 12 months.

The significant improvements in energy, sodium, and fruit intake achieved by the
pooled intervention group compared with the control at six months align with results
from other dietary interventions [11,57–59]. This suggests that adults with overweight or
obesity can change these aspects of dietary intake in the short term when provided with
evidenced-based advice. Reduced energy intake and increased fruit intake are associated
with reduced risk of weight gain [60], and lower energy intake may assist in achieving
clinically significant weight loss [61]. In turn, this may reduce multiple cardiometabolic
risk factors including cholesterol, hypertension, and insulin sensitivity [62]. In addition, the
reduced sodium intake to less than 2000 mg per day achieved by the pooled intervention
group lowers cardiovascular disease risk [63], which is a leading cause of death [64].

This study observed that at 12 months, the pooled intervention group reported a
non-statistically significant difference in energy intake relative to the control. This non-
significant difference may be attributed to an increase in energy intake by the traditional
group between six and 12 months. This indicates that on average, traditional group partici-
pants had difficulty in maintaining reduced energy intake beyond the active intervention
period. Consequently, longer-term support such as face-to-face/telephone check-ins and
social support may be needed, given that accountability has been reported as a strong facil-
itator of motivation and compliance with weight management behaviour change [65,66].
However, the enhanced group reported a positive shift in energy intake from nutrient-
dense and energy-dense foods at 12 months. The two intervention groups did not differ
in sleep quality at 12 months, but the enhanced group was the only group to receive the
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sleep intervention, and it also had the largest improvement in sleep quality from baseline
to 12 months. Given that sleep duration is related to sleep quality [67] and short sleep
duration influences dietary intake [27], the improved sleep quality of the enhanced group
may have contributed to the reduced intake of energy-dense nutrient-poor foods. Although
to date, research has focused on how sleep duration and not sleep quality influences dietary
intake, and further research is needed to clarify this.

Overall, the results demonstrate that the sleep intervention did not produce significant
improvements in indicators of sleep health relative to the traditional intervention. This
may be because at baseline, both intervention groups reported sleep duration of ≈6.8 h
per night, which was close to meeting the recommendation of 7–9 h per night for adults
aged 18–64 years [68]. Relative to the much shorter sleep duration reported in meta-
analyses that had an effect on dietary intake (≤5.5 h per night) [18,26,27], it may be that the
participants’ sleep was not short enough and not improved enough during the intervention
period to affect dietary behaviours (e.g., frequency of meals/snacks) and dietary intake.
Furthermore, participants in the enhanced and traditional groups reported mean (SD) PSQI
global scores of 7.3 (2.8) and 7.0 (3.1) at baseline, respectively. A PSQI global score of ≤5
indicates ‘good’ sleep quality, and a global score of >5 indicates ‘poor’ sleep quality, with a
score of 21 representing the most severe sleep difficulty [53]. Therefore, it may be that the
participants’ sleep quality, although classified as poor, was not impaired enough, and not
improved enough in the enhanced intervention group to affect dietary intake. In this study,
participants were recruited based on body weight status, rather than on physical activity,
diet, and sleep behaviours. Future studies may benefit from specifically recruiting adults
with overweight and obesity who are poor sleepers.

To the authors’ knowledge, this study is the only multiple-behaviour-change weight
loss RCT to include a sleep health component and report dietary outcomes in the longer-
term (i.e., 12 months). To our knowledge, existing RCTs have limited their investigation
to the effect of extending sleep duration on a small number of dietary outcomes, and the
studies were all ≤6 weeks in length [29–31,69]. This highlights the unique contribution
of the current study, as it is the only published weight loss RCT to include a sleep health
component that also measured a large number of dietary outcomes over a longer period.
Additional longer-term (>6 months) studies are required to evaluate effects of improved
sleep health on dietary intake, as sleep health is multi-dimensional, and changes in be-
haviour may take some time to become apparent [67]. In terms of overall dietary patterns,
there was no significant difference observed between the groups in diet quality at six or
12 months, which is consistent with another sleep intervention [29]. The dietary interven-
tion in this study primarily focused on increased intake of lower energy, nutrient-dense
foods (e.g., fruits and vegetables) and reduced intake of energy-dense, nutrient-poor foods
and drinks to achieve a reduction in daily energy intake, as reported by the enhanced
group at 12 months. The dietary advice was less focused on increasing the food variety,
and future dietary interventions are encouraged to focus on this to promote improvements
in overall diet quality.

This study had a number of strengths including the RCT design, assessor blinding,
validated outcome measures, comprehensive set of dietary outcomes assessed, and gen-
eralisability. This study also had some limitations. The study was powered to detect a
difference between groups in the primary outcome of weight only, which increased the
probability of a type 2 error. As multiple comparisons were performed, the chance of
a type 1 error was also increased. The 95% confidence intervals are relatively wide for
the between-group differences in total energy intake, sodium intake, and the percentage
of energy intake from fruit at six months, and for a number of outcomes at 12 months,
which indicates high variability in the between-group differences. As such, these results
should be interpreted with some caution. A further limitation is the use of self-reported
questionnaires and FFQs, which can result in misreporting, recall bias, measurement error,
and vulnerability to social desirability bias [70]. However, the same tool was used to assess
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diet in all participants at all time points, although the AES could not detect changes in
portion sizes, only consumption frequency.

5. Conclusions

This multi-component m-Health diet, physical activity, and sleep behaviour weight
loss intervention significantly reduced energy intake and sodium intake, and it increased
fruit intake in adults with overweight and obesity in the short term (six months). The
enhanced group, who received an additional sleep health intervention, reported improved
dietary intake relative to the traditional group in the longer term (12 months). Further
adequately powered studies using longer-term sleep interventions are needed to examine
whether improving sleep health is an effective strategy for improving dietary intake and
weight management.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13072468/s1, Figure S1: CONSORT diagram describing study design and flow
of participants.
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Abstract: Vegans and vegetarians often consume foods containing photosensitizers capable of trig-
gering phytophotodermatitis. The potential effect of vegan and vegetarian diets on the response of
psoriatic patients undergoing phototherapy is not well characterized. We assessed clinical outcomes
of vegan, vegetarian and omnivore adult psoriatic patients undergoing band ultraviolet B photother-
apy (NB-UVB). In this multicenter prospective observational study, we enrolled 119 adult, psoriatic
patients, of whom 40 were omnivores, 41 were vegetarians and 38 were vegans, with phototherapy
indication. After determining the minimum erythemal dose (MED), we performed NB-UVB sessions
for 8 weeks. The first irradiation dosage was 70.00% of the MED, then increased by 20.00% (no
erythema) or by 10.00% (presence of erythema) until a maximum single dose of 3 J/cm2 was reached
and constantly maintained. All the enrolled patients completed the 8 weeks of therapy. Severe ery-
thema was present in 16 (42.11%) vegans, 7 (17.07%) vegetarians and 4 (10.00%) omnivores (p < 0.01).
MED was lowest among vegans (21.18 ± 4.85 J/m2), followed by vegetarians (28.90 ± 6.66 J/m2)
and omnivores (33.63 ± 4.53 J/m2, p < 0.01). Patients with severe erythema were more likely to
have a high furocumarin intake (OR 5.67, 95% CI 3.74–8.61, p < 0.01). Vegans consumed the highest
amount of furocumarin-rich foods. A model examining erythema, adjusted for gender, age, skin type,
MED, phototherapy type, number of phototherapies and furocumarin intake, confirmed that vegans
had a lower number of treatments. Vegans had more frequent severe erythema from NB-UVB, even
after adjustment of the phototherapy protocol for their lower MED. Assessing diet information and
adapting the protocol for vegan patients may be prudent.

Keywords: psoriasis; diet; vegans; vegetarians; omnivores; phototherapy; NB-UVB; efficacy; preci-
sion medicine; exposures; exposome; inflammation
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1. Introduction

For more than a decade, psoriasis has been considered as a systemic, inflammatory
disease with cutaneous [1,2] and musculoskeletal manifestations [3] enriched by a wide
range of comorbidities [4], ranging from respiratory [5–8] to cardiometabolic ones [9,10].

While obesity and metabolic syndrome are risk factors for psoriasis, the contribution of
diet to psoriasis and its treatment outcomes are still not completely defined [11]. Vegans and
vegetarians often consume vegetables containing furocumarins (i.e., celery, parsnip, carrot,
parsley, citrus and figs), natural photosensitizers and triggers for phytophotodermatitis in
both humans and animals [12–18]. Furocumarins are characterized by a coumarin structure
with a furan ring and are traditionally classified into linear (“psoralen type”) and angular
(“angelicin type”) types [19]. Furocumarins are well absorbed from food sources and
rapidly distributed into several tissues, including skin [19], so phototoxic reactions due to
the ingestion of food containing such photosensitizers can occur [20].

Narrow-band ultraviolet B phototherapy (NB-UVB) represents a useful pre-biologics
therapeutic option for psoriatic patients [21]. NB-UVB phototherapy may induce pso-
riasis clearance through pleiotropic effects on human cutaneous immunity, including
the activation of apoptosis, DNA damage response and repair pathways, cell cycle con-
trol/differentiation and inflammation regulation [22]. Circadian rhythmicity disrup-
tion is also involved in psoriasis pathophysiology [23] and may influence NB-UVB re-
sponse [22,24,25]. Furthermore, the concept that diet influences both inflammation and
peripheral clocks is well established [16,17,26,27], but the impact of vegan and vegetarian
diets on phototherapy remains neglected. Due to the increasing number of vegetarians and
vegans in the general population, we explored the effect of these diets in psoriatic patients
undergoing NB-UVB.

2. Materials and Methods

2.1. Study Design

This was a multicenter prospective observational study involving two primary referral
phototherapy centers (IRCCS San Gallicano Hospital-Rome, and IRCCS Istituto Ortopedico
Galeazzi-Milan, Italy). Patients fulfilling inclusion criteria were enrolled, evaluated (T0)
and followed up for 8 weeks (T1). Vegans, vegetarians and omnivores were matched for
age, gender, skin phenotype and Psoriasis Area Severity Index (PASI). Saint Rafael Hospital
(OSR) local ethical committee approved in 28 May 2021 the study protocol 176/int/2020
and the current study represents a post-hoc analysis. Each patient signed an written
informed consent.

2.2. Inclusion/Exclusion Criteria

We enrolled adult patients (≥18 years) with plaque psoriasis and Fitzpatrick skin type
II-IV with an indication for NB-UVB phototherapy. Psoriatic erythroderma was excluded
because it is an absolute contraindication to phototherapy. Patients with psoriatic arthritis
that refuse systemic treatments but underwent NB-UVB were included.

Conversely, patients were excluded in case of (a) previous history of skin cancer or
chemotherapy (<5 years before); (b) ongoing therapies potentially aggravating psoriasis
or recognized as photosensitizing; (c) undergoing topical anti-psoriatic treatments in the
previous 2 weeks or systemic ones in the previous 4 weeks; or (d) acute or chronic infectious
comorbidities.

2.3. MED Evaluation and Erythema Quantification

MED testing was performed on normal dorsal skin of each enrolled patient before
starting phototherapy using a Multiport UV Solar Simulator 601 (Solar Light CO.INC:
Philadelphia, PA, USA) [28]. MED testing was repeated after 8 weeks of phototherapy
treatment to evaluate photoadaptation. Before and after the phototherapy course, each
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patient was evaluated for the erythema index with a skin reflectance measuring instrument
(Mexameter MX16, Courage & Khazaka Electronics, Cologne, Germany).

MED was calculated more than 6 hours after the last meal to prevent furocumarins
absorption peak [19].

2.4. Phototherapy Protocol

NB-UVB was delivered by a PUVA Combi Light PCL 8000 phototherapy booth (Hever-
lee, Belgium) equipped with 48 Phillips® TL100 W/01 tubes in both centers, and both used
the same dosimeter. The fluence in the center was 15 mW/cm2, as measured with a Wald-
mann Variocontrol dosimeter (WaldmannMedizintechnik GmbH, Villingen-Schwenningen,
Germany). The initial irradiation dose was chosen based on a subject’s minimal erythema
dose (MED).

The first irradiation dosage was 70.00% of the MED, which was then increased by
20.00% (in the absence of erythema) or by 10% (in case of a minimal perceptible onset
erythema) until a maximum single dose of 3.00 J/cm2 was reached, after which the dose
was constantly maintained. Irradiations were administered three times weekly for up to
8 weeks. In the case of patients susceptible to develop a severe erythema, dosing was
reduced to two treatments per week.

2.5. Dietary Evaluation

During the dermatological visit, dietary information was recorded and patients were
classified as vegans, vegetarians or omnivores using the following definitions:

� Vegans where patients “ate only all kinds of fruits, vegetables, nuts, grains, seeds,
beans and pulses” [29];

� Vegetarians or “fully vegetarians” where patients “never ate meat, poultry and fish,
or ate these foods less than once a month” [30];

� Omnivores if they patients not represented by the previous classifications.

We asked patients to list and weigh each food they consumed in a diet diary for a week.
From this information, we identified the approximative quantities of polyphenols [31],
carotenoids [32], astaxanthins [33] and furocumarins [34] consumed using converting tables
already present in the literature. Then, we divided the obtained quantitatives for each
evaluated substance into tertiles and named the first tertile as “low” (“none” in case of no
intake), the second one as “intermediate” and the third one as “high” consumption.

2.6. Statistical Analysis

Demographic and food intake characteristics between omnivores, vegetarians and
vegans were compared using the t-test for continuous variables and the chi-square test for
categorical variables. Association between erythema and diet was further examined using
a linear regression adjusting for gender, age, skin type, MED, phototherapy type, number
of therapies and furocumarin use.

3. Results

3.1. Clinical Data and Demographics

We enrolled 119 psoriatic patients (40 omnivores, 41 vegetarians and 38 vegans) and
all of them completed the 8 weeks of therapy. There were no differences in gender (p = 0.68),
age (p = 0.79), skin type (p = 0.43), number of phototherapy treatments (0.40) or baseline
(T0) PASI (p = 0.55).

Remarkably, after 8 weeks of NB-UVB, there was a statistically significant difference in
PASI between omnivores, vegans and vegetarians (1.95 vs. 8.87 vs. 4.59, p < 0.01) (Table 1).
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Table 1. Socio-demographic and clinical characteristics of omnivores, vegetarians and vegans.

Population Characteristics
Omnivores

(n = 40)
Vegans
(n = 38)

Vegetarians
(n = 41)

p

Male, n (%) 19 (47.50) 18 (47.37) 16 (39.02) 0.68

Skin Phototypes

0.43
II 4 (10.00) 9 (23.68) 8 (19.51)
III 17 (42.50) 16 (42.11) 19 (46.34)
IV 19 (47.50) 12 (31.58) 14 (34.15)
V 0 (0.00) 1 (2.63) 0 (0.0))

Age (average (SD), years) 39.27 (9.24) 40.66 (8.28) 39.80 (8.96) 0.79

PASI (average (SD))
T0 12.78 (2.83) 12.39 (2.95) 13.15 (3.27) 0.55
T1 1.95 (4.09) 8.87 (4.31) 4.59 (5.24) <0.01

MED (average (SD), mJ/cm2) 33.62 (4.53) 21.18 (4.85) 28.90 (6.66) <0.01

Treatments (average (SD) 15.07 (4.28) 12.13 (6.41) 14.61 (5.38) 0.40

Erythema (%)

<0.001
Absent 19 (47.50) 0 (0.00) 14 (34.15)

Mild 17 (42.50) 10 (26.32) 14 (34.15)
Moderate 0 (0.00) 12 (31.58) 6 (14.63)

Severe 4 (10.00) 16 (42.11) 7 (17.07)

PsA, n (%) 11 (27.50) 11 (28.95) 11 (26.83) 0.98

DAPSA (average (SD)) 14.75 (2.99) 16.00 (2.05) 12.82 (2.32) 0.21
DAPSA: Disease Activity Index for PSoriatic Arthritis, MED: minimal erythematous dose, PASI: Psoriasis Area
Severity Index, PsA: psoriatic arthritis, SD: standard deviation.

3.2. Erythema and MED

Severe erythema was present in 16 (42.11%) vegans, 7 (17.07%) vegetarians and
4 (10.00%) omnivores (p < 0.01). In total, 19 (47.50%) omnivores and 14 (34.15%) vegetarians
experienced no erythema, whilst all vegans experienced some degree of erythema. Patients
with severe erythema underwent fewer phototherapy sessions. MED was lowest among
vegans (21.18 ± 4.85 J/m2), followed by vegetarians (28.90 ± 6.66 J/m2) and omnivores
(33.63 ± 4.53 J/m2, p < 0.01).

3.3. Diet Photoactives and Their Impact

Interestingly, 21 (55.26%) vegans consumed high doses of furocumarins, followed
by 4 (10.00%) vegetarians and no omnivores (p < 0.01). Astaxanthines consumption was
high in about 23 (29.11%) vegans and vegetarians, but only in 1 omnivore (p < 0.01). High
polyphenol consumption was reported by 14 (36.84%) vegans, 11 (26.83%) of vegetarians
and only 1 omnivore (p < 0.01). There was no difference in carotenoid intake between
vegetarians, vegans and omnivores (p = 0.31) (Table 2). Only two omnivores consumed a
high number of vegetables.

A model examining erythema, adjusted for gender, age, skin type, MED, phototherapy
type, number of phototherapies and furocumarins intake, confirmed that vegans had
a lower number of treatments. Patients with a high furocumarins intake displayed a
5.67-fold risk (95%CI 3.74–8.61, p < 0.001) of developing erythema, followed by medium
(OR 1.96 (1.52–2.53)) and low (OR 4.43 (2.93–6.71)) intakes, compared to no furocumarin
intake. All the main foods rich in furocumarins consumed by our population achieved a
statistically significant difference between omnivores, vegans and vegetarians (see Table 3).
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Table 2. Different intakes of the main photoactives between omnivores, vegetarians and vegans.

Level of Photoactives
Ingested

Omnivores
(N = 40)

Vegans
(N = 38)

Vegetarians
(N = 41)

p

Furocumarins, N (%)

<0.01
None 29 (72.50) 0 (0.00) 14 (34.15)
Low 11 (27.50) 10 (26.32) 16 (39.02)

Intermediate 0 (0.00) 7 (18.42) 7(17.07)
High 0 (0.00) 21 (55.26) 4 (9.76)

Carotenoids, N (%)

0.31
None 4 (10.00) 9 (23.68) 8 (19.51)
Low 17 (42.50) 16 (42.11) 19 (46.34)

Intermediate 19 (47.50) 12 (31.58) 14 (34.15)
High 0 (0.00) 1 (2.63) 0 (0.0)

Astaxanthines, N (%)

<0.01
None 15 (37.50) 0 (0.00) 0 (0.00)
Low 16 (40.00) 13 (34.21) 17 (41.46)

Intermediate 8 (20.00) 14 (36.84) 12 (29.27)
High 1 (2.50) 11 (28.95) 12 (29.27)

Polyphenols, N (%)

<0.01
None 17 (42.50) 0 (0.00) 0 (0.00)
Low 18 (45.00) 19 (50.00) 16 (39.02)

Intermediate 4 (10.00) 5 (13.16) 14 (34.15)
High 1 (2.50) 14 (36.84) 11 (26.83)

Table 3. Main foods rich in furocumarins consumed by the studied population.

Specific Foods Intake
Omnivores

(n = 40), g/week
Vegans

(n = 38), g/week
Vegetarians

(n = 41), g/week
p

Parsley (average (SD) 1.0 (2.8) 601.3 (467.4) 35.3 (80.0) <0.001

Grapefruit (average (SD) 7.5 (26.7) 1611.8 (1122.1) 113.9 (223.6) <0.001

Lime (average (SD) 2.5 (11.0) 277.6 (245.3) 38.3 (60.9) <0.001

Lemon (average (SD) 5.6 (17.4) 960.5 (495.0) 34.1 (74.5) <0.001

Celeriac (average (SD) 0 (0) 717.1 (948.3) 67.1 (187.6) <0.001

Parsnip (average (SD) 0 (0) 1063.2 (920.1) 23.2 (65.3) <0.001

Celery (average (SD) 3.8 (13.3) 1355.3 (553.3) 169.5 (304.9) <0.001

Orange (average (SD) 13.8 (40.8) 1726.3 (615.4) 402.2 (458.8) <0.001

Cilantro (aver-age (SD) 0.3 (1.6) 96.2 (145.4) 6.7 (13.9) <0.001

Carrots (average (SD) 8.2 (33.6) 1815.8 (711.1) 525.6 (785.4) <0.001

4. Discussion

Several anecdotal cases had focused on vegetarian diet in humans with discordant
results in establishing a potential cause-effect link between furocumarin-rich foods intake
and a potential photosensitivity modification, conversely we found that a higher dietary
intake of furocumarins in vegan and vegetarian diets is associated with greater skin
sensitivity to NB-UVB phototherapy in psoriatic patients. Due to the increased prevalence
of vegans and vegetarians among psoriatic patients [35], dermatologists started to evaluate
potential differences in clinical outcomes and therapeutic management [36,37]. Although
the Mediterranean diet, which is rich in vegetables, is regarded as beneficial for psoriatic
patients [1], the impact of the single-food ingredients on phototherapy is entirely unknown.
Furthermore, several foods included in the Mediterranean diet, such as celery, parsnip,
carrot, parsley, citrus and figs, contain furocumarins, a natural, well-known photosensitizer
able to trigger phytophotodermatitis in both humans and animals [20,38]. Since 100 g
of parsnip or celery may contain up to 4–5 mg furocumarins, and a normal US diet only
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1.3 mg furocumarins per day, a diet rich in some vegetables may contain up to 13 mg per
day in the case of vegans and vegetarians, potentially sustaining photosensitivity [39,40].

Thus, our results support the notion that diet has a clinically meaningful impact on
phototherapy management in psoriasis patients. In particular, clinicians treating psoriatic
patients with phototherapy should include diet information in medical history. Vegans and
vegetarians with psoriasis displayed higher photosensitivity than omnivores, and deserve
ad hoc phototherapy management [28].

Phototoxicity has been widely proven in UVA wavelengths, since, in this UV range,
psoralen DNA monoadducts are efficiently induced, but the greater the quantity ingested
with a diet might convert the monoadducts to crosslinks [41,42]. Maximal phototoxic skin
reactions in humans are induced by wavelengths between 334 and 425 nm, which perfectly
falls into UVA spectrum (320–340 nm); however, in the presence of psoralens, such as
furocumarins, phototoxicity may also appear in the spectrum of the less erythematogenic
NB-UVB (311–313 nm).

To further empower this statement, small amounts of dietary intake of furocumarins
were reported to trigger photoxicity in both PUVA and NB-UVB [20,36].

We found an increased erythemal response to NB-UVB in subjects with high consump-
tions of furocumarins-rich foods; this is in contrast with Beattie et al., who found no effect
when analyzing UVA-related photosensitivity [42].

Our results regarding erythemal response in psoriatic NB-UVB users undergoing dif-
ferent diet regimens and furocumarins intakes could be explained both quantitatively, since
vegans and vegetarians consume more food containing furocumarins than omnivores, and
qualitatively, since furocumarins bioavailability is affected by storage (fresh vs. frozen) and
cooking (fresh vs. cooked) methods [41]. Interestingly, vegans and vegetarians consume
foods containing high quantities of both antioxidants (astaxanthines and polyphenols) and
furocumarins, but antioxidants may not counteract furocumarins-related photosensitiv-
ity/phototoxicity in our cohort of psoriatic patients. It is noteworthy that furocumarins
have been shown to induce the secretion of melatonin in humans [43]; melatonin is a known
antioxidant and anti-inflammatory hormone that exerts beneficial properties in the skin,
and it is lower in psoriatic patients compared to healthy controls [44]. Although melatonin
plasma levels were not measured in our cohort, this specific effect by furocumarins on
melatonin, coupled with the effect on phototherapy response demonstrated here, may be
of interest in the management of disorders, including psoriasis, which is itself associated
with abnormalities in circadian rhythms [43].

This pilot study presents limitations, including a small sample size and a lack of skin
metabolomic differences between the three considered groups. Furthermore, we used a
solar simulator since the monochromator, the most precise instrument to measure MED on
the market, was not present in the involved centers [45,46]. As current Italian guidelines
did not suggest a specific instrument to measure MED [28], we used a solar simulator that,
together with the monochromator, is internationally regarded as the gold standard [28].

5. Conclusions

In our study we found a different diet-related effect to NB-UVB, and this aspect ac-
quired paramount importance, since vegans and vegetarians experience more erythema
during NB-UVB, thus limiting the total number of phototherapy sessions in the considered
period. Dermatologists should consider dietary assessment in patients’ clinical evalua-
tion, and eventually also adapt phototherapy protocols to diet characteristics, since they
seems to moderately influence patient management and clinical outcomes. Our clinical
recommendations are summarized in Table 4.

Further studies warranted to assess the impact of circadian rhythmicity on NB-UVB
phototherapy sessions in clinical practice.
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Table 4. Clinical recommendations based on diet for NB-UVB phototherapy in patients with psoriasis.

NB-UVB CLINICAL RECOMMENDATIONS BASED ON DIET

Omnivores
The starting dose is established after MED evaluation and corresponds to 70%
of the MED; then, the dose is increased by 20% (if no erythema) or by 10% (in
case of erythema) up to a maximum dosage of 3 J/cm2

Vegetarians and Vegans

The starting dose is established after MED evaluation and, in case of a low
MED (20–25 mJ/cm2), corresponds to 40% of the MED; then, the dose is
increased by 10% (if no erythema) up to a maximum single dose of 2.5 J/cm2.
In case of erythema the dose is maintained constant

MED: minimal erythematous dose.
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Abstract: A higher energy intake (EI) at night has been associated with a higher risk of obesity, while
a higher EI at lunch may protect against weight gain. This study examined the association between
EI throughout the day and incident metabolic syndrome (MetS) among older adults. A cohort of
607 individuals aged ≥ 60 free from MetS at baseline was followed from 2008–2010 until 2015. At
baseline, habitual EI was assessed on six eating occasions: breakfast, mid-morning snack, lunch,
afternoon snack, dinner, and snacking. MetS was defined according to the harmonized definition.
Statistical analyses were performed with logistic regression and adjusted for the main confounders,
including total EI, diet quality, and physical activity/sedentary behavior. During follow-up, 101 new
MetS cases occurred. Compared to the lowest sex-specific quartile of EI at dinner, the OR (95%
confidence interval) for incident MetS were: 1.71 (0.85–3.46) in the second, 1.70 (0.81–3.54) in the
third, and 2.57 (1.14–5.79) in the fourth quartile (p-trend: 0.034). Elevated waist circumference and
triglycerides were the MetS components that most contributed to this association. A higher EI at
dinner was associated with a higher risk of MetS in older adults. Reducing EI at dinner might be a
simple strategy to prevent MetS.

Keywords: metabolic syndrome; chronobiology; timing of food, older adults; intake of energy;
food intake; dinner intake; eating occasions

1. Introduction

The understanding of circadian rhythm and its impact on health has increased sub-
stantially in the last decade. The circadian system is regulated by a central clock located in
the suprachiasmatic nucleus and various peripheral tissues located in other brain regions,
as well as in the liver, pancreas, gut, white adipose tissue, and skeletal muscle, which act as
peripheral clocks. The suprachiasmatic nucleus acts via the autonomic nervous system,
and is responsible for the circadian secretion of hormones, as well as the regulation of the
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temperature throughout the day [1]. Neural and endocrine, as well as behavioral, functions
have 24 h rhythms and are major determinants of human metabolism [2].

Some external exposures act as synchronizers of the central and the peripheral clocks.
These synchronizers are also known as time-givers (“zeitgebers” in German) [3]. The most
relevant of them are the cycles of light and dark exposure [4]. However, there is increasing
evidence that nutritional timing, specifically the time of day when energy is consumed, is
also part of this regulation [2,5].

The interest in chronobiology has increased from the 1990s due to the identification
of relevant genetic determinants of circadian rhythmicity (e.g., the CLOCK gene and its
association with obesity) [6,7]. Along with this, the detrimental influence of the misalign-
ment of clocks (such as eating late, shift work, or jet lag) on metabolic risk has contributed
further to the emerging body of evidence [8,9].

A higher energy intake (EI) at night is associated with a higher risk of obesity [10],
while a higher EI at lunch protects against weight gain [11]. In addition, it has been
suggested that avoiding eating late could be a strategy to help prevent obesity and the
metabolic syndrome (MetS) [5]. Accordingly, this study aimed to assess, for the first time
in the literature, the prospective association between the distribution of EI throughout
the day and MetS among community-living older adults in Spain who are at high risk of
developing MetS.

2. Materials and Methods

2.1. Study Design and Participants

Data at baseline were taken from the ENRICA Study, which is a representative sample
of the noninstitutionalized Spanish population aged 18 and over, recruited in 2008–2010 [12].
Those aged 60 years or older formed the Seniors-ENRICA-1 cohort which was established
at baseline with 3518 participants who were followed up until 2015.

Baseline information was collected in three stages: a telephone interview to obtain
data on health status, lifestyle, morbidity, and use of health services; a first home visit,
performed by a nurse, to obtain blood samples; and a second home visit by trained staff to
obtain information on diet and to perform a physical examination. In 2015, the information
was updated for those participants who were still alive and agreed to a new blood collection,
constituting a subsample of 1821 older adults. Of these, we excluded 676 individuals with
MetS at baseline, 72 with missing values that were unable to estimate MetS at baseline,
453 lacking data to calculate the incidence of MetS in 2015, and 13 with missing values for
covariates. Thus, the final analytical sample comprised 607 individuals.

All study participants gave written informed consent. The Clinical Research Ethics
Committee of the La Paz University Hospital approved the study.

2.2. Dietary Assessment

Food consumption in the previous year was collected using a validated computerized
dietary history [13]. This tool allowed for the collection of 860 foods, as well as 184 recipes
for dishes commonly eaten in Spain, and includes 127 sets of digitized photographs to
better estimate the size of food portions. It automatically converts the food into nutrients
and energy using standard Spanish food composition tables [14].

Participants were asked to report all the food consumed and when it was eaten at
least once every 15 days. Participants were questioned about food consumed at each eating
occasion, as follows: “What do you usually eat for breakfast, lunch, dinner, etc.?”. A total
of six eating occasions were considered: breakfast, mid-morning snack, lunch, afternoon
snack, dinner, and snacking (food consumed between the previous occasions, including
before bedtime and when going out for a drink). To facilitate reporting of the food eaten at
lunch and dinner, we asked about the first and second courses, desserts, and beverages
consumed, as well as about bread and wine. The mean time to complete the diet history
was 54 min.
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2.3. Metabolic Syndrome

MetS is defined, according to the harmonized definition [15], as having at least three
of the following five criteria: abdominal obesity (waist circumference of ≥102 cm in men
and ≥88 cm in women); fasting blood glucose of ≥100 mg/dL or receiving antidiabetic
drugs; systolic/diastolic blood pressure of ≥130/ 85 mmHg or receiving antihypertensive
drugs; serum triglycerides of ≥150 mg/dL; and serum HDL-cholesterol of <40 mg/dL in
men and <50 mg/dL in women.

Waist circumference was measured with a flexible inelastic belt-type tape at the
midpoint between the last rib and the iliac crest, at the end of a normal exhalation [16].
Blood glucose was determined in 12 h fasting blood samples by the glucose oxidase
method [17]. Blood pressure was measured using standard procedures with a validated
automatic blood pressure device [18]. Serum triglycerides were measured by the glycerol
phosphate oxidase method, and serum HDL-cholesterol by direct elimination/catalase
method.

2.4. Potential Confounders

At baseline, study participants reported sociodemographic and lifestyle variables,
including age, sex, level of education (primary or less, secondary, or university), smoking
status (never, former, current), and being an ex-drinker. Physical activity at leisure time
and in the household was obtained with the questionnaire used in the EPIC-cohort of Spain
and was expressed in metabolic equivalents (MET-h/week) [19]. Participants also reported
the number of hours spent watching TV and sleeping (summing up sleeping time at night
and during the day). Weight and height were measured using standard procedures, and
the body mass index (BMI) was calculated dividing weight by squared height (kg/m2).
Dieting was evaluated with the question: “Are you on a weight loss diet?”. Diet quality
was assessed using the MEDAS index of adherence to the Mediterranean diet. To obtain
a high MEDAS index indicates a high adherence to the Mediterranean diet [20]. Finally,
participants reported if they had been diagnosed with coronary heart disease, chronic
respiratory disease, cancer at any site, osteoarthritis, or arthritis.

2.5. Statistical Analysis

Logistic regression models were built to assess the risk of incident MetS. The main
independent variables were the percentage of EI at each eating occasion, and the study
associations were expressed with odds ratios (OR) and their 95% confidence interval (CI).
The percentage of EI was modelled as sex-specific quartiles, and the lowest quartile was
the reference group. Two logistic models were built. Model 1 was adjusted for sex, age,
education level, and total EI (kcal/day). Model 2 was additionally adjusted for smoking
status, ex-drinker status, leisure-time physical activity, physical activity in the household,
hours/day spent watching TV, total sleeping time (hours/day), BMI, dieting, ethanol intake
(g/day), and MEDAS score, as well as the baseline chronic diagnosed diseases: coronary
disease, chronic respiratory disease, cancer at any site, osteoarthritis, or arthritis.

The same type of analysis was performed for each component of the MetS. In addition,
an isocaloric substitution model was built to evaluate the effect of replacing the percentage
of EI at breakfast by same amount of EI at dinner on the risk of incident MetS [21]. Similar
analyses were performed for replacing EI% at lunch or at any other occasion with the same
EI% at dinner.

All analyses were performed with STATA software v.13.1 (College Station, TX, USA:
StataCorp LP). p-Values of <0.05 were considered as statistically significant.

3. Results

Among the 607 participants, 312 (51.4%) were women, and mean age was 67.3 years
(SD 5.3). The main eating occasions were breakfast, lunch, and dinner, with an EI% of 17.1%,
41.9%, and 27.8%, respectively (Table 1). Compared with participants in the lowest quartile
of EI% at breakfast, those in the highest quartile were less frequently current smokers, had
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less total EI, spent less time watching TV, had a lower BMI, and showed lower ethanol
intake. Participants in the highest quartile of EI% at lunch were less educated, with lower
total EI, and higher adherence to a Mediterranean diet, and those in the highest quartile of
EI% at dinner were more frequently current smokers (Table 2).

Table 1. Energy intake at each eating occasion, and percentage of individuals who skipped each
eating occasion, among the study participants at baseline. Seniors-ENRICA-1 cohort study, 2008–2010.
N = 607.

Energy Intake
(kcal/day)

Eating Occasions % of Energy Intake Mean SD Skipping Eating Occasion (%)

Breakfast 17.1 339.2 210.5 0.7
Mid-morning snack 4.2 89.0 151.8 41.5

Lunch 41.9 840.4 284.7 0.0
Afternoon snack 4.0 82.3 118.2 38.4

Dinner 27.8 563.2 235.7 0.3
Snacking 5.0 108.3 165.9 37.7

Total energy 100.0 2022.5 559.4 -

Table 2. Baseline characteristics of the participants in the Seniors-ENRICA-1 cohort study according to sex-specific quartiles
of the percentage of energy intake at breakfast, lunch, and dinner. N = 607.

Breakfast † Lunch † Dinner †

Q1 Q4 Q1 Q4 Q1 Q4

Sex, % of women 51.3 51.7 51.3 51.7 51.3 51.7
Age (years), mean 67.0 (5.6) 67.6 (6.2) 66.9 (5.9) 67.7 (5.6) 67.4 (5.8) 67.2 (5.6)

Breakfast † Lunch † Dinner †
Level of education, %

Primary or less 42.1 41.1 35.5 45.7 39.5 42.4
Secondary 31.6 31.8 30.9 31.8 30.9 31.1
University 26.3 27.2 33.6 22.5 * 29.6 26.5

Smoking status, %
Never smoker 53.3 66.2 53.3 58.9 62.5 53.0
Former smoker 32.2 27.8 33.6 33.1 30.3 30.5
Current smoker 14.5 6.0 ** 13.2 8.0 7.2 16.6 **

Ex-drinker, % 11.2 6.0 12.5 6.0 7.9 6.0
Energy (kcal/day), mean 2095 (562) 1951 ** (591) 2184 (637) 1924 *** (501) 2016 (609) 2001 (516)
Physical activity during leisure time
(METs h/week), mean 23.2 (14.6) 25.7 (18.1) 24.1 (17.2) 22.3 (16.6) 23.9 (18.5) 24.4 (15.3)

Physical activity in the household
(METs h/week), mean 37.8 (31.2) 35.6 (28.2) 37.4 (30.9) 38.6 (28.8) 38.0 (32.2) 33.8 (28.4)

Watching TV (h/week), mean 18.2 (11.6) 15.4 * (10.4) 15.4 (10.3) 15.9 (11.2) 16.4 (12.6) 17.7 (10.1)
Sleeping time (hour/day), mean 7.2 (1.2) 7.2 (1.3) 7.1 (1.5) 7.3 (1.5) 7.2 (1.4) 7.2 (1.3)
Body mass index (kg/m2), mean 27.5 (3.4) 26.8 * (3.6) 26.7 (3.3) 27.6 (4.0) 26.7 (3.6) 27.2 (3.2)
Dieting, % 10.5 6.0 7.2 9.3 6.6 8.6
Ethanol intake (g/day), mean 15.6 (22.1) 8.6 ** (15.1) 9.8 (17.9) 12.7 (16.7) 11.2 (16.8) 14.6 (22.2)
MEDAS score, mean 7.8 (1.8) 7.4 (1.7) 6.8 (2.0) 7.8 *** (1.7) 7.3 (1.9) 7.6 (1.6)
Coronary disease, % 0 2.0 0.7 0 1.3 0
Chronic respiratory disease, % 9.2 6.6 5.9 8.0 6.6 6.0
Cancer, % 2.6 2.0 2.0 1.3 2.0 2.7
Osteoarthritis, % 33.6 38.4 36.8 41.7 37.5 38.4
Arthritis, % 12.5 7.3 11.2 6.0 7.2 13.9

Q1, quartile 1 (lowest); Q4, quartile 4 (highest); MET, metabolic equivalents; MEDAS, Mediterranean Diet Adherence Screener. * p for
trend <0.05, ** p for trend < 0.01, *** p for trend < 0.001. † Cut-off points for the quartiles in men: breakfast Q1: (0–11.0), Q2: (11.0–15.2),
Q3: (15.2–21.0), Q4: (21.2–62.1); lunch Q1: (14.8–36.5), Q2: (36.6–43.4), Q3: (43.4–49.6), Q4: (49.7–71.0; dinner Q1: (0–22.4), Q2: (22.5–28.6),
Q3: (28.6–34.1), Q4: (34.1–59.8). Cut-off points for the quartiles in women: breakfast Q1: (0.1–11.5), Q2: (11.7–17.0), Q3: (17.1–21.5), Q4:
(21.5–67.4); lunch Q1: (11.0–34.0), Q2: (34.1–40.8), Q3: (40.8–46.0), Q4: (46.1–78.4); dinner Q1: (0–21.0), Q2: (21.1–27.4), Q3: (27.5–32.0), Q4:
(32.0–53.8).
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At the end of the follow-up period, 101 (16.6%) of the participants developed MetS.
Of them, 50 were men and 51 were women. The risk of MetS increased across quartiles
of EI% at dinner: the OR (95% CI) of MetS was 1 for the lowest quartile, 1.71 (0.85–3.46)
for the second, 1.70 (0.81–3.54) for the third, and 2.57 (1.14–5.79) for the highest quartile
(P-trend: 0.034). No associations were found for EI% any other eating occasion (Table 3).

Table 3. Odds ratios (95% confidence interval) for incident metabolic syndrome (2008/10 to 2015) according to sex-specific
quartiles of the percentage of energy at each eating occasion among participants in the Seniors-ENRICA-1 cohort study.
N = 607.

Model 1 Model 2
N/Cases OR (95% CI) OR (95% CI)

Breakfast † 607/101
Quartile 1 (lowest) 152/25 Ref Ref
Quartile 2 152/33 1.51 (0.83–2.73) 1.46 (0.78–2.75)
Quartile 3 152/26 1.12 (0.58–2.17) 1.28 (0.64–2.55)
Quartile 4 (highest) 151/17 0.79 (0.35–1.80) 0.84 (0.35–1.97)

p for trend 0.619 0.815
Mid-morning snack † 607/101
Quartile 1 (lowest) 252/43 Ref Ref
Quartile 2 119/23 1.32 (0.73–2.41) 1.26 (0.67–2.37)
Quartile 3 118/18 0.98 (0.51–1.86) 0.97 (0.50–1.91)
Quartile 4 (highest) 118/17 1.14 (0.55–2.36) 1.09 (0.51–2.34)

p for trend 0.838 0.910
Lunch † 607/101
Quartile 1 (lowest) 152/22 Ref Ref
Quartile 2 152/24 0.99 (0.51–1.91) 1.05 (0.53–2.08)
Quartile 3 152/24 0.99 (0.50–1.98) 1.10 (0.53–2.29)
Quartile 4 (highest) 151/31 1.62 (0.73–3.58) 1.71 (0.73–3.97)

p for trend 0.300 0.258
Afternoon snack † 607/101
Quartile 1 (lowest) 233/39 Ref Ref
Quartile 2 125/25 1.34 (0.74–2.41) 1.31 (0.71–2.43)
Quartile 3 125/19 0.96 (0.51–1.81) 1.12 (0.58–2.17)
Quartile 4 (highest) 124/18 1.07 (0.53–2.15) 1.05 (0.50–2.19)

p for trend 0.978 0.871
Dinner † 607/101
Quartile 1 (lowest) 152/16 Ref Ref
Quartile 2 152/27 1.76 (0.89–3.46) 1.71 (0.85–3.46)
Quartile 3 152/26 1.69 (0.84–3.41) 1.70 (0.81–3.54)
Quartile 4 (highest) 151/32 2.31 (1.06–5.03) * 2.57 (1.14–5.79) *

p for trend 0.054 0.034
Snacking † 607/101
Quartile 1 (lowest) 229/38 Ref Ref
Quartile 2 127/22 1.09 (0.60–2.00) 1.17 (0.62–2.19)
Quartile 3 126/24 1.30 (0.71–2.37) 1.15 (0.61–2.16)
Quartile 4 (highest) 125/17 1.00 (0.48–2.10) 1.07 (0.49–2.34)

p for trend 0.723 0.748

* p < 0.05. Model 1 was mutually adjusted for the percentage of energy intake consumed at each eating occasion as appropriate, as well as
sex, age, level of education (primary or less, secondary, or university), and total energy intake (kcal/day). Model 2 was adjusted as per
model 1, plus smoking status (never, former, and current smokers), ex-drinker status, leisure-time physical activity (METs h/week), physical
activity in the household (METs h/week), watching TV (hours/week), sleeping time (hours/day), body mass index (kg/m2), dieting,
ethanol intake (g(day), Mediterranean Diet Adherence Screener score, coronary diseases, chronic respiratory disease, cancer, osteoarthritis,
and arthritis. † Cut-off points for the quartiles in men: breakfast Q1: (0–11.0), Q2: (11.0–15.2), Q3: (15.2–21.0), Q4: (21.2–62.1); mid-morning
snack Q1: (0), Q2: (0.1–3.0), Q3: (3.1–8.9), Q4: (9.0–51.8); lunch Q1: (14.8–36.5), Q2: (36.6–43.4), Q3: (43.4–49.6), Q4: (49.7–71.0); afternoon
snack Q1: (0), Q2: (0–2.9), Q3: (3.0–6.6), Q4: (6.7–34.9); dinner Q1: (0–22.4), Q2: (22.5–28.6), Q3: (28.6–34.1), Q4: (34.1–59.8); snacking Q1:
(0), Q2: (0.2–3.9), Q3: (3.9–8.2), Q4: (8.3–40.2). Cut-off points for the quartiles in women: breakfast Q1: (0.1–11.5), Q2: (11.7–17.0), Q3:
(17.1–21.5), Q4: (21.5–67.4); mid-morning snack Q1: (0), Q2: (0.2–3.3), Q3: (3.3–6.8), Q4: (6.9–32.1); lunch Q1: (11.0–34.0), Q2: (34.1–40.8),
Q3: (40.8–46.0), Q4:(46.1–78.4); afternoon snack Q1: (0), Q2: (0.3–3.5), Q3: (3.5–7.5), Q4: (7.5–31.3); dinner Q1: (0–21.0), Q2: (21.1–27.4), Q3:
(27.5–32.0), Q4: (32.0–53.8); snacking Q1: (0), Q2: (0.2–3.7), Q3: (3.7–9.7), Q4: (9.7–53.8).
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Isocaloric replacement of EI at breakfast with the same amount of EI at dinner was
associated with a higher risk of MetS, so that the OR (95% CI) of MetS was 2.73 (1.31–5.68;
p-trend: 0.011) for the highest vs. lowest quartile of EI at dinner. Likewise, replacement of
EI at any other time of the day with the same percentage of EI at dinner was associated
with a higher risk of MetS (OR: 2.42; 95% CI: 1.22–4.81; p-trend: 0.019) (Table 4).

With regard to the five components of the MetS, we found that participants in the
highest vs. lowest quartile of EI at dinner had a higher risk of abdominal obesity (OR
2.15; (95% CI: 1.08–4.25; p-trend: 0.013), as well as a significant tendency for elevated
triglyceridemia (p-trend: 0.025) (Table 5).

Table 4. Odds ratios (95% confidence interval) for incident metabolic syndrome among participants in the Seniors-ENRICA-1
cohort study (2008/10 to 2015) when isocaloric substitution of breakfast, lunch, or all other occasions of energy intake for
energy intake at dinner. N = 607.

Model 1 Model 2
N/Events OR (95% CI) OR (95% CI)

Isocaloric substitution of
energy consumed at breakfast
for dinner

607/101

Quartile 1 (lowest) 152/16 Ref Ref
Quartile 2 152/27 1.79 (0.92–3.52) 1.76 (0.87–3.55)
Quartile 3 152/26 1.76 (0.89–3.49) 1.75 (0.85–3.57)
Quartile 4 (highest) 151/32 2.53 (1.26–5.07) ** 2.73 (1.31–5.68) **

p for trend 0.014 0.011
Isocaloric substitution of
energy consumed at lunch for
dinner
Quartile 1 (lowest) 152/16 Ref Ref
Quartile 2 152/27 1.72 (0.87–3.37) 1.70 (0.84–3.43)
Quartile 3 152/26 1.58 (0.80–3.15) 1.57 (0.76–3.22)
Quartile 4 (highest) 151/32 1.97 (0.97–4.01) 2.17 (1.03–4.54) *

p for trend 0.095 0.065

Isocaloric substitution of
energy consumed at all other
occasions for dinner
Quartile 1 (lowest) 152/16 Ref Ref
Quartile 2 152/27 1.79 (0.92–3.49) 1.76 (0.88–3.53)
Quartile 3 152/26 1.70 (0.87–3.32) 1.66 (0.82–3.36)
Quartile 4 (highest) 151/32 2.26 (1.18–4.35) * 2.42 (1.22–4.81) *

p for trend 0.024 0.019

* p < 0.05, ** p < 0.01. Models 1 and 2 were adjusted as in Table 3.

Table 5. Odds ratios (95% confidence interval) for the incidence of each component of metabolic syndrome according to
sex-specific quartiles of percentage of energy intake at dinner among participants in the Seniors-ENRICA-1 cohort study
(2008/10 to 2015).

Model 1 Model 2
N/Events OR (95% CI) N/Events OR (95% CI)

Abdominal Obesity 647/176 647/176
Quartile 1 (lowest) 162/36 Ref 162/36 Ref
Quartile 2 162/40 1.18 (0.69–2.02) 162/40 1.10 (0.61–2.00)
Quartile 3 162/48 1.62 (0.93–2.81) 162/48 1.82 (0.98–3.36)
Quartile 4 (highest) 161/52 1.99 (1.06–3.74) * 161/52 2.15 (1.08–4.25) *

p for trend 0.020 0.013
Hyperglycemia/diabetes 834/150 834/150
Quartile 1 (lowest) 209/37 Ref 209/37 Ref
Quartile 2 209/29 0.75 (0.44–1.30) 209/29 0.75 (0.43–1.30)
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Table 5. Cont.

Model 1 Model 2
N/Events OR (95% CI) N/Events OR (95% CI)

Quartile 3 209/38 1.04 (0.61–1.77) 209/38 1.00 (0.58–1.73)
Quartile 4 (highest) 207/46 1.40 (0.75–2.59) 207/46 1.34 (0.72–2.50)

p for trend 0.239 0.308
Arterial hypertension 241/102 241/102
Quartile 1 (lowest) 61/28 Ref 61/28 Ref
Quartile 2 60/23 0.81 (0.37–1.74) 60/23 0.79 (0.36–1.76)
Quartile 3 61/23 0.73 (0.33–1.58) 61/23 0.75 (0.33–1.70)
Quartile 4 (highest) 59/28 0.87 (0.36–2.11) 59/28 0.86 (0.33–2.22)

p for trend 0.656 0.671
Hypertriglyceridemia 1141/98 1141/98
Quartile 1 (lowest) 286/24 Ref 286/24 Ref
Quartile 2 285/18 0.80 (0.42–1.52) 285/18 0.82 (0.42–1.60)
Quartile 3 286/28 1.53 (0.82–2.87) 286/28 1.66 (0.87–3.19)
Quartile 4 (highest) 284/28 1.92 (0.93–3.97) 284/28 2.07 (0.98–4.35)

p for trend 0.038 0.025
Low HDL-cholesterol 1109/156 1109/156
Quartile 1 (lowest) 278/36 Ref 278/36 Ref
Quartile 2 277/43 1.20 (0.74–1.96) 277/43 1.18 (0.71 -1.95)
Quartile 3 277/40 1.06 (0.64–1.77) 277/40 1.12 (0.66 –1.92)
Quartile 4 (highest) 277/37 0.86 (0.47–1.57) 277/37 0.89 (0.48–1.67)

p for trend 0.626 0.773

* p < 0.05. Models 1 and 2 were adjusted as in Table 3.

4. Discussion

In this prospective cohort of older adults, a higher percentage of EI at dinner was
associated with an increased risk of MetS. Replacing the EI consumed at breakfast or at any
other eating occasion with the same amount of energy at dinner also increased the risk of
the MetS. Elevated waist circumference and triglycerides were the MetS components that
most contributed to this association. In Spain, a country where dinner is usually eaten later
than in other countries (generally after 9:00 p.m. [22]), to eat more energy at this eating
occasion was detrimental and associated with the development of the MetS.

Previous studies are in line with these findings. However, the exposures were mea-
sured differently, and it is difficult to establish comparisons. The association between meal
timing and MetS has been previously studied in Japan and Korea. In a cross-sectional
study of Japanese people aged 20–75 years, late-night dining habits were associated with a
higher risk of the MetS [23]. In another cross-sectional study of Korean adults aged 19 or
older (KNHANES Study), night eating (≥25% of total EI at night) was associated with a
higher frequency of MetS among males [24]. Finally, in a prospective study of Japanese
adults aged 40–54 years, a positive association between dining immediately before going
to bed and the risk of incident MetS did not reach statistical significance; however, women
who had both the habits of dining just before going to bed and of snacking after dinner
had an increased risk of MetS [25].

Our results are in line with current knowledge on nutritional chronobiology [3,5], as
well as with previous findings in observational studies [23]. However, the different ways to
assess eating timing in relation to MetS, which mainly depends on data availability, make
the studies difficult to compare. For instance, some studies considered only two time bands,
daytime and evening eating [9,24], while we considered six eating occasions, including
snacking, during each 24 h period. Likewise, in some previous studies, the exposure was
an intake of at least 25% of energy after 9:00 p.m. [24], or as having dinner just before going
to bed [25].

Regarding MetS components, there is some evidence that chronobiology and timing
in EI are associated with obesity [10,26]. Specifically, a higher EI during the night was
associated with a higher risk of obesity [26]. Of note is that abdominal obesity is a central
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component of MetS, and can lead to lipid abnormalities, alterations of glucose metabolism,
and elevated blood pressure [27]. However, although energy intake timing seems to be
relevant in the development of obesity, some inconsistencies have also been observed
concerning energy intake at dinner. A previous study conducted in participants 18 years
old and over found that while a higher energy intake at lunch was associated with a lower
risk of weight gain, no association was found between the energy consumed at dinner and
weight gain (>3 kg after 3 years of follow-up) [11].

Regarding hypertriglyceridemia, an experiment with mice found that a high-fat diet
at the end of their active period was associated with hypertriglyceridemia, weight gain,
increased body adiposity, decreased glucose tolerance, and hyperleptinemia [28]. In addi-
tion, another study with mice that were CLOCK gene mutants (with hyperphagia during
their sleep/inactivity phase) showed increased weight gain and hypertriglyceridemia [29].
In humans, timing misalignments (i.e., shift work) have been frequently studied, and an
association with hypertriglyceridemia was also found; a study among night-shift nurses
showed a higher EI at night as well as higher levels of triglycerides, LDL-cholesterol, and
total cholesterol. Night shift was also associated with higher levels of HDL-cholesterol [9].

In our analyses, EI at dinner was not associated with other components of the MetS,
such as hyperglycemia, high blood pressure, or low HDL-cholesterol. However, these
associations were found in some cross-sectional studies. For example, night-shift nurses
showed elevated fasting glucose [9]. In addition, in the KNHANES Study, an association
between eating at night and reduced HDL-cholesterol was found among men [24].

Although having a regular breakfast has been suggested to decrease adiposity [30], in
our analyses no association was found between EI at breakfast and risk of MetS. However,
skipping breakfast, which could influence energy balance throughout the day, was very
rare (0.7%) in our sample. Furthermore, our results did not show an association between
snacking and MetS, although the association was positive, again not reaching statistical
significance. Of note is that snacking varies greatly among different populations [31], and
in our sample it accounted for only 5% of total EI.

The increasing body of evidence on the influence of EI throughout the day and its
impact on metabolic health makes the association between EI timing and the development
of MetS plausible [2]. For example, it has been suggested that insulin (the hormone that is
altered in MetS) is involved in the post-prandial synchronization of the circadian clocks
throughout the body [32]. Another factor that could be acting is the proximity of food
intake to the nocturnal rise in melatonin. Calorie intake closer to this nocturnal rise was
associated with increased adiposity and impaired glucose homeostatic [33]. It is also
known that circadian clocks influence both appetite and energy expenditure, which are
ultimately linked to metabolic disorders [34]. Finally, the present study also contributes to
the epidemiological and population-based support for the influence of energy timing on
cardiometabolic risk management [31].

4.1. Importance and Practical Consequences

Our findings suggest that reducing %EI at dinner may serve to lower the risk of MetS.
This is important for a number of reasons. First, because of the high prevalence of MetS
syndrome (>40%) in our older population [35]. Second, because MetS has been associated
with an increased risk of diabetes [36,37] and is a major contributor to the epidemic of
cardiovascular disease in the Western world [38]. Third, because MetS does not easily
revert. Fourth, because metabolic conditions associated with misalignments do not seem
to have a clear genetic component and are based on unhealthy lifestyles [5]. Fifth, because
misalignments are becoming more frequent due to long working days and the use of
electronic devices at bedtime before sleeping. Finally, because changes in EI timing might
be easier to follow than just caloric restrictions. Similar approaches have been proposed to
prevent obesity [39,40].
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4.2. Strengths and Limitations

The main strength of this study is its longitudinal design. However, although the
cohort was initially representative of the older adult population in Spain, attrition bias
does not allow us to ensure representativeness. Moreover, analyses were adjusted for
a significant number of potential confounders, such as total energy, physical activity
during leisure time and in the household, watching TV, sleeping, dieting, and alcohol
consumption. In addition, certified personnel performed all measurements following
standardized protocols.

The main limitation is that diets were self-reported, so recall bias or social desirability
bias cannot be ruled out. In addition, despite each participant reporting the food consumed
on each eating occasion, the time of the meals was not collected. A diet history validation
was performed for food groups with many nutrients and total energy [13], but a specific
validation for eating occasions was not performed. On the other hand, the specific time
of the six eating occasions was not recorded, although these are quite characteristic of the
dietary habits in the Spanish population. Additionally, the influence of sleep preferences
was not considered in the analyses. Finally, we cannot rule out some selection bias due to
the exclusion of participants with lacking data.

5. Conclusions

In this study of older adults, a higher percentage of EI at dinner was associated with
a higher incidence of MetS, mostly due to abdominal obesity and hypertriglyceridemia.
These findings suggest that a reduction of energy intake at dinner may be useful to prevent
MetS. However, the efficacy of this strategy must be proven in future clinical trials with
populations.
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Abstract: Background: A better understanding of the influence of energy balance on sleep in ado-
lescents, particularly those with obesity, could help develop strategies to optimize sleep in these
populations. The purpose of this study was to investigate sleep under ad libitum-vs-controlled diets
adjusted to energy requirement (eucaloric) among adolescents with obesity and their normal weight
controls. Methods: Twenty-eight male adolescents aged between 12 and 15 years, n = 14 adolescents
with obesity (OB: BMI ≥ 90th centile) and n = 14 normal weight age matched controls (NW), com-
pleted an experimental protocol comprising ad libitum or eucaloric meals for three days, in random
order. During the third night of each condition, they underwent in home polysomnography (PSG).
Results: An interaction effect of energy intake (EI) was detected (p < 0.001). EI was higher during
ad libitum compared to the eucaloric condition (p < 0.001) and in OB compared to NW (p < 0.001)
in the absence of any substantial modification to macronutrient proportions. Analyses of energy
intake distribution throughout the day showed a significant interaction with both a condition and
group effect during lunch and dinner. Sleep improvements were noted in OB group during the
eucaloric condition compared to ad libitum with reduced sleep onset latency and N1 stage. Sleep
improvements were correlated to reduced EI, especially during the evening meal. Conclusion: Simply
adjusting dietary intake to energy requirement and reducing the energy proportion of the evening
meal could have therapeutic effects on sleep in adolescents with obesity. However, positive energy
balance alone cannot justify worsened sleep among adolescents with obesity compared to normal
weight counterparts.

Keywords: obesity; polysomnography; energy balance; energy intake; evening meal; youth

1. Introduction

Striking data from all over the world has reported commonly poor sleep patterns
among adolescents [1,2]. A problem compounded by an array of endogenous and ex-
ogenous factors forming the so-called “Perfect Storm” of both altered sleep duration and
quality [3]. Furthermore, obesity has been associated with sleep disturbances through
several pathogenetic pathways [4]. Several clinical studies underlined how sleep affects
both components of energy balance [5,6]. Although the effect on energy expenditure re-
mains uncertain, a growing body of evidence demonstrates that sleep alteration increases
energy intake with a more pronounced craving for energy-dense foods through numerous
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hormonal, neuroendocrine, cognitive, metabolic, and behavioral pathways [7–9] and these
findings have also been noted in youth [10,11]. However, it appears that a potential bidi-
rectional effect links sleep to energy balance and that in turn both nutrition and physical
activity could exert ongoing feedback on biological clock and sleep physiology.

Although the effect of physical activity on sleep is well documented in both adult
and young subjects [12,13], the effect of nutrition has been disregarded for a long time.
However, a growing interest in this topic has emerged over the last decade and several
reviews have been published [14–17]. Cross-sectional studies found numerous associations
between dietary patterns and sleep [18–20]. However, fewer studies included objective
sleep measurement. Spaeth et al., (2017) reported that in healthy adults, dietary intake was
associated with sleep measured by polysomnography (PSG). Greater protein intake and
lower carbohydrate intake were associated with more time spent in rapid eye movement
(REM) sleep, while higher fiber was associated with increased slow wave sleep (SWS) [21].
In another study, higher nocturnal fat intake was associated with increased wake after
sleep onset (WASO) and reduced sleep efficiency (SE) [22]. Besides these descriptive
observational studies, some clinical trials attempt to report how dietary manipulation may
affect sleep staging and quality [23–25]. However, the overwhelming majority of these
studies were conducted in laboratory settings among healthy adults and potentially good
sleepers who may be resistant to the effects of nutrition on sleep. Moreover, physical activity
was not assessed during these interventions and may represent a potential confounder.

Adolescents, especially those with obesity, seem to be vulnerable to sleep distur-
bances [26]. Unfortunately, few interventional lifestyle studies, intended to improve sleep,
were conducted among these populations. Yet, both nutrition and physical activity could
offer basic options to improve sleep during adolescence. This is of significant importance
especially for those with obesity since the latest recommendations have encouraged the
consideration of sleep in the management of pediatric obesity [27]. A more comprehensive
understanding of how energy balance affects sleep in these populations would be of consid-
erable interest in the development of future dietary strategies promoting better sleep and
effective weight loss intervention. Therefore, in this study we sought to examine objectively
measured sleep under two different conditions (1) controlled balanced diet adjusted to
energy requirement (eucaloric), and (2) diet offered ad libitum among adolescents with
obesity and their age-matched normal weight peers. In other words, we intended to exam-
ine if an adolescent with obesity in neutral energy balance and balanced macronutrient
proportions would have better or worse sleep quality than a normal weight adolescent
in positive energy balance and vice versa. We hypothesize that a eucaloric balanced diet
would improve sleep quality in both groups. However, given that adolescents with obesity
may experience more sleep disturbances, a greater improvement was expected in this
group according to the ceiling and floor effect.

2. Materials and Methods

2.1. Subjects

A total of 28 male adolescents aged between 12–15 years, and over Tanner stage 3,
either with obesity (n = 14) (BMI ≥ 90th centile) recruited through the Pediatric Obesity
Centre (Tza Nou, La Bourboule, France) or normal weight age matched controls (n = 14)
recruited in collaboration with the Pediatric Department, CHU (Clermont-Ferrand, France)
participated in this study. No participants suffered from any diagnosed major sleep dis-
orders, e.g., narcolepsy, obstructive sleep apnea (OSA), or obesity comorbidities, e.g.,
diabetes, or used any medication or therapy that may interfere with sleep outcomes, e.g.,
antidepressants or benzodiazepines. Moreover, they were screened for depression using
the Kutcher Adolescent Depression Scale (KADS) (LeBlanc et al., 2002). All included partic-
ipants presented a score below 6 in this questionnaire indicating a low risk of depression.
Adolescents with obesity were living in “Tza Nou” center (Obesity Treatment Center for
Children and Adolescents). Normal weight peers were recruited from a boarding school
to ensure comparable living conditions between groups. The investigators traveled to
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both sites with the laboratory equipment to ensure an ambulatory running of the study.
The present study received approval from the relevant Institutional Ethics Review Board
(Clinical trial No. NCT04041934). The research protocol was in line with the principles of
the Helsinki Declaration. Information and consent forms were distributed to parents and
adolescents prior to the study launch.

We underline that although we carefully included adolescents without diagnosed
OSA, it turned out that some participants from the OB group (n = 4) presented undiagnosed
OSA. During the habituation night, they presented an Apnea Hypopnea Index (AHI) of
(4–5) episodes·h−1. Yet, during the experimental protocol, the value for AHI was mildly
>5 episodes·h−1 potentially indicating the presence of OSA.

2.2. Study Design and Procedure

Participants were assessed for anthropometric and body composition. They filled in
questionnaires in paper format regarding their circadian typology: the Horne–Östberg
Morningness–Eveningness Questionnaire (MEQ), sleep quality: Pittsburgh Sleep Quality
Index (PSQI), and sleepiness: Epworth Sleepiness Scale (ESS). One week prior to the launch
of experimental sessions, time in bed (TIB) was fixed (from 22:00 to 7:00) in order to avoid
the potential effect of an irregular bedtime schedule on circadian rhythm and sleep quality.
During this week, participants resting metabolic rate (RMR) was assessed by indirect
calorimetry. They wore accelerometers to assess physical activity and energy expenditure.
The investigators also equipped participants with portable PSG in order to familiarize them
sleeping with the device.

Subsequently, adolescents participated in the experimental protocol comprising two
three-day sessions in random order, separated by a 10-day washout: one session was
eucaloric, and the other ad libitum (Figure 1). A manipulation check was performed to
ensure the washout period was effective at taking all participants back to baseline sleep and
dietary intake between the two sets of conditions (eucaloric vs. ad libitum). No violations
occurred. Physical activity was continuously monitored by accelerometry. In order to
reduce biases that might overwhelm the relationship between sleep and dietary intake,
participants were asked to maintain the same habitual daily activities as in the previous
week and to refrain from any structured vigorous physical activities at least 48 h before
the experimental protocol. Moreover, all sessions took part on the same days of the week
and no scholastic commitments were held during the sleep assessment nights. The use
of electronic media (smartphone, laptop...) in the evening was prohibited and evening
bedtime was fixed. During night 3, participants were instructed to go to their room at 21:00.
The investigators equipped them with PSG devices and the light was switched off at 22:00.
In this manner they were given an ideal time of 9 h for sleep (from 22:00 to 07:00).

Figure 1. Study design.

47



Nutrients 2021, 13, 3550

2.3. Baseline Evaluations
2.3.1. Anthropometry and Body Composition

Barefoot height was measured using a portable stadiometer (TANITA, HR001, Ja-
pan). Body mass (BM) was measured using a digital scale (TANITA, BC-545N, Japan).
Subsequently, Body Mass Index (BMI) was calculated as follows; BMI = body mass divided
by height squared expressed in kg/m2. Fat mass, and fat free mass were determined using
dual-energy X-ray absorptiometry (QDR4500A scanner, Hologic, Waltham, MA, USA).

2.3.2. Circadian Typology and Subjective Sleep

The Horne–Östberg Morningness–Eveningness Questionnaire (MEQ) was used to
assess circadian typology based on habitual waking and bedtimes as well as the times of
day at which an individual prefers to ‘perform’ [28]. The PSQI was used to evaluate the
quality of sleep during the last month based on 19 items covering seven clinically-relevant
components of sleep difficulties. Each item is weighted on a scale, and a global score of
sleep quality is calculated by adding up the seven component scores, producing an overall
PSQI score ranging from 0–21, where a score > 5 indicates poor sleep quality [29]. The
Epworth Sleepiness Scale (ESS) was used to measure daytime sleepiness [30]. The ESS
consists of a simple self-report questionnaire with eight questions and responses on a
4-point Likert scale (0–3). An ESS score > 10 indicates excessive daytime sleepiness and the
possibility of a high risk of underlying sleep disorders.

2.3.3. Resting Metabolic Rate

Resting metabolic rate (RMR) was measured in the morning, in a fasted state, using
indirect calorimetry (Metamax 3B portable gas analyzer, Cortex, Leipzig, Germany). Before
each test, the equipment was calibrated in accordance with the manufacturer’s recommen-
dations. Participants were placed in a supine position in a thermoneutral environment
(22–25 ◦C room temperature) for 45 min before starting the measurements. After achiev-
ing a steady state, O2 consumption and CO2 production, standardized for temperature,
barometric pressure, and humidity, were recorded at 1 min intervals for 20–45 min and
averaged over the whole measurement period. Resting metabolic rate (in kcal/day) and
respiratory quotient (ratio of CO2/O2) were calculated thereafter.

2.3.4. Habitual Physical Activity and Energy Expenditure

Accelerometers are a non-intrusive and cost-effective tool that provide accurate and
reliable measurement of physical activity and energy expenditure in youth under free
living conditions. ActiGraph accelerometers (GT3X+, Actigraph LLC, Pensacola, FL, USA)
were initialized to record data in 60-s epochs and worn for 3-consecutive days (one week
prior to experimental sessions) on the dominant hip as recommended by the manufacturer.
The device was only removed when water contact was possible (bathing, swimming).
Data were analyzed using the manufacturer’s software (Actilife 6.0, Pensacola, FL, USA).
Physical activity was assessed based on the translation of count per min (CPM) into time
(min/day) spent at various levels of movement intensity. Thresholds of CPM for sedentary,
light, moderate, and vigorous levels of physical activities were defined according to Trost et al.,
(2011) [31]. Adolescents’ energy expenditure was individually calculated based on RMR and
daily metabolic equivalent of task values derived from the accelerometer’s raw data.

2.4. Experimental Sessions
2.4.1. Dietary Intervention

All meals conformed to the adolescents’ tastes as determined by a food questionnaire
completed at baseline (Table S1). Disliked items were excluded in order to limit leftovers
and prevent uncontrolled snacking outside planned meals during the eucaloric session.
Top rated items were avoided to limit excessive intake and reflect habitual dietary patterns
during the ad libitum session. Dietary intake during eucaloric sessions was planned by a
registered dietician and was not designed to produce weight loss. The diet met the mean
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estimated energy requirement of adolescent males. Energy requirement was established
individually based on subject’s characteristics as well as physical activity and energy
expenditure tracked on the previous week with the following macronutrient distribution:
18:52:30 (Protein:Carbohydrates:Fat). Individual dietary intake was calculated in advance
and meal trays were prepared for each subject. Energy intake (EI) was distributed as
follows: (25% from breakfast, 30% from lunch, 30% from dinner, and 15% from snacks).
Participants were encouraged to finish their entire meals. If not, food leftovers were
weighed and recorded, then they were subtracted from the initially calculated food intake.
During the ad libitum session food was offered as buffet meals and the participants were
asked to eat until they were satisfied. Food consumption was weighed and recorded
by investigators. Energy intake and macronutrient distribution were calculated using a
professional computerized nutrient analysis program (Bilnut 4.0 SCDA Nutrisoft software,
France) and Ciqual tables (year-2018 version). Three meals and a snack were offered daily
for both sessions at regular time intervals: 7:30 (breakfast), 12:00 (lunch), 17:30 (snack), and
19:00 (dinner). Caffeinated beverages such as colas, coffee, or tea were not allowed during
the experimental sessions.

2.4.2. Polysomnography

The Sleep Profiler PSG2 (Advanced Brain Monitoring, Carlsbad, CA, USA) is an
ambulatory alternative to laboratory polysomnography approved by the Food and Drugs
Administration. The system provides access to 13-channels: electro-encephalography
(EEG), electro-oculography (EOG), and electro-myography (EMG) of front-polar sites (AF7-
AF8, AF7-Fpz, and AF8-Fpz) allowing the characterization of sleep staging and quality as
well as wireless oximetry, nasal pressure/airflow, chest and abdomen respiratory effort,
forehead and finger pulse rate, head movement and position, and quantitative snoring. The
obtained records were uploaded to the Sleep Profiler portal where automated algorithms
were applied to the signals. Auto-staging was performed based on the ratios of the power
spectral densities and auto-detection of cortical and microarousals, sleep spindles, and
ocular activity [32,33]. After the processing of sleep recordings, an experienced sleep expert
reviewed each recording in order to confirm the accuracy of the auto-sleep staging and
customize editing if needed. Sleep study featured the following outcomes: total sleep time
(TST), sleep latency (SL), wake up after sleep (WASO), sleep efficiency (SE), arousal index,
as well as sleep architecture (Wake, N1, N2, N3, REM sleep) according to recommendations
of the American Academy of Sleep Medicine (AASM).

2.5. Statistical Analysis

Data analyses were performed using SPSS, (Version 26, SPSS, Inc, Chicago, IL, USA)
Pre-experimental differences in characteristics between adolescents with obesity and their
matched controls with regard to anthropometry, body composition, circadian typology and
subjective sleep, as well as resting metabolic rate, physical activity, and energy expenditure
were assessed using t-tests. Repeated measures analysis of variance (ANOVA) were
performed with a 2 (weight status as between-subject factor) × 2 (conditions as within-
subject factor) design, in order to assess differences between groups (obese vs. normal
weight) and conditions (ad libitum vs. eucaloric) on each dietary intake variable (total
energy intake, %EI from proteins, %EI from lipids and %EI from CHO), energy intake
distribution throughout the day (breakfast, lunch, snack and dinner) as well as sleep
outcomes (TST, SE, SL, Wake, WASO, REM, N1, N2, N3, and arousals). When significance
was obtained, post hoc pairwise comparisons were computed using the Bonferroni method
to examine differences between the two conditions (ad libitum vs. eucaloric) for the obese
and normal weight groups separately. To test whether the presence of OSA influences
the results obtained, additional analyses were conducted while excluding participants
with potential OSA. All mentioned effect sizes were obtained using Cohen’s d. Pearson’s
correlations were performed to examine the relationships between Δ energy intake and
Δ sleep outcomes (ad libitum—eucaloric).
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3. Results

3.1. Subject Characteristics

Twenty-eight adolescents participated in this study, OB (n = 14) were adolescents
with obesity (BMI ≥ 90th centile) and NW (n = 14) were their normal weight age matched
controls. Their mean age was 14.0 ± 0.9 years. Detailed characteristics of the two groups are
presented in Table 1. The two groups differed in body weight, BMI, and percentage of body
fat (all p < 0.001). OB presented poorer sleep quality as indicated by PSQI score (p < 0.001),
as well as higher sleepiness estimated by ESS score (p < 0.001). No differences were found
in circadian typology (p = 0.210). No differences were found in time spent on sedentary,
light, and moderate to vigorous physical activity (all p > 0.05). However, RMR measured by
indirect calorimetry was higher in OB (OB = 2035 ± 364 vs. NW = 1631 ± 106 kcal·day−1,
p < 0.001), which resulted in a higher total energy expenditure (TEE) in OB compared to
NW (OB = 2864 ± 369 vs. NW = 2460 ± 148 kcal·day−1, p < 0.001).

Table 1. Descriptive characteristics, subjective sleep quality, daytime sleepiness, and perceived stress
of the sample population.

OB
Mean (SD)

NW
Mean (SD)

p
Value

Anthropometry & body composition
Age (year) 14.0 (0.9) 14.0 (0.9) -

Height (cm) 163.0 (11.7) 164.7 (7.8) 0.635
Weight (kg) 88.7 (23.8) 56.27 (6.14) <0.001

BMI (kg·m−2) 33.1 (7.1) 20.71 (1.58) <0.001
FM (%) 36.9 (5.7) 14.0 (3.2) <0.001

FFM (kg) 53.4 (12.3) 48.2 (4.7) 0.164
Circadian typology and subjective sleep

Circadian typology (MEQscore) 29.7 (3.4) 32.9 (5.9) 0.210
Sleep quality (PSQIscore) 8.4 (3.0) 4.2 (1.9) <0.001

Sleepiness (ESSscore) 9.3 (3.8) 4.3 (2.0) <0.001
Physical activity, RMR and TEE

Sedentary (min·day−1) 441 (46) 436 (62) 0.667
Light (min·day−1) 240 (36) 235 (43) 0.603

MVPA (min·day−1) 50 (27) 63 (39) 0.454
RMR (kcal·day−1) 2035 (364) 1631 (106) <0.001
TEE (kcal·day−1) 2864 (369) 2460 (148) <0.001

BMI: body mass index; ESS: Epworth Sleepiness Scale; FFM: fat free mass; FM: fat mass; MEQ: Horne–Östberg
Morningness–Eveningness questionnaire; MVPA: moderate to vigorous physical activity; NW: normal weight
controls; OB: adolescents with obesity; PSQI: Pittsburgh sleep quality index; RMR: resting metabolic rate;
SD: standard deviation; TEE: Total energy expenditure.

3.2. Energy Balance and Macronutrient Intake Outcomes

Figure 2 shows energy intake (EI), energy expenditure (EE), and energy balance (EB)
among OB and NW during ad libitum and eucaloric sessions. An interaction effect of EI
was detected (p < 0.001). Overall, EI was higher during ad libitum compared to eucaloric
(p < 0.001) and in OB compared to NW (p < 0.001). Post-hoc analysis showed a significant
increase of EI among OB during ad libitum compared to eucaloric (+653 kcal, p < 0.001).
However, the increase of EI in NW did not reach statistical significance (+125.8 kcal,
p = 0.24). Mean values of EE did not differ from pre-experimental measurement. No
differences were detected between group nor condition. Thereby, a significant interaction
effect of EB was obtained (p < 0.001). As for EI, post-hoc analysis showed a significant
increase in EB only in OB but not NW group.

Energy derived from each macronutrient is included in Table S2, interaction effects
were noted for protein (p < 0.001) and CHO (p = 0.007). However, macronutrient distribu-
tion did not differ between conditions (all p > 0.05). The results were similar after excluding
subject with OSA from the analyses (Table S3).
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Figure 2. Energy intake (A), energy expenditure (B) and energy balance (C) among OB and NW
during ad libitum and eucaloric sessions. OB: adolescents with obesity, NW: normal weight age
matched controls, NS: non-significant, ***: significant difference in Post hoc pairwise comparisons
(ad libitum vs. eucaloric) with p < 0.001.

3.3. Distribution of Energy Intake on the Four Meals

Giving that the proportions of all macronutrients were not different between condi-
tions, in Figure 3 we focused on EI distribution throughout the offered four meals among
OB and NW between the two sessions. Significant interaction effects were found for EI
during lunch and dinner. Consumption of energy intake was higher in OB compared to
NW and in ad libitum compared to the eucaloric condition.

Figure 3. Distribution of energy intake throughout the four meals among adolescents with obesity
and their matched normal weight controls during ad libitum and eucaloric sessions. *: significant
difference in Post hoc pairwise comparisons (ad libitum vs. eucaloric) with p < 0.05. ***: significant
difference in Post hoc pairwise comparisons (ad libitum vs. eucaloric) with p < 0.001.

3.4. Sleep Outcomes

Polysomnography outcomes are shown in Table 2. A significant interaction effect
was only detected in N1 sleep (p < 0.03). However, trends toward significance were also
obtained for SL (p < 0.065) with a moderate effect size. There were significant differences
between conditions in SL (p < 0.001) and N1 (p < 0.003). However, no differences in SL
and N1 were found between groups. Post hoc tests comparing these outcomes between
sessions for each group revealed no differences among NW. However, SL and N1 sleep
were significantly reduced in OB adolescents during eucaloric compared to ad libitum
sessions. Moreover, in accordance with the subjective sleep evaluation at baseline, poorer
sleep quality was obtained in OB adolescents compared to NW during both sessions. This
was marked by higher WASO, and Arousals (all p < 0.05). All these results are still valid
without taking into account subjects with OSA as shown in Table S5.
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3.5. Correlation of Δ Energy Intake with Δ Sleep Outcomes between Sessions in OB Group

Figure 4 shows correlations of Δ energy intake with Δ sleep outcomes between sessions
in OB group. Increased total energy intake was associated with reduced SE (p < 0.05),
increased SL (p < 0.01), N2 stage (p < 0.01), and reduced N3 stage (p < 0.01). Increased
energy intake during the second half of the day especially during the dinner might be
responsible of this effect. Increased energy intake during dinner was associated with
decreased SE (p < 0.01), N3 stage (p < 0.01), and increased N2 stage (p < 0.05).

Figure 4. Heatmap representation of the correlations between Δ energy intake and Δ sleep out-
comes between sessions (ad libitum—eucaloric) in OB group. Red indicates a negative relationship
whereas blue indicates a positive relationship; the darker the color, the higher the Pearson coefficient;
*: significant correlation with p < 0.05; **: significant correlation with p < 0.01.

4. Discussion

In view of reported poor sleep outcomes in adolescents and based on growing litera-
ture connecting sleep to obesity, there is an urgent need for effective non-pharmacological
alternatives to improve sleep in this population. Several studies highlighted the adverse
effect of poor sleep (duration/quality) on energy balance regulation resulting in increased
dietary intakes [6,9]. However, a clearer understanding of the complex interrelationship
between sleep and energy balance in the opposite direction is of significant importance
particularly in adolescents with obesity since the latest recommendations strongly endorsed
the consideration of sleep disturbances in the management of pediatric obesity [27]. In
this context, the present study questioned the effect on sleep of adjusting dietary intake
according to energy requirements (eucaloric) with a balanced macronutrient distribution
compared to ad libitum intake condition designed to reflect habitual dietary patterns.
Poorer sleep quality was observed in adolescents with obesity compared to their normal
weight peers during both conditions (eucaloric and ad libitum). Only three days of a
eucaloric diet were sufficient to allow a reduction of SL and N1 in adolescents with obesity.
This result suggests that positive energy balance may exacerbate the effect of obesity on
sleep. However, the results also suggest a strong weight status effect on sleep despite
feeding condition which means that positive energy balance alone cannot justify worsened
sleep among adolescents with obesity compared to normal weight counterparts. No effect
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was obtained on sleep in normal weight adolescents. However, this might be related to
the smaller variation in dietary intake between eucaloric and ad libitum conditions in
this group.

The effect of the present dietary interventions on sleep were not surprising. Despite the
limited number of clinical trials, an early study by Phillips et al., (1975) reported acute sleep
changes in response to dietary manipulation. In fact, lower time spent in slow wave sleep
(SWS) was observed following a high-carbohydrate/low-fat diet and higher time spent in
SWS upon a low-carbohydrate/high-fat diet compared to the control diet. Moreover, rapid
eye movement sleep (REM) was longer with the high-carbohydrate/low-fat diet compared
to the low-carbohydrate/high-fat and control diets; while non rapid eye movement sleep
(NREM) was shorter with both high-carbohydrate/low-fat and low-carbohydrate/high-fat
diets compared to the control diet [24]. Sleep quality changes measured by accelerometry
were also notable after 4 days of intervention including isocaloric high-protein or high-fat
or high-carbohydrate diets [34]. Others show that carbohydrate intake with high glycemic
index was associated with reduced SL [35]. In another study, SWS decreased immediately
during the first sleep cycle with a high carbohydrate diet compared to a high fat diet when
macronutrient distribution was only manipulated at dinner [25]. However, we highlight
that our results documented sleep changes in the absence of any substantial modification in
macronutrient proportions. Therefore, the most tangible explanation here could be overall
energy intake, or variation of energy consumption distribution on the four meals offered
during the day. Correlations between changes in energy intake and changes in SL and
N3 suggest that excess energy during the latter meals may be more related to difficulties
initiating sleep as well as lighter sleep among adolescents with obesity, but it remains to
be demonstrated in normal weight adolescents as the ad libitum condition resulted in a
smaller non-significant increase in EI.

Despite the fact that the obtained effect was very modest, our results confirm that
excess energy intake, mainly in the latter meals, could alter sleep quality. This is in line
with previously published studies. In fact, St-Onge et al., (2016) showed an increase in
SL and a decrease in slow wave sleep (Stage N3) following one day of ad libitum feeding
compared to those obtained upon 3 days of adapted and balanced diet in 26 normal-weight
adults [36]. In another study carried out among 45 adults with obesity and obstructive sleep
apnea, a higher caloric intake at night was also associated with higher sleep latency [37].
As detailed above, most studies dealing with the effect of nutrition on sleep focused on
macronutrient proportions and their “quality effect”, on sleep. However, the current study
highlights that sleep is also sensitive to energy intake variation underlining a “quantity
effect”. Excess energy especially in the latter meals appears to exert a negative effect on
sleep initiation and structure with more light sleep and less deep sleep. Some clinical
evidence suggests that consuming a large morning meal was not associated with obesity
while a large evening meal was found to substantially increase the risk of obesity [38].
Moreover, following a 12-week weight loss intervention (isocaloric diet: 1400 kcal per
day) among women with obesity, the group consuming a larger breakfast meal lost much
more weight and showed better improvement in fasting glucose, insulin, and Homeostatic
Model Assessment of Insulin Resistance (HOMA-IR) [39]. That is to say that in spite of
the number of calories, early eaters lose more weight and enhance their metabolic profile
in comparison with late eaters. The mechanisms behind this temporal effect on weight
regulation remain to be further explored. However, it appears that excess energy intake
during the latter meals could disrupt the circadian system by inducing a phase shift in the
peripheral clock and not the master clock. This circadian misalignment appears to induce
adverse effect on metabolism. Fewer studies focused on the effect of evening energy intake
on sleep. Driver et al. (1999) reported increased body temperature and suggested that a
high energy meal resulted in a long-lasting thermic effect of food that may interfere with
sleep episodes. However, no effect of a high energy dinner on sleep compared to a control
dinner containing half the amount of calories or even to a fasted condition were obtained.
Elevated core body temperature is known to affect sleep onset latency and to decrease

54



Nutrients 2021, 13, 3550

slow wave sleep (N3 stage) [40]. However, the aforementioned study was based on the
acute effect of one meal and may have been underpowered to detect differences in sleep
(n = 7). The effect of the digestive system on sleep remains poorly understood and should
be further investigated. However, a decrease in the gastrointestinal tract activity from sleep
stage N1 to N3 has been already reported [41]. Furthermore, previous studies showed
that large meals expand the stomach and increase upward pressure against the lower
esophageal sphincter [42]. Therefore, along with the thermic effect of food, mechanical
stimulation of the gastrointestinal tract as well as heartburn symptoms near to bedtime
could also be responsible for sleep alteration in response to larger energy intake during the
latter meals. Finally, we emphasize that the timing of energy intake was restricted in this
study. Thus, the effect of delayed meal timing on sleep in patients with obesity needs to be
addressed in future studies.

Limitations, Strengths, and Future Research Directions

This study was strengthened by combining objective assessments of energy balance
and sleep in youth under naturalistic free-living settings. However, as reported EI varia-
tions between ad libitum and eucaloric sessions were only significant in adolescents with
obesity. Our initial hypothesis of better improvement of sleep quality in adolescents with
obesity during eucaloric session was only based on celling effect of nutritional intervention
on sleep. We actually expected a comparable increase (but lower than that observed in
OB group) in EI in the two groups as previously reported in adults [43]. No study to our
knowledge has compared the nutritional response between normal weight adolescents
and those with obesity over 24 h. However, previous studies have reported similar nu-
tritional response in both groups during ad libitum lunch and dinner [44]. Even if we
failed to obtain a significant increase in EI in normal weight adolescents, this result may
underline lower loss of control overeating in NW group compared to OB. The choice of
this protocol was initially intended to reflect habitual dietary intake in comparison with
eucaloric condition. However, eating behavior traits of participants, as well as the inclusion
of subjects with obesity taking part in a multidisciplinary weight loss program may also
have exaggerated the increase of EI in OB group. We underline though that the ad libitum
sessions were organized identically with the same food items in both groups according to
Thivel et al. (2016) [45]. On the other hand, although we carefully included adolescents
without diagnosed OSA, it turned out that some participants from the OB group (n = 4)
presented undiagnosed OSA. However, the study results were checked, and no major
statistical differences resulted from the inclusion of these participants (Table S3–S5). This
could be explained by the mildness of the disease (AHI < 7 episodes·h–1).

The majority of previous studies exploring the effect of nutrition on sleep did not
consider physical activity. We emphasize that future research should systematically assess
physical activity during the intervention, giving the major impact that this behavior plays
on metabolism and sleep regulation, even in the short term [46]. The current study opens
the horizons for future research investigating the effect of energy balance (both EI and
EE) on sleep. It would be interesting to examine the effect of positive, neutral, or negative
energy balance on sleep and determine the effect of weight status per se on this relationship.
Furthermore, determining if a differential effect on sleep would result from an energy deficit
obtained by decreasing energy intake compared to that of increasing energy expenditure
would also be interesting. Future studies should also examine if an interaction effect of
nutrition and exercise on sleep exist. Finally, the effect of temporal variation in excess
energy intake on sleep found in this study brings a new insight to the potential therapeutic
effect of chrono-nutrition on sleep in adolescents.

5. Conclusions

Reduced energy intake during the eucaloric condition compared to ad libitum feeding
for only three days improved sleep quality by decreasing SL and N1 stage. This effect was
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only obtained in adolescents with obesity given that normal weight adolescents didn’t
increase their energy intake between the two conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13103550/s1, Table S1: Food items included in the ad libitum buffet meals and the
standardized eucaloric meals, Table S2: Energy derived from each macronutrient among adolescents
with obesity and their matched normal weight controls during ad libitum and eucaloric sessions,
Table S3: Energy derived from each macronutrient among adolescents with obesity (excluding the
4 participants with OSA) and their matched normal weight controls during ad libitum and eucaloric
sessions, Table S4: Distribution of energy intake throughout the four meals among adolescents with
obesity (excluding the 4 participants with OSA) and their matched normal weight controls during
ad libitum and eucaloric sessions, Table S5: Sleep based on EEG-recording among adolescents with
obesity (excluding the 4 participants with OSA) and their matched normal weight controls during
3rd night of ad libitum and eucaloric sessions. Figure S1: Heatmap representation of the correlations
between Δ energy intake and Δ sleep outcomes between sessions (ad libitum–eucaloric) in NW group.
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Abstract: Background: Chronotype is the pattern of the circadian rhythm that allows an individual
to optimize times of sleep and activity. It has been observed that chronotypes may associate with
some conditions and diseases, including obesity. It is not known, however, whether chronotypes
determine the effectiveness of weight loss regimens. Therefore, in the present study, we compared
the outcomes of a 3-week moderate calorie restriction undertaken by individuals with obesity under
the same controlled hospital conditions. Methods: A total of 131 participants with obesity (median
BMI 40.0) were studied. The subjects underwent the same dietary intervention over 3 weeks, with a
30% reduction in daily caloric intake. The individual chronotypes were assessed by the morning and
evening questionnaire (MEQ) according to Horne and Östberg. Anthropometric and biochemical
parameters were assessed by routine methods. Results: Of all patients examined, 75% had the
morning (lark) chronotype and 25% had the evening (owl) chronotype. These patient sub-groups did
not differ in terms of demographic, anthropometric and biochemical characteristics at baseline. After
3 weeks of calorie restriction, both groups experienced a similar loss of weight and BMI (Body Mass
Index) (3.4 ± 0.38% for larks vs. 4.1 ± 0.47% for owls, p = 0.45), with owls exhibiting a marginally
greater loss of body fat (3.1 ± 0.79%) compared with larks (2.6 ± 0.64%), p = 0.02. On the other hand,
the larks had a more discernable, but not statistically significant from owls, decrease in glycated
haemoglobin and CRP (C Reactive Protein). Conclusions: The chronotype of individuals with obesity
does not have a significant effect on the magnitude of the body weight loss, but there is a tendency
observed towards the reduction in body fat content in owls through changing their meal and sleep
timing to earlier hours, in response to moderate calorie restriction applied under the same controlled
conditions.

Keywords: chronotype; calorie restriction; obesity

1. Introduction

The chronotype is a pattern of the circadian rhythm that determines the most optimal
activity and rest time. It is divided into morning (“lark”), evening (“owl”), and mixed type.

It seems indisputable that there is a close correlation between the chronotype and
health condition, including the incidence of specific diseases [1–3].
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Based on the relationship between chronotype and obesity, people defined as evening
type present a predisposition to an increased adipose tissue content [4]. Numerous studies
suggest that this relationship may be determined by diet. Maukonen (2016) noted that
people with the evening chronotype were much more likely to lead an unhealthy lifestyle
while not showing a greater genetic predisposition to obesity compared to individuals
from other chronotypes [5]. Similar conclusions were also reached by Lucassen et al., who
determined that evening chronotype individuals were associated with the later consump-
tion of meals, more meals per day, night snacking, and a higher level of stress hormone
and the risk of cardiovascular events related to obesity [6].

Considering the scientific data, few reports exist on the relationship between chrono-
type and the effectiveness of a diet. Ross et al. focused their studies on the effectiveness
of a reduction diet, taking into account the subjects’ chronotype. Of the subjects studied,
the majority (73%) were women. During the course of the study, the authors tried to
determine whether the chronotype of the subject affected the results of the diet used. It
was found that the “morning” chronotype individuals had a higher chance of weight loss.
This phenomenon was determined by longer sleep and its better quality [7]. In the Ross
experiment, participants were not subject to the same dietary restrictions but were recruited
as members of the National Weight Control Registry (NWCR) who lost at least 13.6 kg and
maintained that weight for at least 1 year.

Furthermore, we investigated a soluble form of the advanced glycation end prod-
ucts receptor (sRAGE) [8]. RAGE receptors show a strong relationship with obesity [9],
and their expression within adipocytes is higher in the population with increased body
weight [10]. The available literature on the subject provides ample evidence indicating
a close relationship between the concentration of the RAGE receptor’s soluble form and
body weight [11,12]. Moreover, many authors suggest that sRAGE may be considered a
universal biomarker used to treat obesity and its complications [9,13].

Although prior studies have focused on the eating and physical activity patterns of
successful weight loss, there has been no research to date on the chronotype in control
condition. As many individuals may have difficulties in adhering to prolonged and
substantial caloric restriction resulting in a significant weight loss, here we have addressed
this issue in a setting more likely to reflect a real-life situation but in hospital conditions, and
assessed various biochemical parameters in obese volunteers undergoing only short-term
(3 weeks) and rather moderate calorie restriction (25–30% energy deficit).

The aim of the study was to determine whether the individual chronotype is related
to the weight loss.

2. Materials and Methods

The study protocol was approved by the Bioethics Committee of the Medical Univer-
sity of Poznań (Resolution No. 201/19) and was in line with the Helsinki Declaration’s
basic principles. Each subject signed a consent form to participate in the study and was
informed in detail about its course.

2.1. Study Group

The study group consisted of 131 people (61 men and 70 women) treated for obesity
at the Department and Clinic of Internal Diseases, Metabolic Diseases, and Dietetics of
the Medical University of Poznań, outlined in Table 1. The subjects were individuals
with obesity, falling into pre-defined criteria with BMI (Body Mass Index) >30 kg/m2, age
>18 years old, who were invited to initiate a weight loss regimen on a doctor’s advice.
The exclusion criteria for the study included: vegetarian (or another alternative) diet con-
sumption; previous or current neoplastic disease (receiving radiotherapy, chemotherapy);
cardiovascular, autoimmune, congenital metabolic or liver diseases; inflammatory bowel
disease (Crohn’s disease, ulcerative colitis); status after ischemic or hemorrhagic stroke
(<6 months) and after STEMI (ST Elevation Myocardial Infarction) or NSTEMI (No ST
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Elevation Myocardial Infarction) (<12 months); eating disorders (anorexia, bulimia); mental
disorders; alcohol/drug abuse; and ongoing antibiotic therapy and steroid therapy.

Table 1. Anthropometric characteristics of all study participants by chronotype (n = 131); Kruskal–Wallis test. The values of
the results in the study are given as a median (minimum–maximum). BMI (Body Mass Index).

Parameter
Morning Type

(n = 98)
Evening Type

(n = 33)
p

Age, years 47.0 (22.0–69.0) 38.0 (21.0–63.0) 0.0737

Body weight, kg 115.8 (75.0–205.0) 113.0 (89.2–194.0) 0.8011

BMI, kg/m2 40.5 (30.1–63.3) 38.5 (30.5–73.0) 0.2233

Female, n(%) 55 (56) 15(45)

Post-menopausal
female, n (%) 26 (27) 7 (21)

Diabetes mellitus patients, n (%) 16 (16) 6 (18)

Individuals who qualified for the study were subjected to a three-week dietary treat-
ment in a hospital setting. All patients were hospitalized and subjected to the same
environmental factors, schedule of the day, amount of physical exercise, and catering diet
including vegetables, meat, dairy, and grain products. They used an individually selected
diet with a 25–30% reduction in the daily caloric supply (reduction of 500 to 1000 kcal) in
relation to the total energy requirement, calculated according to the Harris and Benedict
formula [14] and the physical activity index. All patients received the same type of diet
provided by a catering company, with the same proportion of nutrients: 20% protein,
25–30% fat, and 50–55% carbohydrates.

The patients’ daily schedule was as follows:

• 7.00 am—wake up;
• 7.30 am—breakfast;
• 8.30 am—breathing exercises 30 min;
• 9.30 am—strengthening exercises 30 min;
• 10.15 am—brunch;
• 11.00 am—stationary bike ride 40 min;
• 12.00 pm—meeting with a dietitian;
• 12.40 pm—lunch;
• 13.30 pm—breathing exercises 30 min;
• 17.00 pm—dinner;
• 23:00 pm—bedtime.

During their stay at the Department and Clinic of Internal Diseases, Metabolic Diseases
and Dietetics of the Medical University of Poznań, the patients had two blood samples
taken for biochemical tests, based on which the levels of glucose, insulin, C-reactive protein,
HbA1c glycated hemoglobin in the blood serum, and insulin resistance were calculated.
Sampling was performed at the same time of day (between 07:00 h and 08:00 h) and in a
fasting state to avoid circadian influences.

Samples were centrifuged and stored at −80 ◦C until assay. Each sample was assayed
for soluble receptor for advanced glycation end products (sRAGE) using enzyme-linked
immunosorbent assays (ELISA) using the manufacturers’ instructions (R&D system, Min-
neapolis, USA). The sensitivity of the sRAGE was 48 pg/mL. The routine biochemical
investigations were carried out in the University Hospital’s central laboratory, using stan-
dard commercial reagent kits. Bodyweight measurement was also conducted, including
body composition analysis using the BIA electrical bioimpedance method, which allowed
the estimation of both the percentage and weight of adipose tissue and muscle tissue in
patients. The measurement was performed under standardized conditions (in the morning,
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in the fasting state, with an empty bladder, and with the body in a standardized spatial
position).

Simultaneously, all participants completed the morning and evening questionnaire
(MEQ) according to Horne and Östberg (1976) to assess individual daily preferences [15].
On this basis, they were divided according to the presented type of chronotype: lark
(scoring ≥ 59), owl (scoring ≤ 41), and intermediate type (scoring 42–58).

However, ultimately it was decided to combine the last two types; therefore, owl and
intermediate were classified as the evening type [4,16].

2.2. Statistical Analysis

The calculations were made using the Statsoft Statistica 12 program. The level of
significance was set at α = 0.05. The result was considered statistically significant when
p < α. The normality of the distribution of variables was checked using the Shapiro–Wilk
test. The Mann–Whitney test was used to calculate the two groups of variables. To test
the relationship between continuous variables, Spearman’s rank correlation coefficient
was calculated, and in the case of categorical variables, the chi2 test of independence.
In order to analyze changes over time, for related samples, the Wilcoxon test was used.
The sRAGE results were assessed in terms of outliers’ values in the Grubbs’ test. After
removing two outliers above 2000 pg/mL, the statistical significance did not change
significantly. Therefore, in the entire further study, the sRAGE results were presented
with outliers included. The values of the results in the study are given as a median
(minimum–maximum).

3. Results

Of 131 patients examined, 98 (75%) were found to have the morning chronotype,
7 (5%) had the evening chronotype, and 26 (20%) had the intermediate chronotype
(Figure 1). Due to the small number of subjects with the pure evening chronotype, for the
purpose of this analysis the participants with intermediate and evening chronotypes were
grouped together and designated further as owls. These patients were compared to those
with the morning chronotype, designated as larks. Such an approach was used previously
in other studies [16,17].

Figure 1. Distribution of chronotypes among all participants, n = 131.

The participants’ characteristics are given in Table 1. At the beginning of the study,
there were no differences between larks and owls in terms of basic demographic and
anthropometric criteria. There were also no significant differences between the groups
in biochemical parameters related to glycemic control and inflammation (blood glucose
and insulin, insulin resistance, glycated haemoglobin, and soluble receptor for advanced
glycation end-products) (Table 2).
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Table 2. Anthropometric and metabolic characteristics of the study group (n = 131), taking into account measurement
changes before and after caloric restriction, by chronotype; Wilcoxon signed-rank test. The values of the results in the study
are given as a median (minimum–maximum). BMI (Body Mass Index), HOMA-IR (Homeostasis Model Assessment of
Insulin Resistance), HbA1c (Glycated Haemoglobin), CRP (C Reactive Protein).

The Obese (n = 131) before and after Caloric Restriction, Broken Down by Chronotype

Parameter

Morning
Type before

(M1)
n = 98

Evening Type
before (E1)

n = 33

Morning
Type after

(M2)
n = 98

Evening
Type

after (E2)
n = 33

M1 vs.
M2 p

E1 vs. E2
p

Δ (%)
Morning

Type

Δ (%)
Evening

Type

Δ (%) Morning
Type vs. Δ (%)
Evening Type

p

Body weight, kg 115.8
(75.0–205.0)

113.0
(89.2–194.0)

115.2
(78.5–192.3)

110.9
(81.8–187.6) <0.001 <0.001 3.4 4.1 0.4486

BMI, kg/m2 40.5
(30.1–63.3)

38.5
(30.5–73.0)

39.9
(29.0–59.4)

38.4
(30.4–70.6) <0.001 <0.001 3.25 4.0 0.3298

Fat tissue, % 41.7
(25.8–51.0)

43.6
(27.1–51.1)

40.9
(21.3–50.1)

41.8
(24.5–51.4) <0.001 0.0019 2.6 3.1 0.0224

Visceral fat, kg 16.0
(5.0–43.0)

14.0
(10.0–45.0)

14.0
(4.0–39.0)

13.0
(10.0–44.0) <0.001 0.0033 6.7 7.1 0.7605

sRAGE serum,
pg/mL

371.8
(70.4–1259.0)

394.1
(194.3–1295.0)

389.7
(74.5–1011.0)

533.9
(82.0–1343.0) 0.8078 0.2652 0.85 5.7 0.6779

Glucose, mg/dl 101.0
(79.0–308.0)

103.0
(79.0–290.0)

101.0
(82.0–203.0)

105.0
(78.0–253.0) 0.3972 0.3203 0.0 2.1 0.7438

Insulin,
μU/L

18.6
(4.7–79.6)

17.1
(7.6–45.3)

13.9
(1.3–78.0)

12.7
(7.3–43.8) 0.1249 0.2845 7.8 8.0 0.6749

HOMA-IR 4.5
(1.2–25.2)

4.3
(1.8–11.4)

3.0
(0.0–50.4)

2.5
(0.0–10.4) 0.0591 0.0107 5.9 9.7 0.4370

HbA1c, % 5.8
(4.4–9.80

5.7
(4.8–9.6)

5.4
(4.4–16.0)

5.5
(4.7–8.8) 0.0047 0.0712 4.3 5.7 0.8387

CRP,
mg/L

5.0
(0.5–22.5)

3.7
(0.5–13.4)

3.1
(0.5–35.2)

3.9
(0.5–11.3) 0.0039 0.3507 30 24.3 0.9183

The 3-week calorie restriction resulted in a a modest, but significant reduction in body
weight (Figure 2), and consistently in BMI, % of adipose tissue, and visceral fat. While there
was no difference between larks and owls in the magnitude of the reduction in weight
or BMI, there was a marginally greater loss of body fat in owls (3.1 ± 0.79%) compared
with larks (2.6 ± 0.64%), p = 0.02 (Table 2). In addition, the larks had a clearer decrease in
glycated haemoglobin and CRP (C Reactive Protein), but this did not differ significantly
from that in owls (Table 2). Since it has previously been suggested that the concentration
of sRAGE decreases in obesity [7,18], we assessed sRAGE levels in our patients. Indeed,
we observed a weak, inverse correspondence between BMI and sRAGE concentration
(r = −0.2327, p = 0.0075; Figure 3A), which, however, did not differ between larks and
owls (Figure 3B,C). Moreover, a decrease in BMI following the dietary intervention was
not associated with a significant change in sRAGE concentration in either group.

Figure 2. Body weight before and after caloric restriction. Wilcoxon signed-rank test. Individual
datapoints linked by a line for: (A)—morning chronotype (n = 98), (B)—evening chronotype (n = 33).

63



Nutrients 2021, 13, 4089

Figure 3. Correlation between serum sRAGE concentration (pg/mL) and BMI (kg/m2) before caloric restriction; Spearman
test. (A) In the study group, n = 131. (B,C) In each chronotype: (B)—morning type (n = 98), (C)—evening type (n = 33).

4. Discussion

To the best of our knowledge, this is the first study to assess the relationship between
dietary restriction and chronotype. Due to its innovation and pioneering nature, this aspect
seems particularly interesting to us in exploring obesity. Imposed dietary schedules allow
us to observe if, according to chronotype, the same timing and caloric load of meals results
in different weight reduction. This type of restricted conditions removes differences due to
chronotype eating habits, which, according to the literature, appears to be less healthy in
the owl chronotype, consuming more food in the evening.

Research provides ample evidence that the chronotype is associated with the occur-
rence of specific metabolic disorders [1,3]. Underlying these aberrations are disturbances
in biological rhythms that control sleep and wakefulness [19].

When analyzing the study group, we found that 75% of obese patients were larks, while
25% were owls, a correlation that is opposite to that reported in the literature [20,21]. The
prevalence of participants with a lark chronotype may suggest that this type of chronotype
is more eager to take care of their health and search for medical help. According to Dashti
et al., morning diurnal preference is connected with an increased intake of healthy foods
and better adherence to recommendations [22].

Multiple authors note that people described as evening type present a predisposition
to increased body fat content [4,23]. This dependence may be determined by the individuals’
diet and unhealthy lifestyle [5,6].

The dietary restriction we carried out in our study allowed for a significant reduction
in body weight, BMI, % of adipose tissue, and visceral fat both in the case of the lark
type and representatives of the owl type. Comparing these two studied groups, owls
reduced body fat more significantly than larks, possibly because of imposed earlier meal
consuming—last meal at 5 p.m. and regular bedtime an hour before midnight. It suggests
that, indeed, late eating and falling asleep are connected with negative metabolic shifts,
predisposing patients to greater body fat accumulation. Circadian misalignment seems to
be harmful only if it takes place during night hours, as it is observed in many studies of
night-shift workers [18,24]. The shift to earlier diurnal hours in our study had a beneficial
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effect on the faster reduction in body fat content in participants with late hours activity
before the study period.

It should be noted that the nutritional modification carried out was effective in re-
lation to other parameters: a decrease in CRP, HOMA-IR (Homeostasis Model Assess-
ment of Insulin Resistance), or HbA1c (Glycated Haemoglobin). The improvement in
insulin resistance associated with HOMA-IR reduction was recorded in the evening type
(p = 0.0107), and the glycosylated hemoglobin and CRP decreased in the morning chrono-
type (p = 0.0047 and p = 0.0039, respectively).

This result is similar to the Meydani study, which also reported a 40% reduction in
CRP following a long-term moderate diet [25].

In turn, Reutrakul et al., in their work, emphasized the potential role of the evening
chronotype as a prognostic factor for disturbances in glycemic control and promoting the
subsequent development of insulin resistance [3].

Additionally, it is worth emphasizing that multiple studies reported a negative corre-
lation between body weight, BMI, and serum sRAGE concentration [9,12,13]. Considering
this dependence, the effect of diet therapy may be an appealing new topic for researchers.

In our study, weight loss did not correlate with the change in sRAGE; sRAGE con-
centration did not change among all subjects (p = 0.7760) and after taking into account the
division by chronotype. The limitation of the study is its short duration but, on the other
hand, all participants were in the same supervised environmental circumstances, which
enabled the assessment of the influence of extrinsic factors on different types of chronotype.
These small sample sizes and the short-term caloric restriction regimen were imposed by
the hospital conditions and require further confirmation in a larger cohort and for a more
extended period followed by a weight-stable period.

More research is needed to define the chronotype’s exact role in the effectiveness of a diet.

5. Conclusions

Our research found that an individual’s chronotype is not related to body weight
loss or concentration of the soluble form of the receptor for advanced glycation products
(sRAGE), but there is a tendency observed towards a faster reduction in body fat content
in owls by changing their meal and sleep timing to earlier hours compared to larks. All
other parameters such as caloric load, food composition, and physical exercise/activity
levels were the same. The results of the study suggest that taking into consideration
the chronotype of obese patients may possibly facilitate a particular body fat content
reduction by changing the timing of the meals, but further research is needed to assess
other correlations between chronotype and factors influencing weight changes.
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Abstract: With concerns that adolescent girls often skip breakfast, this study compared the effects
of breakfast consumption versus breakfast omission on free-living physical activity (PA) energy
expenditure (PAEE) and dietary intakes among adolescent girls classified as habitual breakfast
skippers. The participants went through two 7-day conditions in a trial with a crossover design: daily
standardised breakfast consumption (energy content: 25% of resting metabolic rate) before 09:00 (BC)
and daily breakfast omission (no energy-providing nutrients consumed) until 10:30 (BO). Free-living
PAEE, dietary intakes, and perceived appetite, tiredness, and energy levels were assessed. Analyses
were linear mixed models. Breakfast manipulation did not affect PAEE or PA duration. Daily fibre
intake was higher (p = 0.005; d = 1.31), daily protein intake tended to be higher (p = 0.092; d = 0.54),
post-10:30 carbohydrate intake tended to be lower (p = 0.096; d = 0.41), and pre-10:30 hunger and
fullness were lower and higher, respectively (p ≤ 0.065; d = 0.33–1.01), in BC versus BO. No other
between-condition differences were found. Breakfast-skipping adolescent girls do not compensate for
an imbalance in energy intake caused by breakfast consumption versus omission through subsequent
changes in PAEE but may increase their carbohydrate intakes later in the day to partially compensate
for breakfast omission. Furthermore, breakfast can make substantial contributions to daily fibre
intake among adolescent girls.

Keywords: adolescents; children; exercise; health; nutrient timing

1. Introduction

Observational reports in children and adolescents suggest that more frequent breakfast
consumption is associated with higher physical activity (PA) levels, which may contribute
to reduced adiposity and cardiometabolic disease risk [1–3]. Indeed, a sustained en-
ergy deficit through increased physical activity energy expenditure (PAEE; i.e., bodily
movements resulting in energy expenditures exceeding 1.5 metabolic equivalents (METs))
and/or reduced energy intake can reduce adiposity, and PA independently improves
cardiometabolic health [4,5]. As such, the combination of consuming breakfast with the
possible consequential improvements in PA could enhance an individual’s health. However,
only experimental study designs can determine whether breakfast consumption causes
such improvements when compared with breakfast omission [1,6]. Randomised controlled
trials in adults suggest that rather than reductions in daily energy intake [7], increased
free-living PAEE occurs in response to breakfast consumption (typically carbohydrate-
based) versus breakfast omission, possibly due to exogenous glucose availability being
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the primary fuel source for PA [8–10]. So far, evidence of a breakfast effect on PA has been
inconclusive and has not necessarily targeted the most relevant populations [11–13]. Under-
standing such responses in adolescent girls has particular public health relevance because
the adolescent decline in breakfast consumption [1] and PA [14] is more pronounced in
girls than in boys, such that only ~20% of UK adolescent girls consume breakfast daily [2],
and only ~9% meet the PA level recommendations [15].

Adolescent girls may respond differently to breakfast manipulations than adults
because they have distinct hormonal, metabolic, and behavioural profiles [16], including
pubertal insulin resistance [17], growth [18], fuel utilisation [19,20], and PA behaviours [15].
Furthermore, eating breakfast to aid the provision of a continuous carbohydrate supply may
be more important to fuel daily PA in adolescents than adults due to their higher reliance on
exogenous carbohydrate [19,20] and higher energy expenditures [21]. Nevertheless, protein-
rich breakfasts may be more beneficial when the primary aim is to reduce appetite [22–24].
In young people, only two published experimental studies have examined the causal effects
of breakfast manipulation on PA [25,26], and cross-sectional findings are unclear [2,3,27,28],
as are experimental findings on energy intake [22–25,29]. In our 3-day crossover trial
comparing breakfast omission versus consumption in adolescent girls, PA assessed via
wrist-worn accelerometry was unaffected despite the incomplete (24%) energy intake
compensation after breakfast omission [25]. Using combined heart rate and accelerometry
devices to provide a more sensitive measure of PAEE, our follow-up 7-day crossover
trial reported that adolescent girls spent more time in light PA before 10:30 and after
school, and less time sedentary after school during daily versus intermittent breakfast
consumption [26]. However, PAEE was unaffected, and energy intake was not assessed.
It is logical that contrasting the extremes of complete daily breakfast omission across the
week with breakfast consumption should result in more pronounced effects, which can
be ethically achieved with girls who habitually skip breakfast. Moreover, data from girls
who habitually skip breakfast ensure that the findings can be applied directly to those ‘in
need’. Thus, the primary aim of this cross-over study was to compare the effects of seven
days of breakfast consumption with breakfast omission on free-living PAEE in adolescent
girls classified as habitual breakfast skippers. The secondary aims were to examine the
effects on dietary intakes and perceived appetite, energy, and tiredness. The key novel
contributions of this study in extending previous breakfast–PA research were: (1) the
targeting of adolescent girls who habitually skip breakfast specifically, (2) an extended
breakfast omission experimental period of an entire week, and (3) an assessment of both
PA and diet-related responses as outcomes.

2. Materials and Methods

2.1. Participants

This study was conducted in accordance with the ethical standards of the University of
Bedfordshire Research Ethics Committee (ethical approval number: 2018SSPA002) and the
Helsinki Declaration of 1975 as revised in 1983. The study was registered at clinicaltrials.gov
with identifier NCT04481776. Data collection was completed between January 2018 and
February 2019. Thirty-nine girls aged 11–14 years were recruited from schools located
in Bedford, England. Parental informed consent and child assent were provided for all
participants. Girls were excluded from the study if they had health-related issues identified
from a health screening questionnaire (e.g., allergies to the breakfast meals, fitted with a
pacemaker), were unable to walk or wear a combined heart rate and accelerometer on their
chest, or were classified as habitual breakfast consumers during preliminary measures.

2.2. Sample Size Calculations

The sample size estimation was based on our primary outcome, PAEE. A positive
energy balance of at least 628 kJ/d in excess of normal growth requirements [30] may
explain the higher adiposity in infrequent breakfast consumers [1]. Post-breakfast energy
intake compensation was expected to account for ~24% of breakfast energy intake in
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adolescent girls [25], which equates to ~312 kJ of the expected average breakfast of 1302 kJ
(i.e., 25% of the resting metabolic rate (RMR) based on an RMR of 5207 kJ/d) used here.
Therefore, energy intake was expected to be 989 kJ/d higher on the breakfast consumption
days as compared with the breakfast omission days in the present study (i.e., the added
energy consumed at breakfast minus the 24% energy intake compensation). Based on
these figures, we deemed that the smallest worthwhile difference in the estimated PAEE
between the conditions would be 1617 kJ/d (i.e., 989 kJ/d to achieve energy balance plus
628 kJ/d [30]). The expected SD for free-living PAEE in adolescents is ~1990 kJ/d [26,31,32].
Thus, a sample size of 15 participants was estimated to detect a significant difference in
the estimated PAEE at 85% power, with an α of 0.05, a Cohen’s f effect size of 0.43, and
an assumed correlation between treatments of 0.5 in this two-treatment crossover design.
Thirty-nine girls were recruited to allow for ineligible volunteers and dropouts.

2.3. Preliminary Measurements

Stature was measured to the nearest 0.01 m using a portable Leicester height measure
(SECA Corporation, Hamburg, Germany). Body mass was measured, and percent body fat
was estimated to the nearest 0.1 kg and 0.1%, respectively, using a Tanita Body Composition
Analyser (BC-418 MA, Tanita Corporation, Tokyo, Japan). Body mass index (BMI) was
calculated as body mass divided by stature squared (kg·m−2), with weight status subse-
quently defined according to the International Obesity Task Force age- and sex- specific
cut-points [33]. Waist circumference was measured to the nearest millimetre in accordance
with recommended procedures [34]. With the assistance of a primary home-based carer,
the girls provided a validated [35,36] self-assessment of their physical maturation using
secondary sexual characteristics [37]. A questionnaire was used to assess their breakfast
habits on week and weekend days, including frequency (number of days per week), time
and location of consumption, types of food and beverages consumed, and reasons for
skipping breakfast. For study eligibility purposes, the girls were asked the following
question: ‘How often do you normally consume less than 50 kcal (e.g., less than a piece of
fruit or a small glass of juice) before 10:30?’; the girls were given the opportunity to ask
questions to clarify any aspects of this question that they did not understand and were
asked to confirm their response verbally prior to the commencement of the study. Only
girls who skipped breakfast (less than 50 kcal before 10:30) on at least four days/week
were included in the study [8,9].

The participants then completed two tests required for the individual calibration of
the combined heart rate and accelerometry devices used in the experimental conditions:
(1) a submaximal treadmill exercise protocol consisting of 4 × 4 min stages to determine the
relation between heart rate and estimated energy expenditure, and (2) a resting metabolic
rate protocol where a 10 min resting expired air sample was collected after 20 min of quiet
rest in the fasted state [38]. Expired air was sampled continuously during the treadmill and
RMR tests using an online gas analysis (Metalyzer 3b, Cortex, Leipzig, Germany). Energy
expenditure was estimated using the Weir equation [39,40].

2.4. Experimental Design

Using a cross-over design, each participant went through two 7-day conditions sepa-
rated by a seven to ten-day washout: breakfast consumption (BC) and breakfast omission
(BO). The conditions were completed in a counter-balanced order using block randomi-
sation, with as close as possible to half of the participants randomised to each sequence
(i.e., BC then BO or BO then BC), as determined using a computer-based number generator.
The irregular menstrual cycles in this population coupled with the 7-day duration of each
intervention, and the feasibility of allowing the girls to complete the study alongside a
friend to help provide an enjoyable, exciting, and comfortable experience meant that it was
not possible to align the experimental conditions to a specific menstrual cycle phase for
each individual. On each of the seven days, the participants were asked to consume a stan-
dardised breakfast before 09:00 in BC and to abstain from all energy-providing nutrients
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before 10:30 in BO. These cut-off times were in line with proposed definitions of breakfast,
which should be consumed within 2 to 3 h of waking, typically no later than 10:00 [41,42].
Due to the nature of the sample, it was also important that the breakfast omission cut-off
time coincided with the participants’ first opportunity to consume food or drink at school
(i.e., break time at ~10:30). The participants could eat as and when they pleased from
10:30 onwards in both conditions. Throughout each 7-day condition, free-living PAEE was
estimated using the combined heart rate and accelerometry devices (Actiheart, CamNtech,
Cambridge, UK), as described elsewhere [22], and dietary intakes were recorded using a
combined photographic and written food diary, also described elsewhere [21]. Additionally,
the participants completed a Visual Analogue Scale (VAS) for hunger, fullness, tiredness,
and energy levels on the dietary assessment days. The experimental conditions did not
coincide with anticipated changes in PA or dietary habits (e.g., holidays, school sports
days), as confirmed with the participants, their parents, and teachers.

The participants and their parents received telephone reminders during each condition
to help maximise compliance to study procedures (i.e., adhering to the breakfast omission
and omission protocols, wearing the Actiheart monitor, and recording dietary intakes).
Compliance to the breakfast intervention was confirmed via photographs taken by the
participants of all food and drink consumed before 10:30 using the digital camera provided
(ViviCam 46, Vivitar Shenzhen, China), and through a written daily breakfast log that
included the time breakfast was consumed for BC or the time that the first meal or snack
was consumed after the breakfast omission cut-off (i.e., 10:30) for BO.

2.5. Breakfast Interventions

The quantity, composition, and time of consumption of the standardised breakfast
was designed to align with proposed definitions of ‘breakfast’ [41,42]. The energy content
was 25% of individual RMR, which is in line with recommendations that breakfast should
contribute to ~15–25% of daily energy intake [41]. Based on our previous studies, RMR
ranged from around 3348 to 7115 kJ/d in adolescent girls [26], which equated to a breakfast
energy content of 837–1779 kJ/d in the present study. Prior to the experimental conditions,
the participants selected one wholegrain, high-fibre, ready-to-eat cereal (with the option
of adding raisins) and fruit juice from a limited selection that was based on the breakfast
preferences of girls in our previous work [25,26]. The breakfast items that the girls chose
are shown in Supplementary Table S1. The breakfast items selected were consumed on each
day of BC; thus, breakfast composition was controlled within participants, but not between
participants, in order to account for individual preferences. This CHO-based breakfast was
chosen as higher exogenous glucose availability may act as a physiological mechanism that
increases PA in response to breakfast consumption versus omission [8–10]. Furthermore,
high fibre, wholegrain, cereal-based breakfasts may be particularly beneficial to health in
adolescents [43,44]. The participants were instructed to consume the breakfast at home
before 09:00. To ensure that the correct amount of each breakfast item was consumed,
the food items were provided to the participants in pre-packaged containers, and the
participants were provided with a marked beaker to measure their milk and juice each
morning. The only exception was that parents were asked to provide the semi-skimmed
(1.8%) milk. To be included in the final dataset, the participants were required to confirm
verbally and using photographic evidence that they had consumed their breakfast on all
seven days of BC, and to confirm verbally that they had consumed no energy-providing
nutrients before 10:30 on all seven days of BO.

2.6. Physical Activity Energy Expenditure Assessment

Participants were fitted with a combined heart rate and accelerometer (Actiheart, Cam-
Ntech, Cambridge, UK) the day before each condition, which was removed after eight days.
Combining heart rate and accelerometer data improves the validity of PAEE estimations
in 12–13-year-olds as compared with accelerometry or heart rate monitoring alone [45].
The procedures used to fit the monitor and the instructions provided to the participants
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to ensure that only genuinely meaningful behavioural responses were recorded were in
line with recommendations and are described in detail elsewhere [26]. Each participant’s
monitor was set to record data in 15-second epochs and was individually calibrated using
the measured RMR and exercise energy expenditure values from preliminary testing. This
calibration method accounted for individual differences in the heart rate–PAEE relationship,
ensuring greater accuracy of the PAEE estimations when compared with group regression
equations [45].

As only Actiheart data during waking hours were analysed, participants were required
to record their answers to the following questions using a daily log: “what time did you
wake up?”, “what time did you get out of bed?”, “what time did you turn off the light
and go to bed?”, and “what time did you fall asleep?”. Using a standardised protocol,
the self-reported wake and bedtimes were utilized to provide a region of interest for
each 24 h Actiheart data file. Objective markers were then used to identify bed time (i.e.,
the beginning of prolonged minimal movement accompanied by a decline in heart rate)
and wake time (i.e., the beginning of prolonged increased movement accompanied by an
increase in heart rate) [26,32].

The procedures used to analyse the Actiheart data files are described in detail in our
previous publication [26]. After excluding data classified as ‘lost’ and ‘not worn’, only
datasets with four valid days (i.e., at least 10 h of useable data), including one weekend day
for each condition, were included [2,26,28]. Branched equation modelling was used to esti-
mate PAEE. Metabolic equivalent (MET) values were used to define sedentary (<1.5 METs),
light (1.5–2.9 METs), moderate (3.0–5.9 METs), and vigorous (>5.9 METs) activity.

2.7. Dietary Assessment

Weighed food records were not considered to be suitable for the present study due to
the high participant burden and poor compliance in adolescents [46,47], a population that
has reported a preference for methods using technology such as a disposable camera [48].
Thus, the participants recorded their daily diet using a digital camera (ViviCam 46; Vivitar)
and a written food diary during the final four consecutive days that included two weekdays
and both weekend days during each condition. As dietary intakes vary significantly
between Saturday and Sunday, including both weekend days and a selection of weekdays
was recommended in order to obtain estimates that are representative of usual intakes [49].
Thus, all four days had to have been completed for a participant to be included in the
final dataset for dietary analyses. The combined photographic and written food diary is
described in detail elsewhere [25]. We have previously shown that the natural variation
in free-living energy intake assessed using this method may be small enough to detect
meaningful differences [25]. The mass of each food and beverage item consumed was
estimated by comparing the digital photographs taken by the participants with the Young
Person’s Food Atlas [50,51], which has good agreement with weighed food diaries in
children aged ≥11 years [52]. Energy and macronutrient intakes were estimated from the
food diaries using the myfood24 online dietary analysis software (Nexus, Leeds, UK).

2.8. Perceived Appetite, Tiredness, and Energy Levels

Participants were asked to answer the following questions using a 100 mm visual
analogue scale (VAS): “How hungry do you feel right now?”, “How full do you feel
right now?”, “How tired or drowsy do you feel right now?”, and “How energetic do you
feel right now?”. Responses were recorded on the four days that dietary intakes were
assessed, at three time points: on waking (i.e., ‘baseline’), at 09:00 (i.e., the BC cut-off),
and at 10:30 (i.e., the BO cut-off); further assessments throughout the day were not taken
due to the additional participant burden. VAS has been shown to be valid and reliable
for assessing hunger, fullness, fatigue, and energy level in adults [53–55], and it has been
successfully used in adolescent girls to assess perceptions of appetite and mood in free-
living settings [56]. Based on the number of complete VAS available and the previous
literature [21,56], participants were required to have had at least three days of complete
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VAS data per condition in order to be included in the final dataset for VAS analyses; the
mean of the three days was calculated.

2.9. Statistical Analyses

Statistical analyses were completed using the IBM SPSS statistics software for Win-
dows version 26 (IBM Corporation, New York, NY, USA). One-way ANOVA was used to
test for differences in participant characteristics and the nutrient content of the breakfast
meal by outcome-specific analytical samples. As breakfast manipulation may affect PA
and diet during specific times of the day [2,8–10,26], estimated PA and dietary variables
were computed for three daily time segments: from wake time to before 10:30, from 10:30
to before 15:30, and from 15:30 until bed time [26]. These times coincided with the 10:30
breakfast omission cut-off and the end of the school day to account for potential differences
in PA during and outside of school time [57]. The Shapiro–Wilks tests showed that the
residuals were not normally distributed for the time spent in moderate and vigorous PA,
for the PAEE from sedentary, light, moderate, and vigorous activity and total PAEE, and
for post-10:30 CHO and fibre intakes (p ≤ 0.05). Thus, for consistency, all PA and dietary
outcomes were natural log-transformed (Ln) and presented as a geometric mean (95%
confidence intervals (CI)), with analyses based on ratios of the geometric means and a
95% CI for the ratios. Linear mixed models were used to examine all outcome variables,
with condition and time of day included as fixed factors. The linear mixed models included
a random effect for each participant and were adjusted for period (order) effects [58].
Minutes of useable data (Ln) was included as a covariate for PA-related variables. Where
significant condition or condition by time-of-day interactions were found, post hoc analysis
was performed using the Holm–Bonferroni correction for multiple comparisons; data from
each individual time segment were compared between the conditions for significant con-
dition by time interactions [59]. Statistical significance was accepted as p ≤ 0.05; p values
with two decimal places are attributed to non-significant results or three to at least border-
line significant results. Pooled p values are provided in the text where appropriate; the
95% CI for the differences are provided for all primary and secondary outcome variables
in the tables. Absolute standardised effect sizes (Cohen’s d) are provided to supplement
important findings (i.e., potentially meaningful between-condition differences), with 0.2
considered the minimum important difference, 0.5 moderate, and 0.8 large [60]. Values are
presented as means ± SDs for descriptive data; for the results of statistical analyses, values
are presented as estimated marginal means or geometric means (95% confidence intervals
(CIs)) unless stated otherwise. Figures of individual responses are provided in order to
give a more detailed insight into inter-individual variability where appropriate.

3. Results

3.1. Participant Characteristics

The final sample included 15 participants for PA analyses, 11 participants for dietary
analyses, and 11 participants for VAS analyses; the flow of participants from enrolment to
analyses is shown in Figure 1. The physical characteristics of the participants are shown in
Table 1. There were no significant differences in the physical characteristics or breakfast
frequencies between the final samples for each outcome (p ≥ 0.85 for all).
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Figure 1. Schematic representation of recruitment, enrolment, and follow-up of adolescent girls who
participated in the randomised crossover trial comparing seven days of daily breakfast consumption
(BC) with seven days of breakfast omission (BO). BC was the consumption of a standardised breakfast
with an energy content equivalent to 25% of individual resting metabolic rate before 09:00 for seven
consecutive days; BO was the abstinence from all energy-providing nutrients until at least 10:30 for
seven consecutive days.

Table 1. Characteristics of adolescent girls who participated in the randomised crossover trial comparing seven days of
daily breakfast consumption (BC) with seven days of breakfast omission (BO) 1.

PA Analyses Sample
(n = 15)

Diet Analyses Sample
(n = 11)

VAS Analyses Sample
(n = 11)

Age (y) 13.3 ± 0.7 13.3 ± 0.8 13.3 ± 0.7

Stature (m) 1.58 ± 0.06 1.57 ± 0.06 1.60 ± 0.06

Body mass (kg) 52.9 ± 7.6 53.3 ± 11.0 54.5 ± 10.1

Body fat % 26.7 ± 5.5 27.0 ± 5.8 26.7 ± 5.9

Waist circumference (cm) 69.7 ± 8.5 68.3 ± 8.9 69.5 ± 9.1

BMI (kg·m−2) 21.3 ± 3.2 21.6 ± 3.8 21.3 ± 3.8

BMI classification (n NO, OW, OB) 2 11, 3, 1 8, 2, 1 8, 2, 1

Breast development (stage) 3 4 (0) 4 (0) 4 (0)

Pubic hair (stage) 3 4 (0) 4 (0) 4 (0)

RMR (kJ/d) 6325 ± 1195 6172 ± 1420 6535 ± 1245

Weekdays skip breakfast habitually
(d/week) 4 4 ± 1 4 ± 1 4 ± 1

Weekend days skip breakfast habitually
(d/week) 4 1 ± 1 1 ± 0 1 ± 1
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Table 1. Cont.

PA Analyses Sample
(n = 15)

Diet Analyses Sample
(n = 11)

VAS Analyses Sample
(n = 11)

Weekly days skip breakfast habitually
(d/week) 4 5 ± 1 5 ± 1 5 ± 1

Habitual weekday cereal-based breakfast
consumption (n) 5 3 4

Habitual weekend cereal-based breakfast
consumption (n) 5 4 5

Habitual weekday breakfast
consumption time (h:min) 08:16 ± 01:08 08:09 ± 00:51 08:29 ± 01:25

Habitual weekend breakfast
consumption time (h:min) 09:51 ± 01:40 09:37 ± 01:36 09:15 ± 01:50

1. Values are mean ± SDs or medians (IQRs). BC was the consumption of a standardised breakfast for seven consecutive days; BO was the
abstinence from all energy-providing nutrients until at least 10:30 for seven consecutive days. PA, physical activity; VAS, visual analogue
scale; NO, non-overweight; OW, overweight; OB, obese; RMR, resting metabolic rate. 2. BMI classification according to the International
Obesity Task Force [33]. 3. Five stages of breast and pubic hair development described by Tanner [36].4. Less than 50 kcal consumed
before 10:30.

3.2. Breakfast Meals

The standardised breakfast energy and macronutrient intakes of the girls who were
included in the PA, dietary, and VAS analyses are shown in Table 2; there were no significant
differences in these variables between the samples (p ≥ 0.43). Data from the food diaries
indicated that on average, the girls consumed their first meal or snack at 11:48 ± 00:52
in BO.

Table 2. Nutrient content of the breakfast providing 25% of individual resting metabolic rate to
adolescent girls who participated in the randomised crossover trial that compared seven days of
daily breakfast consumption (BC) with seven days of breakfast omission (BO) 1.

PA Analyses Sample
(n = 15)

Dietary Analyses
Sample (n = 11)

VAS Analyses Sample
(n = 11)

Energy (kJ) 1578 ± 303 1543 ± 355 1634 ± 311

Carbohydrate (g) 68.5 ± 18.4 63.7 ± 16.5 72.5 ± 19.9

Fat (g) 6.4 ± 4.0 4.9 ± 1.0 6.8 ± 4.5

Protein (g) 13.3 ± 2.6 13.2 ± 2.9 13.8 ± 2.8

Fibre (g) 8.1 ± 4.7 9.3 ± 5.0 7.9 ± 4.6
1 Values are mean ± SDs. BC was the consumption of a standardised breakfast for seven consecutive days; BO
was the abstinence from all energy-providing nutrients until at least 10:30 for seven consecutive days. PA, physical
activity; VAS, visual analogue scale.

3.3. Wake Time and Useable Data

Useable data averaged at 910 min/d for BC and 942 min/d for BO. Minutes of
useable data (Ln) were lower in BC versus BO across the three time segments (BC 305
(297–313) vs. BO 316 (308–324) min/d; condition main effect p = 0.017; condition by time-
of-day interaction p = 0.20). For descriptive purposes, mean (SD) wake time did not differ
significantly between the conditions (BC 07:06 ± 00:17 vs. BO 07:00 ± 00:22; p = 0.26),
whereas bedtime was earlier in BC versus BO (BC 23:00 ± 00:32 vs. BO 23:13 ± 00:26;
p = 0.042).

3.4. Physical Activity Energy Expenditure and Duration

Table 3 shows the estimated daily PAEE and the time spent in PA for each intensity,
stratified by condition and time of day. Data for all PAEE variables and minutes of useable
data were natural log-transformed. Adjusting for minutes of useable data, the main effects
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for the condition and the condition by time-of-day interaction were non-significant for
the estimated PAEE from sedentary, light, and moderate activities (p ≥ 0.41 for all). Total
PAEE and vigorous PAEE both tended to be lower in BC versus BO, but the effect sizes
were trivial-small (p ≤ 0.097; d = 0.18 to 0.20) and the condition by time interactions were
non-significant (p ≥ 0.21 for all). Individual responses for total daily PAEE are shown
in Figure 2. In 10 out of the 15 participants, PAEE was lower in BC than BO, and the
difference exceeded 628 kJ/d in four girls. Consequently, for the remaining five girls, PAEE
was higher in BC than in BO, and this difference exceeded 628 kJ/d for one of them. The
main effect of time of day was significant for the PAEE for each intensity and for the total
PAEE (p < 0.0005 for all); after adjusting for multiple comparisons, energy expenditure
from sedentary activities tended to be lower at wake–10:30 as compared with 10:30–15:30
(p = 0.083), and light PAEE tended to be higher at 10:30–15:30 versus 15:30–bed (p = 0.085).

Data for the time spent sedentary and in light, moderate, and vigorous PA were
log-transformed. Adjusting for minutes of useable data, sedentary time tended to be higher
in BC versus BO, although the effect size was trivial (p = 0.068; d = 0.13), and the condition
by time interaction was not significant (p = 0.36). The main effects of condition and the
condition by time-of-day interaction were not significant for the time spent in light or
moderate PA (p ≥ 0.34 for all). Time spent in vigorous PA tended to be lower in BC versus
BO, and the condition by time interaction tended to be significant (p ≤ 0.077), but again, the
between-condition effect size was trivial (d = 0.18). The main effect of the time of day was
significant for all PA intensities (p ≤ 0.001 for all), but there were no significant differences
between the individual time segments after adjusting for multiple comparisons (p ≥ 0.14
for all).

Table 3. Free-living physical activity energy expenditure and duration of adolescent girls who participated in the randomised
crossover trial comparing seven days of breakfast consumption (BC) with seven days of breakfast omission (BO) 1.

BC BO 95% CI for
BC vs. BO 2Wake–10:30 10:30–15:30 15:30–bed Wake–10:30 10:30–15:30 15:30–bed

PAEE (kJ/d)

Sedentary 54 (40–72) 72 (60–85) 60 (45—-78) 54 (41–72) 73 (61–87) 65 (48–87) −12–5%

Light 321 (233–442) 342 (286–409) 260 (194–349) 321 (238–433) 369 (309–441) 264 (191–365) −12–7%

Moderate 168 (84–338) 228 (142–366) 152 (79–292) 192 (99–372) 257 (160–411) 148 (73–300) −24–13%

Vigorous 12 (5–35) 23 (11–47) 16 (6–41) 17 (6–44) 37 (18–76) 15 (5–41) −40–4%

Total 601 (417–868) 712 (567–894) 547 (389–770) 666 (471–942) 857 (682–1076) 550 (379–797) −18–1%

PA Duration (min/d)

Sedentary 202 (170–241) 189 (172–207) 209 (178–245) 196 (167–231) 170 (155–187) 205 (172–245) 0–11%

Light 67 (49–90) 74 (64–86) 59 (45–78) 67 (50–89) 81 (70–95) 62 (46–84) −13–5%

Moderate 15 (7–30) 19 (12–32) 13 (7–25) 17 (9–32) 22 (13–35) 13 (6–26) −23–12%

Vigorous 1.44
(0.79–2.63)

2.14
(1.37–3.34)

1.93
(1.09–3.42)

1.73
(0.97–3.08)

2.95
(1.89–4.61)

1.78
(0.97–3.27) −25–2%

1. Based on natural log-transformed data with values presented as a geometric mean (95% confidence interval (CI)) adjusted for minutes of
useable data, n = 15. 2. A total of 95% CI for the percentage difference of the geometric means between the experimental conditions using
a condition by time-of-day linear mixed model adjusted for minutes of useable data and condition order. BC was the consumption of a
standardised breakfast with an energy content equivalent to 25% of individual resting metabolic rate before 09:00 for seven consecutive
days; BO was the abstinence from all energy-providing nutrients until at least 10:30 for seven consecutive days. PAEE, physical activity
energy expenditure; PA, physical activity.
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Figure 2. Individual total daily physical activity energy expenditure (PAEE) responses of adolescent
girls who participated in the randomised crossover trial comparing seven days of breakfast consump-
tion (BC) with seven days of breakfast omission (BO). BC was the consumption of a standardised
breakfast with an energy content equivalent to 25% of individual resting metabolic rate before 09:00
for seven consecutive days; BO was the abstinence from all energy-providing nutrients until at least
10:30 for seven consecutive days.

3.5. Energy and Macronutrient Intakes

Table 4 shows the total and post-10:30 daily energy and macronutrient intakes stratified
according to condition. For total daily intakes, there were no significant effects of condition
for energy, CHO, and fat (p ≤ 0.63 for all), whereas protein intakes tended to be higher
(p = 0.10; d = 0.54) and fibre intakes were significantly higher (p = 0.01; d = 1.31) in BC
versus BO. Given the seemingly very high accuracy of energy intake compensation at
the group level shown in Table 4, Figure 3 shows the difference in total daily energy
intake between the conditions at the individual level. Based on the 628 kJ/d cut-off (30),
differences in total daily EI were accurate in four of the girls. There was one girl with a
relatively extreme difference; removal of this outlier did not affect the statistical analyses
but actually tightened the group means even further. The main effect of condition and
condition by time interaction were non-significant for post-10:30 energy, fat, protein, and
fibre (p ≥ 0.12 for all). Post-10:30 CHO intake tended to be lower in BC versus BO (p = 0.096;
d = 0.41), with no significant condition by time-of-day interaction (p = 0.50). Figure 4 shows
individual responses for post-10:30 CHO intake; 8 of the 11 girls consumed less CHO after
10:30 in BC versus BO. The main effect of time was non-significant for all post-10:30 dietary
variables (p ≤ 0.17 for all) other than fibre intakes, which were higher at 10:30–15:30 than
at 15:30–bed (p = 0.048).
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Table 4. Dietary intakes of adolescent girls who participated in randomised crossover trial comparing seven days of
breakfast consumption (BC) with seven days of breakfast omission (BO) 1.

BC BO 95% CI for
Total in BC

vs. BO 2

95% CI for
Post-10:30 in
BC vs. BO 2

Total 10:30–15:30 15:30–Bed Total 10:30–15:30 15:30–Bed

Energy
intake
(kJ/d)

4206
(3157–5604)

1726
(1041–2863)

1181
(712–1959)

4078
(3063–5433)

2026
(1222–3360)

1628
(982–2700) −19–31% −50–23%

CHO
(g/d)

118
(82–169)

42
(24–75)

37
(20–67)

127
(88–182)

69
(39–122)

46
(26–82) −32–28% −54–7%

Fat (g/d) 35
(25–49)

16
(9–28)

12
(7–21)

38
(27–53)

17
(10–29)

16
(9–27) −35–33% −46–38%

Protein
(g/d)

42
(29–59)

19
(12–32)

13
(8–21)

32
(22–45)

13
(8–22)

15
(9–25) −5–83% −27–67%

Fibre
(g/d)

10.0
(7.1–14.2)

2.1
(1.0–4.3)

1.1
(0.5–2.3)

4.7
(3.3–6.7

2.7
(1.4–5.1)

1.4
(0.7–2.7) 34–236% −61–55%

1. Based on natural log-transformed data, with values presented as a geometric mean (95% confidence interval (CI)), n = 11. 2. 95% CI
for the percentage difference of geometric means between the experimental conditions using a between-condition (for total intakes) or
condition by time-of-day (for post-10:30 intakes) linear mixed model adjusted for condition order; values in bold are significant. BC was the
consumption of a standardised breakfast with an energy content equivalent to 25% of individual resting metabolic rate before 09:00 for
seven consecutive days; BO was the abstinence from all energy-providing nutrients until at least 10:30 for seven consecutive days. CHO,
carbohydrate.

Figure 3. Individual total daily energy intakes of adolescent girls who participated in the randomised
crossover trial comparing seven days of breakfast consumption (BC) with seven days of breakfast
omission (BO). BC was the consumption of a standardised breakfast with an energy content equivalent
to 25% of individual resting metabolic rate before 09:00 for seven consecutive days; BO was the
abstinence from all energy-providing nutrients until at least 10:30 for seven consecutive days.
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Figure 4. Individual post-10:30 carbohydrate intakes of adolescent girls who participated in the
randomised crossover trial comparing seven days of breakfast consumption (BC) with seven days of
breakfast omission (BO). BC was the consumption of a standardised breakfast with an energy content
equivalent to 25% of individual resting metabolic rate before 09:00 for seven consecutive days; BO
was the abstinence from all energy-providing nutrients until at least 10:30 for seven consecutive days.

3.6. Perceptions of Appetite, Tiredness, and Energy Levels

Table 5 shows the perceived appetite, tiredness, and energy levels in the morning,
stratified by condition. The main effect for condition approached significance for perceived
hunger, which tended to be lower in BC versus BO, with a small effect size (p = 0.063;
d = 0.33). There was a significant main effect of time (p = 0.003) and condition by time
interaction (p = 0.001) for hunger; whilst there were no significant differences over time
in BC (p ≥ 0.97 for all), hunger was lower at waking versus both 09:00 and 10:30 in BO
(p ≤ 0.012; d = 0.87–1.54) and tended to be lower at 09:00 versus 10:30 (p = 0.074; d = 0.67).
Perceived fullness was higher in BC versus BO (p = 0.045; d = 0.35); the condition by
time interaction (p = 0.010) was significant, whereas the main effect of time of day was
not (p = 0.23). Fullness was higher in BC versus BO at 10:30 (p = 0.004; d = 1.01) and
approached significance at 09:00 (p = 0.065; d = 0.58). Perceived tiredness was not different
between the conditions, and the condition by time interaction was also non-significant
(p ≤ 0.71 for both); the main effect of time was significant (p < 0.0005), with tiredness being
higher on waking versus 09:00 and 10:30 (p ≤ 0.006). Similarly, perceived energy level
was not different between the conditions, and the condition by time interaction was also
non-significant (p ≤ 0.62 for both); the main effect of time was significant (p < 0.0005), with
energy levels being lower on waking versus 09:00 and 10:30, and lower at 09:00 versus
10:30 (p ≤ 0.017 for both).
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Table 5. Perceived appetite, tiredness, and energy levels (measured in mm out of 100) of adolescent girls who participated in
the randomised crossover trial comparing seven days of breakfast consumption (BC) with seven days of breakfast omission
(BO) 1.

BC BO 95% CI for
BC vs. BO 2

Waking 09:00 10:30 Waking 09:00 10:30

Hunger 35
(24–47)

30
(18–41)

34
(22–46)

24
(12–35)

41
(29–52)

54
(42–66) −13.3–0.4

Fullness 46
(31–61)

56
(41–70)

53
(38–67)

54
(40–69)

43
(29–58)

33
(18–47) 0.2–15.9

Tiredness 48
(36–59)

38
(26–49)

34
(22–45)

46
(35–58)

36
(25–48)

33
(22–45) −4.3–6.2

Energy 38
(30–46)

48
(40–56)

60
(52–68)

37
(29–45)

50
(42–58)

56
(48–64) −4.5–6.0

1. Values are estimated marginal mean (95% CIs), n = 11. 2. A total of 95% confidence interval (CI) of the mean absolute difference
between the experimental conditions; values in bold are significant. BC was the consumption of a standardised breakfast with an energy
content equivalent to 25% of individual resting metabolic rate before 09:00 for seven consecutive days; BC was the abstinence from all
energy-providing nutrients until at least 10:30 for seven consecutive days.

4. Discussion

In adolescent girls who habitually skip breakfast, this 7-day crossover trial reported
for the first time that PA duration and PAEE did not differ meaningfully between BC and
BO. Total daily energy intake was almost identical between the conditions, which coincided
with increased perceived morning appetite and a tendency for increased carbohydrate
intake in response to BO (i.e., after 10:30). Thus, the girls were able to accurately compensate
for the additional or missed energy at breakfast after 10:30.

Our finding that daily total PAEE and PA duration did not differ between BC as
compared with BO agrees with some studies on adult samples, including female habitual
breakfast skippers [12], obese mixed-sex habitual breakfast consumers and skippers [9],
and mixed-sex habitual breakfast consumers and skippers varying in weight status [11,13],
yet it contradicts research on adults showing that BC can increase PA in female habitual
breakfast consumers [10] and lean mixed-sex habitual breakfast consumers and skippers [8].
The current findings also contrast with our previous crossover studies in adolescent girls,
where the time spent in light PA was higher and after-school sedentary time was lower in
daily BC versus intermittent BC and BO [26], although PA was unaffected by three days
of BC versus BO when assessed using less sensitive measures [25]. It is possible that the
girls in the current study responded differently because they had adapted metabolically
and behaviourally to skipping breakfast habitually, whereas the girls in our previous re-
search generally consumed breakfast habitually [25,26]. In the current sample, the 10:30
breakfast omission cut-off may have been too early to detrimentally affect PA, with stud-
ies on adults employing cut-offs at 12:00 [8–11] or 11:30 [12], which is difficult to justify
ethically in adolescent girls. Additionally, MVPA averaged ~85 min/d in our sample,
indicating high motivation for PA that may not have been overridden by breakfast manip-
ulation. Interestingly, examination of the individual differences in total PAEE between the
conditions provided insight into the high inter-individual variability in the responses to
breakfast manipulation. Such inter- (and intra-) individual variability is common in the
field of energy balance [61–63] and requires consideration in future breakfast-related work,
along with addressing the potential modifying effect of breakfast and PA habits on the
breakfast–PA relationship.

Under free-living conditions, low-intensity and sporadic PA may be most sensitive
to the effects of breakfast consumption, whereas moderate or vigorous PA is typically
planned and structured [8,26]. As such, the tendency for higher vigorous PAEE and total
PAEE during BO is more likely to have resulted from a particularly active planned lesson
at school or a sports club for some participants, for example, rather than whether or not
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they consumed breakfast. On this note, environmental constraints that are inherent to
the lives of adolescent girls, including the school timetable, extra-curricular activities,
family routines, and commitments, mean that it is difficult to truly assess ‘free-living’ PA
responses in this population that would be amenable to any intervention effects. Thus, this
may have contributed to the lack of difference in PA between the conditions, and future
research may consider collecting data on such planned activities. It is also possible that
the lower perceived energy levels and heightened tiredness early in the day across the
conditions in our sample of female adolescent breakfast skippers may have overridden
the potential effect of breakfast to increase morning PA, which is the time of day that is
particularly sensitive to breakfast manipulation [8–10]. In support of this finding, adults
whose activity peak is towards the later part of the day tend to skip breakfast [11]. As such,
further research is warranted to examine the influence of chronotype on the breakfast–PA
relationship in adolescent girls and to include measures of PA that may be particularly
modifiable (e.g., PA during the school holidays or under laboratory conditions).

With total daily energy intake being almost identical between the conditions, post-
10:30 energy intake was sufficient to compensate for the energy consumed or missed at
breakfast. This finding is in accordance with previous research comparing carbohydrate-
based BC versus BO in mixed-sex groups of so-called ‘adolescents’ who habitually skipped
breakfast [22,24]. Nevertheless, the age range of 13–17 years [22] or the mean age of 19
years [24] in this past research indicates that the samples were either a mix of early- and
late-pubertal adolescents [22] or a mix of late-pubertal adolescents and young adults [24];
furthermore, these findings were not consistent, with one study reporting increased daily
energy intake during BC in ‘breakfast skipping’ overweight/obese females aged 15–20
years [23]. Moreover, total daily energy intake was higher during BC versus BO in adoles-
cent girls [25] and in 8–10-year-old children [29] who tended to consume breakfast regularly.
It is possible that the habit of skipping breakfast involves learning new eating patterns
such that the habitual breakfast skippers in our study and previous work [22,24] were able
to compensate by consuming extra energy later in the day. In adults, however, a recent
systematic review of randomised controlled trials showed that the total daily energy intake
was higher during periods of BC compared with BO regardless of breakfast habit [7]. The
higher perceptions of hunger and lower fullness in response to breakfast omission in our
study may have contributed to the accuracy of energy intake compensation between BC
and BO, which complements previous findings on children [29] and adolescents classified
as breakfast skippers [22] in controlled laboratory settings. However, no effect was found
in women who habitually skipped breakfast, perhaps because they were older and thus
more accustomed to skipping breakfast [12]. The energy intake compensation in response
to BO was primarily in the form of carbohydrates, perhaps because the standardised break-
fast was carbohydrate-rich, and dietary compensation may be macronutrient-specific [64],
which aligns with previous research on adult women who habitually skipped breakfast [12].
In terms of diet quality, consuming breakfast also contributed to higher total daily fibre
intakes, which can favourably affect long-term cardiometabolic health and thus has im-
portant health implications [43,44]. Overall, these findings warrant further research on the
potential modifying effects of breakfast habits and age on the causal link between breakfast
and dietary intakes, considering whether any compensatory behaviours are conscious and
planned (i.e., to prepare for the next day) or unconscious and spontaneous.

Limitations of the present study include the 7-day intervention period; indeed, our
sample of adolescents may respond differently once they are more accustomed to consum-
ing breakfast and new PA, and when eating habits have had time to emerge. In addition,
we did not assess diet-induced thermogenesis, which is another modifiable component
of total energy expenditure and would be expected to negate at least part of the small
increase in PAEE of ~258 kJ/d (62 kcal/d) during breakfast omission. Thus, any potential
effects of breakfast manipulation on energy balance in our study and subsequent changes
in body mass are unlikely to be meaningful [30]. Our drop-out rate and exclusion crite-
ria based on fidelity and complete datasets also meant that our final sample was lower
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than expected for the dietary and VAS analyses (i.e., our secondary outcome variables),
which may have affected our findings and are common issues when working with this
population. Additionally, individual chronotype, circadian rhythms, PA habits, breakfast
habits, and menstrual cycle phase could all influence the nature of the relationship between
breakfast, PA, and diet, which we did not assess and may limit the generalisability of
our conclusions. Furthermore, the potential interaction of our findings with the quantity,
composition [22–24], and timing of the breakfast meal was beyond the scope of the present
study and requires examination to inform an evidence-based ‘definition’ of breakfast. Fi-
nally, the increased risk of making a type I error from the testing of multiple secondary
outcomes is a limitation of the statistical methods; however, as the sample size estimation
was based on our primary outcome, there may been an increased risk of type II error for
the secondary outcomes.

In conclusion, PA duration and PAEE were not meaningfully affected when adolescent
girls who were habitual breakfast skippers consumed breakfast as compared with when
they omitted breakfast over seven consecutive days. Total daily energy intake was almost
identical during breakfast consumption and omission, with breakfast omission increasing
perceptions of appetite during the early part of the morning and tending to increase
carbohydrate intake after the 10:30 breakfast omission cut-off. Nevertheless, consuming
breakfast can contribute to higher fibre intakes in ‘breakfast skipping’ adolescent girls.
Considering the limited and inconclusive evidence to date, future research that accounts for
the potential impact of breakfast habits will be important to understand the causal nature
of associations between breakfast consumption and energy balance in adolescent girls.
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Abstract: Caffeine consumption has been linked to poor sleep health in adolescents, but it is un-
known whether poor sleep predicts caffeine consumption, and/or whether caffeine consumption
predicts poor sleep, particularly when sleep is measured objectively. Data were collected from a
micro-longitudinal sub-study of the age 15 wave of the Fragile Families and Child Wellbeing Study
(n = 589). Adolescents wore an actigraphy device and completed daily surveys for ~1 week. Daily
surveys assessed subjective sleep quality and caffeinated beverage consumption (0 = no caffeine,
1 = any caffeine). Separate mixed models assessed whether actigraphy-measured sleep duration,
timing, maintenance efficiency, and subjective quality predicted next-day caffeinated beverage con-
sumption within and between adolescents. Variability (standard deviation) of sleep duration and
timing, sleep regularity index, and social jetlag were tested as additional between-person predictors.
Lagged models tested whether daily caffeinated beverage consumption predicted sleep that night
(n = 458). Adolescents with more variable sleep duration and midpoint had higher average odds of
consuming caffeinated beverages compared to others. After adolescents consumed ≥1 caffeinated
beverage, they had later sleep onset that night and wake time the next morning than usual versus
when they did not consume caffeine. Curbing caffeinated beverage consumption may aid in the
maintenance of regular sleep schedules and advance sleep timing in adolescents.

Keywords: sleep duration; sleep timing; sleep maintenance efficiency; subjective sleep quality; sleep
variability; social jetlag; caffeine; adolescence; actigraphy; diary

1. Introduction

Caffeine is a stimulant drug readily available in the United States and present in coffee,
black and green tea, some sodas, and energy drinks [1]. Consumption of caffeine is high
among American adolescents, with 75% reporting consuming a caffeinated beverage on a
typical day [2,3]. Adolescents who consume caffeine may become caffeine dependent [4],
and high caffeine consumption is associated with cigarette use, psychosocial problems [5],
and lower grade point average [6] in adolescents. The high prevalence of regular caffeine
consumption in adolescents and the potential negative consequences on health and wellbe-
ing indicate the need for more research into the antecedents and consequences of caffeine
consumption in this population.

The potential negative effects of adolescent caffeine consumption include short sleep
duration [2,6–19]. Over 70% of American high schoolers report obtaining fewer than
the recommended minimum of 8 h per night [20]. Cross-sectional studies measuring
sleep through self-report generally find that adolescents who consume more caffeine have
shorter sleep duration [2,6–19]. Some studies with similar designs, however, have found
no association between caffeine and sleep duration in adolescents [21–23]. The few studies
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examining the link between objectively measured sleep (i.e., through wrist actigraphy)
and caffeine consumption in adolescents have also demonstrated no association [24,25],
warranting further research with objective measures of sleep.

Later sleep timing has also been linked to caffeine consumption in adolescents [6,8,12,
22–24,26–30]. Adolescents tend to have a later chronotype, or preference for timing of sleep
and other behaviors, than children or adults [31]. Studies employing a cross-sectional de-
sign and measuring sleep through self-report have found that greater caffeine consumption
is associated with later sleep timing [6,8,12,22–24,27,28] and evening preference [26,29,30]
in adolescents, with one finding no association between caffeine consumption and evening
preference [32]. There is a lack of research on the association between caffeine consumption
and objectively measured sleep timing in adolescents.

Few studies have examined the association between caffeine consumption and other
dimensions of sleep, such as quality (whether measured objectively or through self-report)
and variability, in adolescents. One study demonstrated that higher caffeine intake was
associated with greater self-reported wake after sleep onset (a measure of poor sleep qual-
ity) [19], and adolescents who consumed at least two servings of caffeine per day demon-
strated less slow-wave activity (indicating poorer sleep quality) as measured through
polysomnography (PSG), the gold standard for sleep monitoring [33], compared to ado-
lescents who did not consume caffeine [24]. However, two studies that measured sleep
through actigraphy found no association between caffeine consumption and wake after
sleep onset in adolescents [24,25], and another found a null association between caffeine
consumption and self-reported sleep quality [23]. These mixed findings indicate the need
for more research on the associations of objective and subjective sleep quality with caffeine
consumption in adolescents. There is also a lack of research on the associations of variability
in sleep duration and timing, important dimensions of sleep that suggest poorer sleep
health [34], with caffeine consumption in adolescents.

The association between sleep and caffeine may be bidirectional. Some adolescents
report consuming caffeinated beverages to counteract daytime sleepiness and fatigue [35],
and caffeine consumption may reduce that night’s sleep duration and quality [36]. How-
ever, most studies that examined the association between sleep and caffeine consumption
in adolescents employed a cross-sectional design [2,5–16,18,20–29,31], which precludes
examination of temporal associations. Whereas cross-sectional studies are only able to
describe between-person associations [37] (e.g., whether adolescents who sleep longer
on average tend to consume caffeine more often than other adolescents), longitudinal
studies can establish temporal precedence [38] (e.g., whether adolescents are more likely to
consume caffeine the next morning following nights when they sleep shorter than usual).
Only a few studies have examined longitudinal associations between caffeine consumption
and dimensions of sleep among adolescents. Two studies found no within-person associ-
ations when measuring sleep through self-report [18,39]. One micro-longitudinal study
measuring sleep through PSG found that increased caffeine consumption predicted less
total sleep time and sleep efficiency that night, and reduced sleep efficiency predicted more
afternoon caffeine consumption the next day [40], but the study did not assess sleep timing,
subjective quality, or variability and included fewer than 100 adolescents. Determining the
direction of the sleep—caffeine relationship while assessing multiple dimensions of sleep
may allow for future targeted interventions to improve health behaviors, including sleep
and dietary habits.

There is minimal research examining temporal within-person associations between
caffeine consumption and objectively measured sleep among adolescents. Self-reported
sleep can deviate considerably from sleep assessed through objective measures such as
actigraphy [41], and between-person effects assessed in cross-sectional research do not
necessarily translate to within-person effects in direction or magnitude [37]. It may be
particularly important to examine associations between caffeine consumption and dimen-
sions of sleep health given that adolescents begin to gain autonomy over their own sleep
behaviors [42] and diet [43] versus childhood.
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The present study examined bidirectional associations of objectively measured sleep
dimensions and subjective sleep quality with caffeinated beverage consumption in ado-
lescents. We additionally examined whether sleep variability was associated with greater
caffeinated beverage consumption between adolescents. We hypothesized that poor sleep
health (shorter or longer sleep duration, later sleep timing, lower sleep maintenance effi-
ciency, and lower self-reported sleep quality) would predict caffeinated beverage consump-
tion the next day, and that caffeinated beverage consumption would predict poor sleep
health that night. We further hypothesized that greater variability in sleep duration and timing
would be associated with more caffeinated beverage consumption between adolescents.

2. Materials and Methods

2.1. Participants

Data for the current analyses come from the Fragile Families and Child Wellbeing
Study (FFCWS; www.fragilefamilies.princeton.edu, accessed on 11 August 2020), a longitu-
dinal birth cohort oversampled for nonmarital births, which resulted in a greater proportion
of racial/ethnic minority mothers and those of lower socioeconomic status and education
level compared to the national population. More details regarding the sample and design
may be found elsewhere [44]. Survey data from the Fragile Families and Child Wellbeing
study (https://fragilefamilies.princeton.edu/documentation, accessed on 22 March 2017)
are publicly available from Princeton University’s Office of Population Research (OPR)
data archive: https://opr.princeton.edu/archive/restricted/Default.aspx, accessed on 22
March 2017. The sleep actigraphy and daily diary datasets generated and analyzed during
the current study are not publicly available yet, but will be available through an application
process at the above link. This study was conducted according to the guidelines laid
down in the Declaration of Helsinki of 1975 (revised 2013), and all procedures involving
human participants were approved by the Princeton University and Stony Brook Uni-
versity (CORIHS B) (FWA #00000125) Institutional Review Boards. Written (for in-home
interviews) or recorded verbal (for phone interviews) informed consent was obtained from
primary caregivers, and assent was obtained from adolescents.

The original FFCWS birth cohort consists of 4898 children born from 1998–2000 in
20 large cities in the United States [45]. Families were recruited from local hospitals at the
time of the child’s birth. The study staff maintained records about the participants and their
families for follow up at subsequent waves, when participants were approximately ages
1, 3, 5, 9, and 15 years of age. Families were eligible for inclusion in the age 15 follow-up
wave if the child was alive and not legally adopted (95% of the birth sample were eligible).
Data in the current analyses were collected from February 2014 to March 2016. During
the year 15 wave of the FFCWS (wave 6), 3444 adolescents and their primary caregivers
completed separate surveys querying household and demographic characteristics, ad-
ministered either over the phone or in person at the participant’s place of residence. A
randomly selected subsample (n = 1090) was asked to participate in a micro-longitudinal
FFCWS sub-study. Adolescents who agreed to participate (n = 1049) were asked to wear a
wrist-worn accelerometer at all times and answer a daily diary for seven consecutive days
in the evening.

The design of the study was such that a night’s sleep predicted the next day’s diary
report, including assessment of caffeinated beverage consumption. Therefore, lagging anal-
yses to examine if caffeinated beverage consumption predicted that night’s sleep required
dropping the first sleep recording and the last diary report. In the originally structured
non-lagged dataset (where nighttime sleep predicted next-day caffeinated beverage con-
sumption), of n = 1049 assenting adolescents, n = 414 were excluded due to not providing
at least 3 valid days of actigraphy recordings (dataset has average of 5.6 ± 1.4 recordings
per adolescent; range 3–10; IQR 5–7) and next-day diary reports (dataset has average of
5.5 ± 1.4 reports per adolescent; range 3–9; IQR 4–7), and n = 46 were excluded due to not
reporting whether they consumed a caffeinated beverage on at least three days, leaving a
total sample of n = 589 adolescents (56.1% of the subsample). A further n = 219 adolescents
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were excluded from social jetlag analyses due to not providing at least one school night
and one non-school night, resulting in n = 370 included adolescents.

For analysis of caffeinated beverage consumption predicting that night’s sleep (in
the lagged dataset), of n = 1049 assenting adolescents, n = 492 adolescents were excluded
due to not providing at least 3 valid lagged days of actigraphy recordings (lagged dataset
has average of 5.2 ± 1.1 recordings per adolescent; range 3–9; IQR 4–6) and next-day
diary reports (lagged dataset has average of 4.7 ± 1.2 reports per adolescent; range 3–8;
IQR 4–6), n = 98 adolescents were excluded due to not reporting whether they consumed
a caffeinated beverage on at least three lagged days, and n = 1 adolescent was excluded
due to missing body mass index data, leaving n = 458 adolescents included in the lagged
analyses (43.7% of the subsample). Supplemental Figure S1 (for sleep predicting caffeinated
beverage consumption) and S2 (for caffeinated beverage consumption predicting sleep
in lagged analyses) depict participant flow charts, and a “Strengthening the Reporting
of Observational Studies in Epidemiology—Nutritional Epidemiology” (STROBE-nut)
checklist is included as Supplemental Table S1 [46].

Separate logistic regression analyses were conducted to compare sex, race/ethnicity,
and income between the adolescents included in the analyses and those who assented to
participate in the sub-study but were ultimately excluded due to missing data (assented
n = 1049). In non-lagged analyses (where sleep predicted next-day caffeinated beverage
consumption; analytical sample n = 589, excluded n = 460), male sex marginally predicted
missingness (odds ratio, OR = 1.13, p = 0.052), and Black/African American race/ethnicity
(vs. White/Caucasian; OR = 1.38, p < 0.001) and lower household income (in thousands
of dollars; OR = 0.997, p = 0.012) predicted higher odds of data missingness. In lagged
analyses (where caffeinated beverage consumption predicted that night’s sleep; analytical
sample n = 458, excluded n = 591), Black/African American race/ethnicity (OR = 1.31,
p = 0.005) and lower household income (OR = 0.998, p = 0.020) predicted higher odds of data
missingness. All analyses were adjusted for sex, race/ethnicity, and household income.

2.2. Actigraphy Device and Scoring

Sleep measures were collected with a wrist-worn accelerometer with off-wrist detec-
tion (Actiwatch Spectrum; Philips-Respironics, Murrysville, PA, USA) and study partic-
ipants were asked to wear the watch on their non-dominant wrist for one week. Data
from the Spectrum device were downloaded with Actiware software (Version 6.0.4, Philips-
Respironics, 2017). At least two trained independent scorers (blinded to each other) scored
the data using an algorithm validated against polysomnography [33]. Sleep diaries were
not used for actigraphy scoring given the frequent inaccuracy, uncertainty, and potential
for systematic bias caused by discrepant diary and actigraphy reports [47]. The two scorers
looked for disagreements in the number of valid days, cut-time (i.e., start and end time that
defines a 24 h day), presence of all-nighters (i.e., no sleep interval within a 24 h day), the
presence of false on-wrist detection, presence of naps, number of sleep intervals, and each
sleep onset or offset that differed by >15 min. The scorers met to resolve any discrepancies
related to these aspects of the data, and a final dataset was established [48]. The scorers
determined sleep intervals using a decrease in activity levels and the aid of light levels
for sleep onset and sleep offset [49], and a nighttime sleep interval was split into two
intervals (main sleep and nap) if there was an awakening ≥1 h during this interval. A sleep
actigraphy day was determined invalid and no sleep interval was set if there were ≥4 total
hours of off-wrist time, with the exception of the first and last day (device should have been
worn at least 2 h on the first day). Other invalidation criteria were constant false activity
due to battery failure, data unable to be retrieved or recovered, or an off-wrist period of
≥60 min within 10 min of the scored beginning or end of the main sleep period for that day.

2.3. Daily Alignment of Sleep and Diary and Data Lagging

Participants were asked to complete a diary each evening after 7:00 PM (19:00) and
before going to sleep. Sleep and daily diary data were merged by participant identification
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number and date/time. A previous night’s sleep and the following day’s diary answers
were aligned on the same observation record in the originally structured merged data.
Nights were excluded from analyses if the adolescent had an all-nighter and received
no sleep.

To investigate whether caffeinated beverage consumption predicted that night’s sleep,
diary entries were each lagged by one row (i.e., day) through the “lag1” function in SAS
9.4. Lagging data resulted in one row of data loss per adolescent and reduced the sample
size, due to adolescents requiring 4 non-lagged days to produce 3 lagged days.

2.4. Variables
2.4.1. Nightly Actigraphic Sleep Measures

Sleep onset and sleep offset were the start and end of the main nighttime sleep interval
calculated in hours from midnight, respectively. Sleep midpoint (also midnight-centered)
was calculated as midway between sleep and sleep offset. Sleep duration was calculated
as the number of hours between sleep onset and sleep offset of the main nighttime sleep
interval. Nighttime sleep maintenance efficiency (considered an objective measure of sleep
quality) represents the percent of sleep duration that the individual spent asleep and was
calculated as 1 − (wake after sleep onset in hours/sleep duration in hours) and multiplied
by 100 to produce a percentage [50].

2.4.2. Actigraphic Sleep Measures Calculated per Adolescent

We calculated measures of sleep variability per adolescent across the monitoring days
in the non-lagged dataset (n = 589). Sleep duration variability, sleep onset variability, sleep
midpoint variability, and sleep offset variability were calculated as the standard deviation
(SD, per adolescent) of each measure. Sleep regularity index (SRI) was calculated based
on the formula from Phillips et al. [51] and ranges from 0 (low regularity) to 100 (high
regularity). The score represents the percentage probability that an individual is in the
same state (sleeping or awake) at any two time points 24 h apart, averaged across the
interval of measurement. Social jetlag, a misalignment of sleep midpoint between school
and free days, was calculated in hours through the following formula: |sleep midpoint
on free nights−sleep midpoint on school nights| [52]. Only adolescents with at least one
school night and one free night were included in the social jetlag measure; therefore, some
adolescents did not have social jetlag values (n = 370 of the 589 total adolescents had social
jetlag values).

2.4.3. Subjective Sleep Quality

Adolescents rated their last-night sleep quality on the daily diary by answering, “How
would you rate your sleep quality?” with possible answers of “very good” (1), “fairly good”
(2) “fairly bad” (3) or “very bad” (4). This variable was reverse coded such that “very bad”
became 0, and “very good” became 3.

2.5. Caffeinated Beverage Consumption

Adolescents were asked on the daily diary, “How many caffeinated beverages (such as
coffee, soda, energy drinks) did you have? One beverage is about 8 ounces” with response
options of 0 (0), 1 (1), 2 (2), 3 (3), 4 (4), or 5 or more (5). Items were “coffee or tea (iced or
hot),” “caffeinated soda (such as Coca-cola, Pepsi, Mountain Dew),” and “energy drinks
(such as Red Bull, Monster, 5-h Energy, RockStar, Full Throttle, Amp, etc.).” A “number
of caffeinated beverages that day” variable was constructed as the sum of coffee/tea,
caffeinated soda, and energy drinks consumed each day. Due to the considerable number
of days on which adolescents reported not consuming any caffeinated beverages (39.7% of
the 3215 observations), the caffeinated beverages variable was dichotomized into 0 = none;
1 = at least one 8 oz beverage that day.
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2.6. Covariates

Adolescents also reported whether they went to school (0 = no school, 1 = school) on
the daily diary.

Other covariates were assessed through surveys administered once to youth and their
primary caregivers during the year 15 wave. Race/ethnicity was reported on the youth
survey and grouped into exclusive categories of White/Caucasian (not Hispanic or Latino),
Black/African (not Hispanic or Latino), Hispanic and/or Latino (any race), or a category
with other (including Asian, Central American/Caribbean, Native American/Alaska Na-
tive, and/or Native Hawaiian/Pacific Islander), mixed, and no race/ethnicity reported.
The primary caregiver’s education level (“some high school,” “completed high school,”
“some college,” or “college graduate”), annual income (in USD), and whether the youth
lived with two biological parents were assessed on a survey administered to the youth’s
primary caregiver.

Information about biological sex was collected at birth. Weight and height were
assessed objectively during in-person interviews by trained research assistants. Body
mass index (BMI) percentile (range 0–100) was calculated based on the 2000 Centers for
Disease Control and Prevention (CDC) growth charts [53], which matches BMI (weight in
kg/(height in m2)) [54] for the adolescent’s sex and age.

2.7. Statistical Analyses

Analyses were conducted in SAS 9.4 software (SAS Institute, Cary, NC, USA). Most
variables met standards for normality (skew < |3| and kurtosis < |10|) [55]. Variabil-
ity (SDs) of sleep onset, midpoint, and offset and social jetlag were positively skewed
(skew ≥ 3) and/or leptokurtotic (kurtosis ≥ 10) and were winsorized (i.e., values beyond
the 99th percentile were replaced with the 99th percentile value). Of 589 adolescents,
5 sleep onset SD values, 5 sleep midpoint SD values, 6 sleep offset SD values, and 2 so-
cial jetlag values were winsorized. After winsorization, these variables also met criteria
for normality.

Within-person reliability for each repeated measure (i.e., assessed through actigraphy
or diary) was analyzed. Intraclass correlation coefficients (ICCs) were obtained for con-
tinuous measures (random effect variance/total variance [56]), which included all nightly
sleep measures and number of caffeinated beverages. Pseudo-ICCs were obtained for
binary measures (generated by the generalized estimating equation procedure [57,58]),
which included the dichotomized caffeinated beverage consumption and school attendance.
Higher ICCs indicate less variation within adolescents.

2.7.1. Main Analyses

In non-lagged analyses where sleep predicted next-day caffeinated beverage con-
sumption, multilevel models (PROC GLIMMIX, with a binary distribution for the outcome
caffeine consumption) tested whether dimensions of nightly sleep (sleep duration, sleep
onset, midpoint, and offset, and sleep maintenance efficiency, measured through actigra-
phy; subjective sleep quality, measured through diary) predicted the odds of consuming
≥1 caffeinated beverage the next day, within adolescents. A quadratic association between
sleep duration and odds of caffeinated beverage consumption was assessed using the
predictor sleep duration2 (sleep duration × sleep duration). The between-person predictor
(within the same model as the within-person predictor) tested whether average sleep per
adolescent across the monitoring period was associated with average odds of consuming
≥1 caffeinated beverage.

For the sleep measures that varied within-person (sleep duration, onset, midpoint,
offset, maintenance efficiency, and subjective sleep quality), two-level models examined
3215 total daily observations that were clustered within 589 adolescents. Variances for
nightly sleep measures were decomposed into within-person (level-1) and between-person
(level-2) levels [38]. Within-person predictor variables were centered around the person
mean, such that positive values indicated that value was higher than the person’s own
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cross-day average. Between-person predictor variables were calculated as the mean per
person across all time points. We specified the denominator degrees of freedom to be
computed by dividing the residual degrees of freedom into between-subject and within-
subject portions (DDFM = BETWITHIN) [59]. For the sleep variability measures that were
between-person only (SD of duration, onset, midpoint, and offset, SRI, and social jetlag),
the analyses were conducted with the sleep variability measure predicting the odds of
consuming ≥1 caffeinated beverage (on average) per adolescent. Covariates that were
significantly associated with odds of caffeinated beverage consumption were also included
in models: school attendance and primary caregiver’s highest education level. Analyses
with predictors other than sleep duration were further adjusted for sleep duration and
sleep duration2.

Lagged analyses with caffeinated beverage consumption predicting sleep that night
were conducted similarly as analyses that predicted next-day caffeinated beverage con-
sumption from sleep, except using PROC MIXED for the continuous sleep outcomes. There
were 2128 observations nested within 458 adolescents. Covariates that were significantly
associated with any sleep outcome were also included in models: school attendance, BMI
percentile, primary caregiver’s education level, and whether the adolescent was living with
two biological parents.

All models used autoregressive (AR) (1) covariance structure, included a random
intercept for participant variation, and adjusted for sex, race/ethnicity, and household
income. Alpha < 0.05 (two-sided) was deemed statistically significant.

2.7.2. Sensitivity Analyses by Adolescent’s Average Caffeinated Beverage Consumption

To examine whether the associations between sleep and caffeinated beverage consump-
tion varied as a function of the adolescent’s average consumption, we conducted two sets
of sensitivity analyses. One set of analyses examined whether the within-person effect of
sleep on next-day caffeinated beverage consumption varied as a function of the proportion
of days each adolescent consumed caffeine (a between-person moderator). These analyses
included the interaction term within-person dimension of sleep x proportion of days the
adolescent consumed caffeine predicting next-day caffeinated beverage consumption. The
second set of analyses examined whether the within-person effect of caffeine on that night’s
sleep varied as a function of the proportion of days each adolescent consumed caffeine
(lagged analyses). These analyses included the interaction term within-person caffeinated
beverage consumption × proportion of days the adolescent consumed caffeine predicting
sleep that night.

3. Results

3.1. Demographic Information

For the non-lagged analyses where sleep predicted caffeinated beverage consumption,
589 adolescents provided at least 3 nights of actigraphy, next-day diary, and complete
covariate data (53% female, n = 311; mean age ± SD = 15.4 ± 0.5 years, range 14.7–17.7),
with an average of 5.6 ± 1.4 actigraphy nights per adolescent (range 3–10 days; IQR 5–7)
and 5.5 ± 1.4 reports of caffeinated beverage consumption (range 3–9 days; IQR 4–7).
Ethno-racial composition of the sample was as follows: 41% Black/African American
(n = 240), 25% Hispanic or Latino (n = 149), 19% White/Caucasian (n = 112), and 15% other,
mixed, or none (n = 88). The mean percent of days that adolescents reported consuming ≥1
caffeinated beverage was 61% ± 34%. Demographic information and caffeinated beverage
consumption were similar for lagged analyses (where caffeinated beverage consumption
predicted sleep, n = 458 adolescents); the average number of actigraphy nights provided by
each adolescent was 5.2 ± 1.1 (range 3–9 days; IQR 4–6) and the average number of reports
of caffeinated beverage consumption was 4.7 ± 1.2 (range 3–8; IQR 4–6). Other sample
information for the non-lagged dataset (n = 589), including descriptive statistics for sleep
variables of interest and covariates, is in Table 1.
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Table 1. Average descriptive statistics for analytical sample (n = 589).

Variable M or % SD or n

Demographic and household
Age 15.39 0.52

Sex a

Female 53% 311
Male 47% 278

Race/ethnicity
Black/African American 41% 240
Hispanic and/or Latino 25% 149

White/Caucasian 19% 112
Other, b mixed, or none 15% 88

Body mass index percentile c 73.87 25.21
Annual household income (USD) $64,906 $57,879

Primary caregiver’s highest education level
Did not graduate high school 14% 85

High school graduate 18% 106
Completed some college 47% 276

College graduate 21% 122

Youth living arrangements
Lives with 2 married/cohabiting biological parents 32% 187

Lives with <2 biological parents 68% 402

School attendance
Attended school (proportion of days) 0.44 0.34

Nightly sleep measures
Sleep duration (h) 7.79 1.08

Sleep onset (clock time) 0:28 1:44
Sleep midpoint (clock time) 4:21 1:42

Sleep offset (clock time) 8:20 1:47
Sleep maintenance efficiency (%) 90.70 3.43

Subjective sleep quality d 2.36 0.50

Sleep variability measures e

Variability (SD) of sleep duration (h) 1.57 0.80
Variability (SD) of sleep onset (h) 1.30 0.74

Variability (SD) of sleep midpoint (h) 1.22 0.65
Variability (SD) of sleep offset (h) 1.56 0.90

SRI f 48.35 13.38
Social jetlag (h) g 1.79 1.15

Dietary intake
Consumed ≥1 cup caffeinated beverage (proportion of days) h 0.61 0.34

Consumed ≥1 caffeinated beverage 0–24% of the days 19% 112
Consumed ≥1 caffeinated beverage 25–49% of the days 15% 88
Consumed ≥1 caffeinated beverage 50–74% of the days 22% 129
Consumed ≥1 caffeinated beverage 75–100% of the days 44% 260

Notes. The mean number of actigraphy recordings per adolescent was 5.6 ± 1.4 (range 3–10; IQR 5–7) and the
mean number of reports of caffeinated beverage consumption was 5.5 ± 1.4 (range 3–9; IQR 4–7). a Data collected
at birth. b Other category includes Asian, Central American/Caribbean, Native American/Alaska Native, and/or
Native Hawaiian/Pacific Islander. c Calculated based on 2000 Centers for Disease Control and Prevention
(CDC) growth charts, matched for age and sex [53]. d Ranges from 0 (very bad)–3 (very good). e Higher value
means greater variability, except the reverse for the sleep regularity index. f Calculated based on formula from
Phillips et al. [51]; ranges from 0 (low)–100 (high). g Calculated based on formula from Wittmann et al. [52].
n = 370 (adolescent included only if provided at least one school night and one free night of actigraphy). h Includes
coffee or tea, caffeinated soda, and energy drinks. H, hours; M, mean; n, number; SD, standard deviation; SRI,
sleep regularity index; USD, United States dollar.

The ICCs for sleep measures ranged from 0.15 to 0.53, indicating poor to moderate
reliability and therefore considerable within-person variation [56]. The ICC for the con-
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tinuous caffeinated beverages variable (number of caffeinated beverages on a given day)
was 0.58, and the pseudo-ICC for the dichotomized caffeinated beverages variable (caf-
feinated beverage consumption) was 0.39, demonstrating that the dichotomized measure
had higher within-person variability. ICC and pseudo-ICC values for each nightly sleep
measure, caffeinated beverages (continuous and dichotomized), and school attendance are
in Supplemental Table S2.

3.2. Nightly Sleep Measures Predicting Next-Day and Average Caffeinated Beverage Consumption
(Within- and Between-Person Associations)

No dimension of sleep measured nightly (sleep duration, onset, midpoint, offset,
maintenance efficiency, or subjective quality) predicted next-day caffeinated beverage con-
sumption within adolescents, nor were there any significant between-person associations
for any of these sleep measures with odds of consuming ≥1 caffeinated beverage (all
p ≥ 0.10).

We additionally examined whether the within-person effects of sleep on next-day
caffeinated beverage consumption varied depending on adolescent’s average caffeinated
beverage consumption (i.e., the proportion of days on which an adolescent reported con-
suming ≥1 caffeinated beverage). There were no significant interactions (all p > 0.26).

3.3. Associations of Sleep Variability with Average Caffeinated Beverage Consumption
(Between-Person Associations)

There were significant associations between variability of sleep duration (p = 0.042)
and variability of sleep midpoint (p = 0.045) with average odds of caffeinated beverage
consumption, such that for every one SD-hour increase in variability, the average odds of
an adolescent consuming one or more caffeinated beverages on a given day increased by
21% and 27%, respectively (see Figure 1 and Table 2). Variability of sleep onset (p = 0.093)
and variability of sleep offset (p = 0.058) were marginally associated with average odds of
caffeinated beverage consumption, such that for every one SD-hour increase in variability,
the average odds of an adolescent consuming one or more caffeinated beverages on a given
day increased by 19% and 17%, respectively. There were no significant associations of SRI
(p = 0.214) or social jetlag (p = 0.420) with caffeinated beverage consumption.

Table 2. Between-person associations of sleep variability per youth across monitoring days with
average odds of caffeinated beverage consumption (n = 589).

Model Predictor OR 95%CI OR

Sleep duration (SD, h) 1.21 * 1.01 1.45
Sleep onset (SD, h) 1.19 † 0.97 1.46

Sleep midpoint (SD, h) 1.27 * 1.01 1.59
Sleep offset (SD, h) 1.17 † 1.00 1.38

SRI a 0.99 0.98 1.00
Social jetlag (h) b 1.07 0.91 1.25

Notes. Each row represents a separate multilevel model that adjusts for mean sleep duration (linear and quadratic,
sleep duration × sleep duration) and demographic/household covariates: birth sex, race/ethnicity, household
income, and primary caregiver’s highest education level. Caffeinated beverage consumption (the outcome)
includes coffee or tea, caffeinated soda, and energy drinks and was coded as 0 = none; 1 = at least one 8 oz
beverage that day. The between-person effect for sleep variability measures is represented by SD or SRI [51] (across
all time points) or social jetlag (average midpoint on free nights−average sleep midpoint on school nights [52])
The mean number of valid actigraphy nights per youth included in present analyses was 5.6 ± 1.4 (range 3–10;
IQR 5–7) and the mean number of reports of caffeinated beverage consumption was 5.5 ± 1.4 (range 3–9; IQR
4–7). Higher value means greater variability, except the reverse for the SRI. a Calculated based on formula from
Phillips et al. [51]; ranges from 0 (low)–100 (high). b Calculated based on formula from Wittmann et al. [52].
n = 370 (adolescent included only if provided one school night and one free night of actigraphy). † p < 0.10, * p < 0.05,
two-tailed. CI, confidence interval; h, hours; OR, odds ratio; SD, standard deviation; SRI, sleep regularity index.
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Figure 1. Associations of variability in sleep duration (A) and midpoint (B) (each in standard deviation,
SD hours) per youth with average probability of caffeinated beverage consumption (0 = none; 1 = at
least one 8 oz beverage that day), which includes coffee or tea, caffeinated soda, and energy drinks,
across monitoring days in two separate mixed models. The mean number of valid actigraphy nights
per youth included in present analyses was 5.6 ± 1.4 (range 3–10; interquartile range, IQR 5–7)
and the mean number of reports of caffeinated beverage consumption was 5.5 ± 1.4 (range 3–9;
IQR 4–7). Both models adjust for mean sleep duration (linear and quadratic, sleep duration x sleep
duration) and demographic/household covariates: birth sex, race/ethnicity, household income, and
primary caregiver’s education level. Shaded light blue bands depict 95% confidence interval of mean
probability of caffeinated beverage consumption per youth predicted from each sleep measure. H,
hours; OR, odds ratio; SD, standard deviation.
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3.4. Caffeinated Beverage Consumption Predicting Sleep Measures That Night and on Average
(Within- and Between-Person Associations)

There were significant within-person associations between caffeinated beverage con-
sumption and later sleep onset (p = 0.003), midpoint (p = 0.002), and offset (p = 0.011)
(see Figure 2 and Table 3). On nights following consumption of ≥1 caffeinated beverage,
adolescents’ sleep onset and midpoint were delayed by 0.28 h (17 min) and their sleep
offset the next morning was delayed by 0.31 h (19 min), compared to nights following no
caffeinated beverage consumption. There were no significant within-person associations
of sleep duration (p = 0.968), sleep maintenance efficiency (p = 0.810), or subjective sleep
quality (p = 0.703) and no significant between-person associations for caffeinated beverage
consumption with any of these sleep measures (all p > 0.20).

We additionally examined whether the within-person effects of caffeinated beverage
consumption on that night’s sleep varied depending on an adolescent’s average caffeinated
beverage consumption. There were no significant interactions (all p > 0.17).

Table 3. Caffeinated beverage consumption predicting sleep within and between adolescents (n = 458).

Model Outcome
Within-Person Between-Person

b 95% CI b 95% CI

Sleep duration (h) <0.01 −0.22 0.23 0.04 −0.24 0.32
Sleep onset (h) 0.28 ** 0.10 0.47 −0.08 −0.46 0.30

Sleep midpoint (h) 0.28 ** 0.11 0.46 −0.06 −0.41 0.30
Sleep offset (h) 0.31 * 0.07 0.55 −0.05 −0.41 0.32

Sleep maintenance efficiency (%) −0.05 −0.45 0.35 −0.13 −0.98 0.72
Subjective sleep quality a 0.01 −0.05 0.08 −0.07 −0.20 0.06

Notes. Each row represents a separate multilevel model that adjusts for school attendance and demo-
graphic/household covariates: birth sex, race/ethnicity, body mass index (BMI) percentile, household income,
primary caregiver’s education level, and whether the adolescent was living with two biological parents. Caf-
feinated beverage consumption (predictor) includes coffee or tea, caffeinated soda, and energy drinks and was
coded as 0 = none; 1 = at least one 8 oz beverage that day. Sleep timing measures (onset, midpoint, and offset)
were centered around midnight (0:00). The mean number of valid actigraphy nights per youth included in present
analyses was 5.2 ± 1.1 (range 3–9; IQR 4–6) and the mean number of reports of caffeinated beverage consumption
was 4.7 ± 1.2 (range 3–8; IQR 4–6). a Ranges from 0 (very bad)–3 (very good). * p < 0.05, ** p < 0.01, two-tailed. b,
unstandardized beta coefficient; CI, confidence interval; h, hours.
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Figure 2. Caffeinated beverage consumption (0 = none; 1 = at least one 8 oz beverage that day),
which includes coffee or tea, caffeinated soda, and energy drinks, predicting sleep (A) onset and (B)
offset (each in hours from midnight) that night within each adolescent in two separate mixed models.
Positive x-axis values indicate the adolescent consumed ≥1 caffeinated beverage that day; negative
values indicate the adolescent did not consume a caffeinated beverage that day. The mean number of
valid actigraphy nights per youth included in present analyses was 5.2 ± 1.1 (range 3–9; interquartile
range, IQR 4–6) and the mean number of reports of caffeinated beverage consumption was 4.7 ± 1.2
(range 3–8; IQR 4–6). Both models adjust for school day and demographic/household covariates:
birth sex, race/ethnicity, body mass index (BMI) percentile, household income, primary caregiver’s
education level, and whether the adolescent was living with two biological parents. Shaded light
blue bands depict 95% confidence interval of caffeinated beverage consumption predicting each sleep
measure. b, unstandardized beta (in hours); h, hours.

4. Discussion

The current study assessed bidirectional associations of caffeinated beverage con-
sumption with multiple dimensions of sleep measured through actigraphy and subjective
sleep quality in adolescents. Variability in sleep duration and midpoint across days was
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associated with higher average odds of an adolescent consuming ≥1 caffeinated beverage
on a given day. Consuming ≥1 caffeinated beverage predicted later sleep timing that night
compared to days on which the adolescent did not consume caffeine, but sleep timing
did not predict next-day caffeinated beverage consumption. There were no within- or
between-person associations of caffeinated beverage consumption with sleep duration
or sleep quality (measured either through sleep efficiency or subjective ratings). These
findings demonstrate that consuming caffeine may increase the likelihood that an adoles-
cent shifts their sleep later and has more variable sleep duration and timing, potentially
predisposing the adolescent to poorer psychological and physical health.

This study is the among the first to find that adolescents in a real-world study who con-
sume caffeinated beverages more often are more likely to have variable sleep duration and
timing. Specifically, for every extra SD-hour of variability in sleep duration and midpoint,
adolescents were 17% and 21% more likely to consume at least one caffeinated beverage
on average across monitoring days. We also measured sleep through objective measures,
unlike previous studies that measured sleep through self-report [2,6–19,21–23,26–30,32,39].
Variable sleep schedules may contribute to daytime sleepiness due to circadian misalign-
ment [60], which could lead to increased caffeinated beverage consumption to maintain
alertness. Alternatively, later sleep timing, specifically on days when adolescents consume
caffeine (as found in the current study), could drive greater variability across the week,
particularly in those who consume more caffeine. Sleep variability has been associated
with poor psychological and physical health, including mood instability [61] and increased
odds of metabolic syndrome, greater adiposity, and poorer glycemic control [62]. More
studies are needed to probe the link between caffeine consumption and sleep variability,
particularly with objective measures of sleep.

We found that on days when adolescents consumed ≥1 caffeinated beverage, they
fell asleep about 17 min later that night and woke up about 19 min later the next morning.
The current study is one of the first to assess the link between caffeine consumption
and objectively measured sleep timing in adolescents. The present findings suggest that
adolescents may have more difficulty going to bed and rising early in time for morning
activities such as school or extracurriculars after consuming caffeine. Similar to sleep
variability, later sleep timing is a risk factor for poorer psychological [63] and metabolic
health, including higher adiposity and BMI [64]. One study found that young adults with a
22 min earlier sleep onset and lower sleep variability following a light intervention reported
higher positive affect compared to those with more delayed sleep onset [65], suggesting that
even a minor advance in sleep timing and reduction of sleep variability may be associated
with better psychological health. Furthermore, those with later sleep timing tend to perform
poorly in the morning [66], which poses issues for adolescents who are expected to perform
early due to school start times.

As both sleep onset and sleep offset were shifted later following caffeinated beverage
consumption in the current study, there was no net effect on sleep duration. Previous studies
examining the link between caffeine consumption and self-reported sleep duration in
adolescents have been mixed [2,6–19,21–23], while two studies that measured sleep through
actigraphy as in the current study found no cross-sectional association between caffeine
consumption and sleep [21–23]. It is possible that self-reported and objectively measured
sleep duration capture different constructs, and that adolescents who consume more
caffeine perceive their sleep to be shorter without an actual difference in sleep duration.

We found no within- or between-person associations of caffeinated beverage con-
sumption with either sleep efficiency or subjective sleep quality. These findings align with
previous studies that found no association between caffeine consumption and wake after
sleep onset [24,25] or self-reported [23] sleep quality. It should be noted that caffeine may
have effects on nighttime sleep that are not captured by actigraphy, such as sleep onset
latency or sleep architecture. For example, adolescents who consumed 80 mg caffeine 4 h
before bedtime experienced unchanged total sleep time and sleep efficiency, yet they expe-
rienced increased non-rapid eye movement (REM) stage 1 (“light”) sleep and decreased
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non-REM stage 3 (“deep”) sleep [67], and sleep staging is not captured by actigraphy [33].
Such stage shifting may not translate into changes in the perception of sleep quality. Further
research into bidirectional associations between caffeine consumption and both subjective
and objective measures of sleep quality is warranted in adolescents.

We found that adolescents who consumed caffeinated beverages more often did not
differ in average sleep duration, timing, efficiency, or subjective quality from other ado-
lescents; that is, there were no between-person associations. It is possible that individuals
develop a tolerance to caffeine consumption, such that caffeine no longer affects the sleep
of habitual users. Tolerance to the effects of caffeine on sleep efficiency, for example, may
develop after four days of caffeine consumption [68]. In addition, there is considerable
interindividual variability in the effects of caffeine on sleep, with half-lives of caffeine
consumption ranging from 2 to 10 h among individuals [69]. Adolescents in the current
sample who were aware that caffeine did not affect their sleep may have been more likely to
consume caffeinated beverages than more sensitive individuals. Tolerance to the effects of
caffeine may explain why only the within-person association between caffeinated beverage
consumption and sleep timing was significant in the current study, warranting further
within-person research.

The current study has some limitations and certain strengths. Caffeinated beverage
consumption was measured through daily self-report, which may not represent the adoles-
cent’s routine consumption outside of the monitoring period. We also did not measure the
timing of caffeinated beverage consumption, which is an important factor to consider given
that caffeine consumed close to the nighttime sleep episode may have a stronger impact on
that night’s sleep than caffeine consumed earlier in the day [70]. However, one study found
that the impact of caffeine consumed 0, 3, or 6 h before bedtime on sleep was similar [36].
Furthermore, we did not account for caffeine content, which may vary among beverages
such as coffee, tea, and energy drinks [71]. Future research may examine bidirectional
associations of sleep and caffeine amount in adolescents. In addition, we cannot establish
causal relationships within this observational study. A strength of the study is the large,
diverse sample of adolescents across several areas of the United States. Other strengths
of the current research are the objective measurement of multiple dimensions of sleep
with actigraphy and the assessment of within-person effects, allowing for examination of
temporal precedence.

5. Conclusions

The current study demonstrated that adolescents who consumed caffeinated beverages
more frequently had greater sleep variability, and sleep was delayed on nights following
daytime caffeinated beverage consumption. The findings suggest that reducing caffeinated
beverage consumption in adolescents may assist in preventing negative consequences associ-
ated with sleep variability and delayed sleep timing, such as poor psychological [61,63] and
metabolic [62,64] health.
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Abstract: Sleep is a cyclically occurring, transient, and functional state that is controlled primarily by
neurobiological processes. Sleep disorders and insomnia are increasingly being diagnosed at all ages.
These are risk factors for depression, mental disorders, coronary heart disease, metabolic syndrome,
and/or high blood pressure. A number of factors can negatively affect sleep quality, including the
use of stimulants, stress, anxiety, and the use of electronic devices before sleep. A growing body
of evidence suggests that nutrition, physical activity, and sleep hygiene can significantly affect the
quality of sleep. The aim of this review was to discuss the factors that can affect sleep quality, such as
nutrition, stimulants, and physical activity.

Keywords: sleep; nutrition; physical activity; stimulants

1. Introduction

Sleep is a natural and reversible condition that is controlled primarily by neurobi-
ological processes, and it is a physiological part of human life that is necessary to the
maintenance of health and wellbeing [1,2]. Sleep is associated with a reduction in the
perception of external stimuli and the cessation of motor activity [1]. The quality of sleep
is influenced by many factors, such as diet [3], physical activity [4], and genetic [5] and
environmental factors [6]. Sleep has a multifactorial effect on the body: it reduces energy
consumption and increases the recovery of the energy storage in the brain, it regulates
the adaptive and innate immune response, and it contributes to memory consolidation
(the fixing of acquired information in the brain) [2,7,8]. Sleep disorders are associated
with the onset and progression of many different diseases, which include cardiovascular
disease, depression, and cancer [9–11]. Sleep disorders also increase the risk of infectious
diseases [12–15].

In modern times, with a significant increase in the occurrence of both noncommu-
nicable diseases and sleep disorders, our understanding of the factors that are involved
in improving the quality of sleep is of great importance. The purpose of this narrative
review is to discuss the factors that can affect sleep quality, such as nutrition, stimulants,
and physical activity.

1.1. Sleep Phases and Duration

Sleep continuity is assessed by the total time of sleep, the delay in falling asleep
(i.e., the time between switching off the lights and falling asleep), and by the type and
amount of sleep throughout the duration of sleep [14,16]. Physiological sleep consists
of two main phases—the REM (rapid eye movements) phase and the NREM (non-REM)
phase—which are repeated during sleep. The REM phase is associated with the activation
of the sympathetic nervous system, and it leads to an increase in temperature and blood
pressure and to an accelerated heart rate [17]. During the REM sleep phase, there is also
a decrease in muscle tone [17,18], and activation in the limbic regions, which suggests
that REM plays a role in emotional regulation [19]. The NREM phases are longer and
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are associated with the function of the parasympathetic nervous system and, in contrast
to the REM phase, with decreases in body temperature, blood pressure, and pulse. The
NREM sleep phase also supports memory consolidation, metabolic regulation, and brain
regeneration [17,19].

Sleep disorders that are associated with an insufficient or missing NREM phase are
an increasing public health problem that affects the overall functioning of the body [17].
Adults generally spend about 20–25% of their total sleep time in the REM phase, 75–80% in
the NREM phase, and they have between four and five NREM cycles [17].

There are large inter- and intraindividual differences in the duration of sleep between
people. A study in monozygotic and bizygotic twins indicates the inheritance of sleep
duration [19]. The duration of sleep is influenced between 31 and 55%, which shows a
significant influence of genetics on the duration of sleep [19]. This study also shows that,
not only can the duration be inherited, but also insomnia, habitual sleep time, midday
sleep, and the subjective quality of sleep between identical and fraternal twins [19].

In addition to genetic factors, environmental factors, such as the duration and type
of work, the distance between home and work, commuting, professional and family
responsibilities, and social relationships, also influence sleep needs. In order to enable the
body to sleep “healthily”, it is necessary to have adequate sleep duration, regularity, and
quality, and the absence of sleep disturbances [20].

The length of sleep of healthy people decreases with aging: a newborn needs 14–17 h
of sleep per day, while adults sleep 7–9 h, and older people sleep for 7–8 h [21]. Less than
7 h of sleep is associated with poorer wellbeing and poorer health. In addition, people who
sleep less have a higher risk of illness (e.g., depression, mental disorders, coronary heart
disease, metabolic syndrome, high blood pressure) when compared with people who sleep
a sufficient number of hours (7–8 h) per day [10,12,20].

1.2. Insomnia and Its Risk Factors

Insomnia is a clinical condition that is characterized by difficulty in maintaining sleep
or falling asleep, and tiredness and irritability during the day [22]. It cannot be determined
only by the number of hours of sleep per day. According to the current state of the knowl-
edge, insomnia disorders are found in about 10–20% of the adult population. They are
influenced by factors such as a longer duration of sleep, being awake after sleep, respira-
tory disturbances during sleep, a shortened sleep duration, and sleep fragmentation [22].
Insomnia leads to arousal in the waking state, sleep with an increased metabolic rate, and
increased levels of the adrenocorticotropic hormone and cortisol during the early sleep
phase [23].

The most common symptoms that are associated with insomnia are sleep disturbance
(which occurs in about 50–70% of patients), problems falling asleep, and insufficient regen-
eration during sleep [23]. Sleep disorders can be classified as secondary (e.g., medicines) or
primary (e.g., mental disorders) [23]. Sleep disorders can also manifest as getting up early
in the morning, regardless of when one goes to bed, which results in reduced productivity
and concentration, irritability, a risk of mistakes and accidents, and lower quality of life [24].

Insomnia in children leads to poor concentration, which can impair learning perfor-
mance. This may depend on certain situations and behaviors, such as weighing the baby at
bedtime or bottle feeding. For example, if there is no stimulus before bedtime, the child
may have difficulty falling asleep [24].

Insomnia is a factor that increases the risk of various diseases, such as asthma, gastroe-
sophageal reflux, hypertension, cardiovascular diseases, and type 2 diabetes [24]. The mal-
position of the hypothalamic pituitary axis in chronic insomnia influences the fluctuations
of the thyroid hormones by increasing the concentrations of cortisol, corticotropin-releasing
hormone, and thyrotropin [24].

Careful diagnosis is required to detect or rule out insomnia, as there are many sleep-
related disorders that patients may mistake for insomnia, such as sleep apnea, restless legs
syndrome, or nocturnal cramps [24]. Restless legs syndrome (RLS), which is also known as
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Willis Ekbom disease, is characterized by uncontrolled movement that is due to discomfort
and pain in the legs. The symptoms decrease with movement [25]. Often, other diseases
(such as obstructive sleep apnea and nocturnal cramps) are accompanied by insomnia,
which is why a thorough diagnosis is so important. The aim of the treatment of insomnia is
to improve the quality and quantity of sleep, which thereby improves the wellbeing and
quality of life of the patient [23].

In the diagnosis of insomnia, the effectiveness of sleep plays a decisive role (i.e., the
ratio between the total amount of sleep and the amount of time spent in bed). Spending too
long in bed and in trying to fall asleep is one of the main problems of people who struggle
with insomnia. Sleep disorders influence the development of anxiety during and before
falling asleep, which also affects the development of insomnia [26]. Cognitive behavioral
therapy can be helpful, which aims to treat insomnia by changing thoughts, attitudes,
and beliefs about sleep. This therapy aims to reduce negative sleep thoughts, to improve
sleep hygiene, and to reduce the hours spent in bed, which result in an improved sleep
performance [26].

Every year, more and more people complain about a deterioration in their quality of
sleep, and about insomnia, constant sleep problems, waking up at night, and prolonged
dreams. The deterioration in the quality of sleep and the incidence of insomnia occur
in the general population, but they more often affect women and older people (65 years
and over) [12]. There are many factors that influence the development and occurrence of
insomnia, such as caffeine abuse, stress at work, the loss of a loved one, divorce, domestic vi-
olence, and shiftwork. People who have perfectionism, neuroses, a suppressed personality,
or an increased susceptibility to anxiety are more susceptible to sleep disorders [25].

Sleep disorders may also occur in children. They can be influenced, for example,
by delayed milestones (in child development, there are certain skills that a child learns
at certain points in time), separation anxiety, and hyperactivity [25]. Children’s sleep
problems can also be caused by a lack of certain items (such as favorite cuddly toys),
stimulation (telling stories before bedtime, reading books, or swinging), and the parents’
absence from the room. These factors can lead to increased anxiety in children, which may
cause insomnia [25].

The sleep–wake cycle may be affected by stimulants (such as alcohol, caffeine, and
tobacco) and the use of electronic devices. The use of electronics in the bedroom reduces
the sleep time and leads to permanent exposure to external stimuli (the sound of a ringing
telephone) and a reduction in melatonin release (bright screen light) [27].

1.3. Functions of Sleep

Two effector systems are responsible for regulating the immune response (inborn
and adaptive): the sympathetic nervous system and the hypothalamic–pituitary–adrenal
axis, which are both influenced by sleep. When you sleep too little, the immune system
produces a reduced number of antibodies, which are involved in the body’s defensive
reactions [28,29].

During sleep, there is a decrease in the release of cortisol, norepinephrine, and
adrenaline. The concentration of hormones that affect cell growth, such as growth hor-
mones, melatonin, and prolactin, increases. Prolactin and growth hormone influence the
differentiation and formation of new T cells and stimulate the function of type 1 cytokines
that control the antigenic response of lymphocytes [29].

Sleep reduces energy consumption (the basic metabolic rate decreases) because, among
other things, it reduces the body temperature. The glucose that is consumed by the brain
is also reduced: in slow sleep, twice as much glucose is consumed as in the waking state
(brain cells have a lower glucose demand). This decrease is not due to an excessively low
blood-sugar level, as it is at the same level as when awake [2]. During the REM phase,
the metabolic rate increases, which results in increased glucose consumption compared to
during the NREM sleep phase [2].
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The glymphatic system is a macroscopic system that uses perivascular canal systems
to remove certain substances from the central nervous system [30]. The function of the
glymphatic system is to remove toxins from the brain that are produced during cellular
respiration. During sleep, there is an increased mass flow in which toxins are excreted from
the brain [2]. The glymphatic system also contributes to the distribution of glucose, amino
acids, lipids, and certain neurotransmitters [29].

As the body becomes older, or if it does not procure enough sleep, the toxin removal
may be reduced, which leads to the formation of amyloid plaques, which can be seen in
many neurodegenerative diseases, such as Alzheimer’s disease [31].

Sleep and insomnia influence the different connections of the brain. During sleep,
there is a spontaneous fusion of the glia and the neurons by the synapses, which leads
to the formation of cell networks. The properties of the network are altered by synapses
and signal molecules. During sleep, old superfluous memories are erased, new ones are
strengthened, and the neuromuscular cycles are strengthened [2].

High blood pressure is a disease of civilization that is the main risk factor for the
development of other cardiovascular diseases. High blood pressure is affected by the
length of sleep. Studies in humans show that sleep deprivation (≤5 h/day) and insomnia
increase the risk of high blood pressure by a factor of five. The risk of high blood pressure
is also higher in people who wake up early in the morning (e.g., going to bed late) and who
have difficulty maintaining sleep [10,14].

There is an obvious link between insufficient sleep, cardiovascular diseases, and the
development of inflammation in the body. The greatest risk of developing cardiovascular
disease is in people who sleep for less than 5 h per day. People who sleep for less than 7 h
are also at an increased risk of cardiovascular diseases and mortality that are caused by
a disturbance of the functioning of this system. The duration of sleep should, thus, be at
least 7 h [13,14].

Insufficient sleep leads to increased concentrations of inflammatory markers, such as C-
reactive protein (CRP), while inflammation is thought to be related to the incidence of breast
cancer and lung tumors [14]. People who work long hours on night shifts have an increased
risk of cancers, such as breast cancer, colon cancer, and non-Hodgkin’s lymphoma [32].

Sleep disorders and insomnia may occur as one of the symptoms during depression.
Studies show a doubly increased risk of depression in people with sleep disorders [33].
Increased markers of inflammation, which can be caused by insufficient sleep time, are often
high in people who suffer from depression. Experimental studies in which inflammation has
been activated in the body have shown that the symptoms of depression are accompanied
by the increased activation of the brain, and especially the areas that are responsible for
regulating the negative and positive effects [9,11,14,33].

2. Search Strategy

In order to present the scientific reports of the last decade (2012–March 2022), the
electronic databases Medline and the Web of Science were investigated. Publications on
sleep quality in relation to nutrition, stimulants, and physical activity in observational stud-
ies, experimental studies, and meta-analyses were collected. This search included human
studies and animal experiments. In some cases, studies that are important for this review
but that are outside of the search period are described. The search terms were multiple, with
“sleep” as the main search term, in combination with “insomnia”, “nutrition”, “protein”,
“carbohydrate”, “fat”, “vitamins”, “vitamin D”, “minerals”, “tryptophan”, “melatonin”,
“gamma amino butyric acid”, “GABA”, “caffeine”, “nicotine”, “alcohol”, “marijuana”,
“cannabis”, and “physical activity” as the most critical for this review. The full-text articles
published in English that were relevant for this review were selected. To qualify the publi-
cations for further evaluation, the titles and abstracts were initially screened according to
the search criteria. Studies that did not meet the search criteria were excluded.
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3. Review

3.1. Diet and Sleep Quality

Proper nutrition involves providing all of the necessary nutrients in order to maintain
health and wellbeing. The foods that people consume can not only influence their wake-
fulness during the day, but also their quality of sleep. Sleep is not only influenced by the
energy efficiency of the diet, but also by the content of macronutrients, such as proteins,
carbohydrates, and fats [34]. Insufficient protein intake may impair sleep quality, while too
much protein intake may lead to difficulties in maintaining sleep [34,35].

An important relationship has been identified between the quality of carbohydrates
ingested (fiber content of the products and the degree of processing of the food) and the
quality of sleep [35]. The glycemic index and the frequency and time of meals are influenced
not only by the carbohydrate intake, but also by the quality of the carbohydrates that are
consumed [35]. The high consumption of noodles, sweets, and sugary drinks, as well as the
omission of breakfast and irregular meals, are associated with poor sleep, while a diet that
is rich in fish, seafood, and vegetables contributes to good sleep. The inadequate intake of
macronutrients, excessive calorie intake, and late meals contribute to a reduction in sleep
quality and may influence the development of insomnia [35].

Eating foods that are rich in tryptophan, melatonin, and serotonin improves sleep
quality. In adults, after consuming foods rich in tryptophan, a longer downtime, increased
performance, and an increased total sleep time have been observed [36]. Vitamins and min-
erals (e.g., B vitamins, zinc) influence sleep quality, and when a deficiency was compensated
for, an improvement in the sleep rate and the overall sleep quality was observed [37].

Increasingly, a tendency to sleep for less than 6 h per night is being observed in
the general population, which is influencing the increased consumption of coffee, which
contains caffeine. The half-life of caffeine averages 2 to 10 h, but it can be up to 20 h.
Caffeine obviously increases performance, but it also has side effects: it affects the quality
of sleep. People who consume large amounts of caffeine are more likely to be drowsy in
the morning than those who consume moderate amounts [37,38].

Adults often drink alcohol, and some of them believe that alcohol even helps them to
fall asleep. However, alcohol has a negative effect on sleep, and it impairs the electrophysi-
ological structure of sleep, affects biorhythms, and increases insomnia. In studies that used
moderate doses of alcohol (<1 g/kg body weight), there was a shortening of the REM sleep
phase, which was mainly in the second half of sleep [39].

Nutrition also has a significant influence on the wellbeing of sleep. However, the
nutritional mechanisms that influence sleep regulation are complex [35]. Individual ingre-
dients in the diet can directly influence sleep, such as caffeine, which prolongs the duration
of sleep induction but reduces the overall duration and quality of sleep [40]. Many food
metabolites may be important in the regulation of sleep through the regulation of other
related factors. Foods may also influence the commensal microbiota, which may lead to
the formation of metabolites [41]. Inadequate nutrition in the long term may contribute to
inflammation, which is closely related to insomnia [42]. Adequate nutrition that is rich in
fruits, vegetables, and whole grains has a positive effect on sleep [43].

3.1.1. Sleep and Energy Intake

Overweight and obesity are a growing problem in developed and developing countries.
Overweight and obesity influence many concomitant diseases, such as type II diabetes,
cancer, and cardiovascular diseases. Inadequate sleep habits and poor sleep hygiene may
correlate with overweight and obesity [44]. The available data show that up to 95% of
pupils in upper secondary education do not meet the requirements for adequate sleep
time [45]. In the last hundred years, sleep duration has decreased by one hour in all age
groups [46]. The available data also show a decrease in the sleep duration in recent years of
10–15 min, and an increase in the number of people who sleep less than 6 h [47].
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Short sleep has been shown to increase the risk of developing obesity. Insufficient
sleep leads to increased food intake, which leads to an excessive calorie diet. Studies have
shown a link between insufficient sleep duration and biological changes in hunger [44].

Insufficient sleep is associated with hormonal changes in the body, including the
release of leptin, ghrelin, cortisol, and growth hormone. Hormonal changes may result
in reduced tissue insulin sensitivity. These changes have an impact on inappropriate
food selection, changes in energy regulation, excessive food intake, and reduced physical
activity [48,49].

People who sleep less have a shorter REM period, which probably plays a role in the
link between weight gain and insufficient sleep. A study with 335 participants showed
significant differences between the sleep phases in overweight children and those of chil-
dren of adequate body weight [50]. The subjects with excessive body weight had reduced
sleep function, a longer delay in the first REM phase, reduced REM time, and reduced
REM activity.

Leptin and ghrelin are hormones that are involved in the regulation of appetite.
Ghrelin is responsible for the feeling of hunger, while leptin is responsible for the feeling of
satiety [51]. The level of leptin in persons with insufficient sleep durations decreases, while
the level of ghrelin, which leads to a subjective feeling of hunger, is increased [52,53]. Poor
sleep hygiene, which goes hand in hand with insufficient sleep time, has an impact on poor
dietary choices, such as increased portions, increased calorie intake, an increased feeling of
hunger, and increased consumption of sugary drinks and foods [49].

Our current knowledge shows a connection between sleep quality and obesity. Over-
weight and obese individuals have been shown to have lower quality of sleep than those of
normal body weight, regardless of the length of sleep [49,54], which involves the number
of wakes within 5 min, the sleep performance, delayed sleep, and waking up after sleep.

High energy and fat consumption, binge eating, and nighttime snacking lead to sleep
disorders, which can subsequently lead to disturbances in the feelings of satiety and hunger.
Short sleepers prefer high-calorie foods and frequent snacks, and they skip meals more
frequently [51].

The relationship between poor sleep quality and the development of overweight/obesity
is illustrated in Figure 1.

Figure 1. The relationship between inadequate sleep duration and calorie intake.

Sleep disorders have a significant impact on people’s quality of life. Proper nutrition
can significantly improve the quality of sleep. A balanced diet should contain all of the
necessary minerals, vitamins, and amino acids. Poor nutrition can influence the onset of
insomnia, which, in turn, is a factor in the development of many serious diseases, such
as high blood pressure, type 2 diabetes, and cardiovascular diseases. Food-borne sub-
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stances may impair sleep quality (e.g., by causing inflammation or alterations in hormone
regulation) [41].

3.1.2. Dietary Fat and Sleep Quality

Nuts, vegetable oils, and olive oil are characterized by high contents of unsaturated
fatty acids, but low contents of saturated fatty acids. The consumption of these products is
lower than recommended for the majority of the population that is in favor of saturated
fats. The excessive consumption of foods that are rich in saturated fatty acids contributes
to the development of noncommunicable diseases (NCDs) [55–57]. Studies also show that
people with insomnia have a higher consumption of high-fat foods than people without
sleep disorders [35].

Eating fatty fish (more than 5% fat, such as salmon, mackerel, and trout) has a positive
effect on sleep regulation. Fatty fish are a good source of omega-3 and omega-6 fatty acids,
as well as of vitamin D. These nutrients may influence the regulation of serotonin secretion
and, thus, the regulation of sleep [58]. Eating fatty fish leads to an increased feeling of
drowsiness, which leads to better sleep and a more efficient performance during the day.
Current evidence suggests that the consumption of fatty fish may have a positive impact
on daily functioning and sleep [58].

Polyunsaturated omega-3 fatty acids are an important component of the diet. Diets that
are low in omega-3 acids may impair sleep at night because of an endogenous disturbance
of the daily clock and a reduction in melatonin secretion. Studies in hamsters with omega-
3 deficiency have shown a disturbance in the melatonin-secretion rhythm and chronic
locomotor hyperactivity [59,60].

Animal fats contain, almost exclusively, saturated fatty acids. Foods that are fried
in hydrogenated oil are also a rich source of saturated fatty acids [59]. Studies on the
effect of saturated fatty acids on sleep have shown that the consumption of saturated fatty
acids leads to a greater number of wakes at night and shortens the duration of slow-wave
sleep, which is the stage of sleep during which the body can recover [59]. The regular
consumption of saturated fatty acids contributes to the development of diabetes, which is
often associated with sleep problems [61].

The effect of dietary fat on sleep quality is shown in Figure 2.

Figure 2. Dietary sources of fatty acids and their association with sleep quality.
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Of the unsaturated fatty acids, arachidonic acid, which is a precursor to the production
of the prostaglandin PGD2, which is a sleep-promoting eicosanoid, is of crucial importance
for sleep quality [62].

3.1.3. Dietary Protein and Sleep Quality

Protein is one of the three main nutrients that meets the body’s energy needs. Between
1999 and 2016, there was an increase in the estimated consumption of protein-source
products, which was associated with an increased consumption of poultry, eggs, and
soy [63]. Protein requirements change with age and are dependent on the condition of the
body. For example, people who are ill or who have extensive burns will have an increased
need for protein. Proteins have many functions in the body, such as transport, building,
and structural functions [64].

A study of 4435 nonshift workers showed that protein intake can influence the symp-
toms of insomnia [65]. Low protein intake (<16% of total energy) was associated with a
difficulty falling asleep and poor sleep quality, whereas high protein intake (≥19% of total
energy) was linked to difficulty maintaining sleep. On this basis, it is recommended that
protein accounts for between 16 and 19% of the energy efficiency of one’s food intake [65].

Protein may consist of the amino acid tryptophan, which is a precursor of cerebral
serotonin, which acts as a sleeping pill. Too little protein intake can lead to a deficiency of
tryptophan, which can lead to sleep disturbances [66]. However, an excess of protein in the
diet may lead to a decrease in the level of tryptophan in the brain, since the protein also
contains other large neutral amino acids (LNAAs) (wide neutral amino acids) that affect
the transport of tryptophan by the blood–brain barrier of tryptophan [66].

Protein that is taken in the evening has a positive effect on muscle protein synthesis
during sleep. The availability of amino acids overnight is limited, and the rate of muscle
protein synthesis is limited; however, by absorbing protein before bedtime, it is possible to
digest and absorb it effectively. During sustained resistance training, the consumption of
protein before bedtime may additionally influence muscle buildup and muscle strength [67].

The effect of proteins on sleep quality is presented in Figure 3.

Figure 3. Protein intake and sleep quality.
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3.1.4. Dietary Carbohydrates and Sleep Quality

Dietary carbohydrates, and the degree of their processing, significantly affect the
quality of sleep. Both low-carbohydrate and high-carbohydrate diets affect the sleep
architecture [35]. Carbohydrates have been shown to affect mainly the NREM phase (slow-
wave sleep) and the REM phase. Moreover, dietary carbohydrates may also delay the onset
of the REM phase and may delay the onset of sleep [34,68].

The carbohydrate quality is even more important for sleep quality than the amount of
dietary carbohydrates. A study that was conducted in a group of 12 healthy subjects who
were aged 18–35 years, and who consumed a meal that contained carbohydrates with a
high glycemic index (GI) four hours before bedtime, showed a significant reduction in the
delay in falling asleep, compared to a meal that contained low GI products [69].

Other studies suggest that a diet with a high glycemic index is a factor that increases
the risk of insomnia [70]. The “Women’s Health Initiative Observational Study”, which was
conducted with the participation of postmenopausal women, examined the probability of
insomnia after consuming carbohydrates with different glycemic indexes, glycemic loads,
and fiber contents. The risk of insomnia was increased by products with higher glycemic
indexes and higher amounts of added sugars, refined grains, and starches. By contrast,
a higher consumption of dietary fiber, whole grains, fruit, and vegetables was associated
with a lower risk of insomnia [70]. Higher dietary fiber content in food lowers the glycemic
index and slows down the metabolism of carbohydrates [71].

The mechanism of carbohydrate consumption on the occurrence of insomnia is not
yet fully understood, but potential mechanisms have been suggested. By consuming foods
with high glycemic indexes, the concentration of insulin increases, which may change the
ratio of tryptophan to other large neutral amino acids (LNAAs), such as leucine, isoleucine,
phenylalanine, valine, methionine, and tyrosine [72]. Insulin affects the higher selective
uptake of LNAAs by the muscles, which thus causes a higher ratio of tryptophan compared
to these amino acids. LNAAs compete with tryptophan for transport to the brain, and
the greater muscle uptake of amino acids may lead to increased levels of tryptophan in
the brain [73]. Tryptophan, on the other hand, is a precursor of serotonin, which affects
sleep; therefore, the consumption of a large amount of carbohydrates with a high glycemic
index may improve sleep wellbeing. However, in a proper diet, carbohydrates with a high
glycemic index should be avoided because they contribute to the development of NCD,
such as diabetes type 2 [69]. For a meal to have such an effect on the body, it should contain
only carbohydrates. Even if only 5% of a meal comprises protein, it may inhibit the increase
in the tryptophan concentration in the brain [70].

A diet with a high glycemic index may cause hyperglycemia, and the resulting hyperin-
sulinemia may induce the release of hormones such as cortisol, growth hormone, glucagon,
and insulin, which contribute to sleep disorders [71]. A diet with a high glycemic index
may deteriorate the quality of sleep by stimulating the inflammatory immune response,
which leads to changes in the intestinal microbiome [34].

Some studies have examined the influence of diet on sleep quality. In a group of
26 adults, who usually slept for 7–9 h per day, the consumption of products that contained
little dietary fiber and high amounts of saturated fatty acids resulted in less deep sleep [74].
The consumption of refined carbohydrates and sugar resulted in an increased number of
awakenings during sleep [74].

Sleep quality is also influenced by the relationship between the percentage of energy
that is consumed from sugar and nonfiber carbohydrates during the day. An increased
probability of the reduced regularity of sleep and wakefulness has been shown in people
who consume higher amounts of carbohydrates (i.e., ≥70.7% of energy comes from carbo-
hydrates), compared to people who consume a moderate amount of carbohydrates (61 to
66% of energy) [75].

A meal that is abundant in carbohydrates and that is eaten in the evening reduces
the nocturnal secretion of melatonin and delays the circadian rhythm of the basal body
temperature [75]. The consumption of fiber was associated with more regenerative and
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deeper sleep. It is possible that a diet that is high in crude carbohydrates, contains more fiber,
and with a reduced consumption of nonfibrous carbohydrates and sugar may significantly
improve the quality of sleep of people with insomnia [34]. A study of 410 young women
found that those who slept less consumed more carbohydrates and less dietary fiber [76].

The effects of carbohydrates on sleep quality are shown in Figure 4.

 

Figure 4. Carbohydrates and sleep quality.

3.1.5. Caffeine

One of the most commonly consumed stimulants is caffeine, which is found in coffee,
tea, chocolate, energy drinks, and carbonated drinks. These products are widely used and
are also consumed by children and adolescents [34].

Caffeine is, among other things, a substance that is taken to relieve fatigue; however,
abuse can have a negative effect on sleep [37,77,78]. Therefore, it is very important to eat an
adequate and balanced diet in order to enjoy complete mental and physical health [40,41].

The half-life of caffeine is between 2 and 10 h, depending on exogenous and endoge-
nous factors. Nicotine can change (accelerate) the rate of caffeine metabolism by up to 50%.
The residual effect of caffeine may last longer than 10 h, or even up to 20 h [37].

The mechanism of action of caffeine on the central nervous system is adenosine-
receptor antagonism. Consequently, the effect of caffeine on sleep quality appears to be
mainly due to adenosine receptors [38,79]. Most adults consume daily caffeine (coffee,
energy drinks, tea, or other drinks), with an average intake of 200 mg/day. Self-reported
studies tend to underestimate the actual caffeine consumption. This is because many people
miscalculate the caffeine content of their diets by stating only the amount of caffeine in
the coffee that they consume, without indicating the caffeine content in cold medicines,
painkillers, tea, chocolate, hot chocolate, and energy drinks. It is difficult to develop a
completely decaf diet, considering how widespread and easily accessible caffeine is [37].

Caffeine acts, in particular, on the A1 and A2A receptors, which influence sleep,
cognitive functions, and the arousal of the brain. The absorption of caffeine takes place
in the small intestine and stomach. This process is fast and effective, with the maximum
plasma concentration being reached within the first 30 min after caffeine absorption [37,38].
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For most people in the world, sleep is the time when they stop consuming caffeine.
The negative effects of caffeine consumption (too much or too late) can only be felt the
next day [37]. The intake of caffeine-containing coffee results in a decreased secretion of
6-sulfatoxymelatonin, which is the main metabolite of melatonin [77]. This is one of the
mechanisms that causes sleep interruption [37].

The administration of four cups of brewed coffee (equivalent to 400 mg of caffeine)
up to 6 h before bedtime leads to a significant deterioration in sleep quality. Caffeine
consumption, even in the morning, shifts the REM phase of sleep to the early night [37].

In one study, nine healthy male volunteers were administered 200 mg of caffeine in
the morning (at 7:00) [80]. The sleep episodes were monitored by electroencephalography,
while the caffeine concentrations were measured in the saliva. A sharp increase in the
caffeine levels was observed up to one hour after taking 200 mg of caffeine. A decrease
in the caffeine concentration to less than one fifth of the peak level occurred 16 h later.
Despite the decrease in the amount of caffeine in the saliva at the time of falling asleep,
the overall time and efficiency of the sleep was reduced. This study shows that even a
moderate dose of caffeine taken in the morning negatively affects the sleep quality during
the subsequent night.

A study of 309 children aged 8 to 12 years investigated the relationship between the
sleep quality, caffeine consumption, and daytime behavior [81]. It looked at caffeine intakes
of between 0 and 151 mg (with the latter corresponding to an intake of 500 mL) of the
energy drink Red Bull, or 750 g of milk chocolate. The intake of caffeine affected the sleep
quality, the morning fatigue, and the sleep routine. The most common sources of caffeine
among the children were coffee and tea (41%) and carbonated beverages (40%). No effect
of caffeine on sleep delay in children has been observed.

Caffeine consumption causes an increased number of naps, a shortened total sleep
time, a poor subjective assessment of the sleep quality, and daytime sleepiness [80].

3.1.6. Vitamin D

Vitamin D is a fat-soluble vitamin that plays a crucial role in calcium absorption.
The main source of vitamin D is skin synthesis (ultraviolet B). It can also be supplied
through food (fatty fish is the main source). On the basis of the serum concentration of
the major active metabolite of vitamin D (25-hydroxyvitamin), vitamin D deficiency is
widespread [82–84].

Low serum levels of 25-hydroxyvitamin D may impair sleep quality. The relationship
between sleep disorders and vitamin D deficiency is not fully understood [85].

Vitamin D receptors are widespread in almost all tissues, including in the central
nervous system [86]. Vitamin D receptors are found in the human brain in the prefrontal
cortex, hypothalamus, and in black or grey brain matter, all of which play an important
role in the regulation of sleep [87].

Vitamin D deficiency can cause nonspecific pain, which can impair sleep and worsen
sleep quality. People who complained of nonspecific pain of an unknown cause had an
increased risk of shortened sleep duration and worsening sleep quality. A study of 28 US
veterans with vitamin D deficiencies showed that vitamin D supplementation can improve
sleep quality and duration, relieve pain, and improve quality of life [88].

Vitamin D deficiency is associated with a higher risk of insomnia, including short
sleep duration, poor quality of sleep, and daytime sleepiness. Studies suggest a correlation
between a deterioration in the sleep quality and a deficiency of 25-hydroxyvitamin D in
serum [89].

3.1.7. Tryptophan, Serotonin, and Melatonin

Tryptophan is an essential amino acid that the body cannot synthesize itself and, thus,
must be supplied through food. Sources of tryptophan include chicken, turkey, eggs, milk,
fish, cheese, beans, and pumpkin seeds [90]. Tryptophan is a precursor of melatonin and
serotonin that can cross the blood–brain barrier and compete with other major neutral
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amino acids [91,92]. The conversion of tryptophan into serotonin occurs under conditions in
which tryptophan is sufficiently available in the brain. Increased levels of tryptophan in the
brain occur when the ratio of free tryptophan to branched-chain amino acids is increased.
Melatonin is formed in the process of tryptophan conversion into serotonin [92,93].

Relatively low doses of tryptophan in the diet increase sleep performance, shorten
the waking time during the night, and increase the subjective assessment of the sleep
quality [92]. A study was conducted with 35 subjects aged 55 to 75 years who had trouble
sleeping. The participants received a meal of 30 g of flakes with 22.5 mg of tryptophan
in the first week, 30 g of flakes with 60 mg tryptophan in the second week, and a normal
meal in the third week. The study showed a significant improvement in the sleep quality
in the second week with a flake diet of 60 mg tryptophan, compared to the first and third
weeks. An improvement in the quality of sleep was particularly evident in the performance
of sleep, the increase in the actual duration of sleep, and the time during which one was
immobile [92].

The soothing hormone that is released by the pineal gland is melatonin. Increased
exogenous melatonin levels can improve sleep quality by increasing the body tempera-
ture [93]. Melatonin is mainly produced in the dark by the pineal gland from serotonin,
and it stimulates the circadian rhythm. With increasing age, the melatonin level decreases,
which leads to a disturbance in the circadian sleep rhythm [92]. Melatonin can be supple-
mented. Melatonin from supplements is characterized by very low toxicity, although no
additional benefits have been observed at doses above 3 mg. The absorption of melatonin
has a positive effect on the quality of sleep by increasing the propensity to sleep and by
increasing the duration of sleep [42].

3.1.8. Gamma Aminobutyric Acid

Gamma-aminobutyric acid (GABA) is a nonprotein amino acid that has a positive
effect on many metabolic disorders. The main producers of gamma-aminobutyric acid are
lactic acid bacteria [94]. High concentrations of GABA in food can be achieved by the use
of Lactobacillus brevis or Lactococcus lactis, which are present in fermented dairy products.
GABA occurs naturally in small amounts in rice, oat, wheat, soya beans, raw spinach,
potatoes, and many vegetables [95,96]. Naturally occurring gamma-aminobutyric acid can
also increase sleep efficiency and can have hypnotic effects [97].

One study investigated the objective effect of the uptake of naturally occurring gamma-
aminobutyric acid by means of serial polysomnography. The study included adults with
one or more symptoms of insomnia. The patients received gamma aminobutyric acid tablets
or a placebo one hour before bedtime. The patients who received gamma aminobutyric acid
tablets had a significantly reduced sleep delay compared to the patients who took placebo
tablets. A reduction in the symptoms associated with insomnia and a subjective improve-
ment in the quality of sleep has also been observed in patients taking GABA tablets [97].
Although the study did not investigate whether GABA can cross the blood–brain barrier, it
is suspected that gamma aminobutyric acid may inhibit stimulation neurons [97,98].

Gamma aminobutyric acid tablets can affect sleep by enhancing central GABA-ergic
neurotransmission. Gamma-aminobutyric acid is involved in the regulation of both the
REM and the NREM sleep phases [96,99].

3.2. Stimulants and Drugs That Affect Sleep Quality

Sleep hygiene is a set of environmental and behavioral recommendations that are
aimed at the promotion of healthy sleep. It should be used in the entire population, and
not only in persons with insomnia [100]. Patients are instructed to adhere to the rules of
proper sleep hygiene (stopping smoking, avoiding alcohol, regular sleeping hours, regular
exercise, and noise avoidance). There are people who do not have access to sleep therapy,
even though they meet the criteria for sleep disorders. Such people will more often look for
materials to help deal with insomnia themselves and turn to basic care officials. Information
about proper sleep hygiene is easily accessible and widespread, as it can be disseminated
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without the direct involvement of a doctor. As a result, it can also be accessible to people
who are not seeking medical help for sleep disorders [101].

Education about proper sleep hygiene is relatively inexpensive and may be the first
intervention for people looking to improve their sleep quality. The most common sleep
hygiene recommendations refer to smoking, alcohol, caffeine, daytime naps, stress, noise,
time outdoors, and exercise [102]. It is important to avoid the factors that influence the
deterioration of sleep quality, such as smoking, alcohol consumption, excessive stress, or
excessive caffeine intake in the diet [103].

3.2.1. Alcohol

Alcohol is not recommended before going to sleep in order to ensure good sleep
hygiene. Alcohol consumption in the late evening prolongs slow-wave sleep in the early
part of the night [103] and affects the REM phase and sleep continuity. Alcohol is often
used as a trigger for sleep, although the mechanism for reducing sleep delay is more
complicated. High doses of alcohol (1 g/kg body weight) within one hour before bedtime
inhibits the REM phase, but the reduction in the REM phase disappears with continued
alcohol consumption. With high and moderate alcohol consumption, slow-wave sleep is
prolonged. Repeated nighttime alcohol consumption leads to a decrease in the NREM
phase (slow-wave sleep). Alcohol has a stimulating effect when consumed in low doses
(0.16 g/kg body weight) in the first hour after consumption, while it has a sedative effect
in large quantities. Alcohol consumption up to 6 h before bedtime impairs the quality of
sleep, which indicates a relatively long effect [104].

Increasing alcohol consumption decreases the delay in falling asleep. Two to three
hours after drinking, the blood alcohol level drops, which increases arousal. There is a
prolongation of the REM phase in the second half of the night, which contributes to the
fragmentation of sleep [104]. In long-term users, only a small improvement in sleep can
be observed after prolonged abstinence [105–107]. Long-term alcohol consumption may
have different effects compared to people who drink little or no alcohol. Alcohol abuse can
lead to changes in physiological sleep and waking, which play a role in the regulation of
sleep [104,106].

Alcohol is considered a good sleeping remedy, not least because of its easy availability
and low cost. Women use alcohol less frequently than men [105]. A total of 67% of patients
who complained of insomnia (age range: 18–79 years) and used alcohol reported that
it had a positive effect on their sleep quality [108]. However, alcohol quickly loses its
sleep-promoting effect and retains its sleep-disrupting properties. Alcohol users are also
sleepier during the day than nonalcohol users [105].

Low alcohol consumption can cause snoring and obstructive sleep apnea in healthy
people. Alcohol in combination with obstructive sleep apnea increases the risk of strokes,
heart attacks, and sudden death. The onset of sleep apnea deteriorates the quality of sleep
and causes the feeling of fatigue during the next day [105,109].

Alcohol consumption aggravates movement disorders, which impairs sleep behavior.
People who consume two or more drinks a day have a two to threefold increase in periodic
leg movements, which leads to the increased fragmentation of sleep [108].

Alcohol consumption can also cause other sleep-disturbing symptoms, such as gas-
tritis, gastroesophageal reflux, and polyuria. Increased thirst and polyuria cause frequent
awakening, which also affects sleep quality [105].

3.2.2. Nicotine

Smokers have a higher risk of sleep disorders such as sleep apnea, sleep disturbances,
poor sleep quality (increased sleep delay, shorter time, and greater difficulty in maintaining
sleep, as well as daytime sleepiness), and insomnia [110].

Nicotine disturbs the balance of neurotransmitters that are involved in the regulation
of sleep. In addition, nicotine withdrawal occurs during sleep, which affects the onset of
insomnia. In exploratory studies, a significant interaction was observed between evening
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nicotine intake and the reported occurrence of insomnia. In individuals with symptoms of
insomnia, nicotine intake at bedtime has also been associated with a 40 min reduction in
sleep duration [110].

Nicotine promotes excitement and alertness by stimulating the cholinergic neurons
in the basal region of the forebrain. The intake of nicotine in the form of a patch, a pill, or
smoking is associated with sleep disturbances. The administration of nicotine in any form
reduces the total sleep time, increases sleep delay, suppresses slow-wave and REM sleep,
and increases early morning awakening. Therefore, it is recommended to avoid nicotine in
order to maintain good quality sleep [111].

People who use nicotine and are addicted to it should be individually investigated for
the direct effects of nicotine withdrawal on sleep quality. The withdrawal of nicotine in
the early stages of smoking cessation is often associated with the onset of sleep disorders.
A deterioration in sleep quality may occur up to 3–4 weeks after quitting smoking. The
most noticeable discomfort during nicotine depletion is the more frequent and prolonged
awakening during sleep [110,112].

3.2.3. Cannabis

Cannabis (also known as marijuana) is one of the most commonly used drugs. Cannabis
has a positive effect on sleep quality. It is sleep-promoting and hypnotic, but it also reduces
the waking time after falling asleep, reduces the delay in falling asleep, shortens the REM
phase, and prolongs the duration of slow-wave sleep [113–116].

A 2017 New England study on 1500 patients found a reduction in sleeping-pill use
of two-thirds among patients using medicinal marijuana [117]. The hypnotic effects of
cannabis are often the reason for its use in people with sleep disorders. However, in
cannabis users, the hypnotic effect may be tolerated because of neurological changes in the
endocannabinoid system [118].

Cannabis, and especially if used for a short time, can have a soothing effect on sleep
disorders in terms of subjective sensations. With the prolonged use of cannabis, however,
negative effects on sleep quality have been noted, and most notably during withdrawal.
The negative effects of cannabis use can also be observed in individuals who take low doses
of cannabis [119,120].

People who use cannabis on a daily basis are more likely to report sleep disturbances
compared to people who use cannabis rarely or never [121].

The medical use of cannabis for the treatment of post-traumatic stress disorder, pain,
and multiple sclerosis can improve sleep quality. However, long-term cannabis use causes
tolerance, long-term sleep disorders, and withdrawal symptoms, which may lead to the
worsening of post-traumatic stress disorder [118].

A study was conducted with eight subjects who orally received a fluid that contained
naturally occurring substances in marijuana. The volunteers received a polysomnography
to assess the sleep and morning functions. Decreased performance on the following day
(mood swings and memory deficits) and a deterioration in the sleep quality (decreased
sleep performance) were observed [118].

In a sleep study that used polysomnography, it was shown that the administration
of 10, 20, or 30 mg of one of the substances contained in marijuana (THC) resulted in a
shortening of the latency of falling asleep, and a reduction in the total time of falling asleep.
However, not all studies show this effect of marijuana, which may be due to the soporific
effects of THC and the stimulant effects of cannabidiol, which is one of the active chemicals
that is identified in cannabis [119]. Some studies have also shown that cannabis shortens
the rapid-eye sleep phase, reduces the density of the rapid-eye sleep phase, and lengthens
the NREM (slow-wave sleep) phase. Long-term marijuana users develop a tolerance to the
effects of cannabis, but they also experience a deterioration in sleep performance [119].

Numerous studies on marijuana withdrawal have shown an increase in wakefulness
after falling asleep, an increase in sleep latency with rapid eye movement, an increase in
the delay of falling asleep, and decreases in slow-wave sleep, sleep performance, and total
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sleep duration. Such effects are more pronounced in people who use marijuana intensively
(marijuana use ≥5 days a week for the last 3 months). Symptoms can persist for more than
45 days [119].

More and more people are complaining about a decrease in the quality of sleep or
the occurrence of insomnia. Proper nutrition that is rich in tryptophan, vitamin D, and
gamma-aminobutyric acid can improve the quality of sleep. By using foods that are rich
in these substances, the effectiveness and the actual sleep time are improved. In addition,
there is a noticeable delay in the subjective assessment of sleep.

Substances such as alcohol, nicotine, excess caffeine, and cannabis negatively affect
the quality of sleep. They cause, among other things, an increase in the waking time
after falling asleep, a shorter sleeping time, and greater difficulty in maintaining sleep.
A nonpharmacological method of treating insomnia is to eliminate the consumption of the
abovementioned substances [87,104,110,121]. The effects of caffeine, alcohol, nicotine, and
marijuana on sleep quality are shown in Figure 5.

Figure 5. Stimulants and drugs that affect sleep quality.

3.3. The Impact of Physical Activity on the Quality of Sleep

Sleep and physical activity are related to cognitive functions, and especially executive
control and memory consolidation. However, it has not been discovered how physical
activity is related to the executive-control processes that are responsible for monitoring,
initiating, and planning target-oriented behaviors (e.g., working memory) [122,123]. The
quality of sleep in the elderly is affected by physical activity. Longer daily activity is
associated with better sleep quality. A study was conducted in which three age groups were
included: young (21–29 years), middle-aged (36–64 years), and older (65–81 years). The
older people who engaged in more physical activity scored lower on the PSQI (Pittsburgh
Sleep Quality Index), which indicates better sleep quality. The older people who slept
better reported less fatigue. A relationship between sleep quality and training intensity
has also been observed. Moderate and intense physical activity has a positive effect on
sleep quality, while light physical activity has no effect on sleep quality [124]. People
who practice physical activity sleep better and longer than those with a sedentary lifestyle.
By introducing the appropriate amount of physical activity and the time spent outdoors,
and by engaging in activities such as walking, we can nonpharmacologically improve the
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quality of sleep [125]. Long-term physical activity has a positive effect on the quality of
sleep. An improvement in the sleep quality occurs with an increase in the activity time
and the number of steps, and so even moderate physical activity has a positive effect [126].
High-intensity exercise during the nighttime period affects the secretion of melatonin
and can quickly change its concentration in the body within a few minutes [126]. The
concentration of melatonin depends on the intensity, duration, and type of exercise that
is performed. Physical exercise late in the evening, when melatonin is physiologically
secreted, can cause a decrease in its concentration. On the other hand, night exercise,
both of high and moderate intensities, causes a delay in the secretion of melatonin on the
following evening. Physical exercise during the day, regardless of intensity, does not have
a quick and constant effect on melatonin secretion [127].

The effects of physical activity on sleep quality are shown in Figure 6.

Figure 6. Effects of physical activity on sleep quality.

3.3.1. The Effect of Recreational Physical Activity on Sleep Quality

Physical activity, physical fitness, and exercise are interrelated, but are, at the same
time, separate collective terms. Physical activity is any movement that causes energy
expenditure, and it includes, among other things, daily duties, such as household activities
and commuting. Exercise is a structured and repetitive activity that is aimed at improving
health or at maintaining it at a constant level. Physical fitness is the ability to perform
physical activities without the excessive fatigue of the body [128].

Physical activity and sleep positively correlate with cognitive functions, and especially
with executive control and memory consolidation (i.e., the processes that consolidate the
acquired information in the brain). Physical activity has a positive effect on the quality of
sleep, and especially on its depth, latency, and performance [122,123].

Physical activity is an important element of public health that is used both in the
prevention and treatment of various diseases. Regular exercise reduces the risk of cancer,
diabetes, and coronary heart disease, as well as the onset of neurodegenerative disorders.
The currently available data also indicate a positive effect of exercise and physical activity on
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sleep quality. Both relatively high-intensity and low-intensity exercise produce significant
benefits that are associated with sleep quality [129,130].

Physical activity, and especially regular exercise, can improve the quality of sleep by
affecting the adenosine levels and the body temperature; however, when performed too late
in the evening, it can cause sleep disruption by increasing physiological arousal. There are
also studies that examine the likelihood of sleep improvement through late physical activity
that is due to the induced antidepressant, anxiolytic, and body-warming effects [131]. The
effect of exercise on the body temperature can be extremely important late in the evening,
as there is a decrease in the body temperature when falling asleep, and exercise causes an
initial increase in the deep body temperature and it increases the rate of the decrease in the
body temperature [129]. The timing of exercises for sleep quality is therefore unclear, as
there are many conflicting arguments.

3.3.2. The Effect of Physical Exercise on the Quality of Sleep in People with Insomnia

A study was conducted on 48 patients suffering from insomnia, who were divided
into four groups: a control group; a second group, in which people performed moderate-
intensity aerobic exercise; a third group, in which high-intensity aerobic exercise was
performed; and a fourth group, in which moderate-intensity resistance exercise was per-
formed [129]. In the group in which the participants performed moderate-intensity aerobic
exercise, the data from the polysomnogram showed a reduction in the total wakefulness, a
delay in falling asleep, and an increase in the efficiency and overall sleep duration. A re-
duction in anxiety was also observed in those who engaged in moderate-intensity aerobic
exercise [129]. The patients with primary insomnia experienced a decrease in their rate of
sleep anxiety. Moderate-intensity resistance exercise can cause a reduction in anxiety for
up to five hours [132].

Obstructive sleep apnea (OSA) is a condition that occurs during sleep that is charac-
terized by the obstruction of the upper respiratory tract. Obstructive sleep apnea, despite
its frequent occurrence, is a clinical condition that is rarely diagnosed [133]. Obstructive
sleep apnea is diagnosed by polysomnography, in which the ratio of the total number of
apneas and the respiratory shallowness to the total sleep time is assessed [134]. OSA is a
growing burden on health care funds, as it is a major source of cardiovascular morbidity
and mortality [134]. Patients with obstructive sleep apnea have significantly reduced work
performance and quality of life because they often suffer from morning headaches, urina-
tion at night, decreased libido, impaired concentration and attention, irritability, depression,
sleep fragmentation, neurocognitive disorders, deterioration of the sleep quality, and the
occurrence of excessive daytime sleepiness [133].

An easy and cheap method of treating OSA is physical exercise, which alleviates
several consequences that are caused by the disease, such as fatigue and cardiovascular
disorders. Physical exercise affects weight loss, which also affects the alleviation or reso-
lution of OSA. The mechanisms that attenuate obstructive sleep apnea through physical
activity are not yet fully understood, but there are several plausible hypotheses. During
physical exertion, the respiratory muscles are stimulated, which leads to structural and
metabolic adaptations that increase the resistance to fatigue. It is likely that endurance
exercises cause increased activity in the upper respiratory tract, which results in a decrease
in the resistance and an increase in the diameter of the upper respiratory tract. Endurance
exercises also counteract pharyngeal collapse during sleep [133].

During sleep, fluid accumulates in the neck, which causes an increase in the pressure
on the larynx, which can cause the onset of OSA. After aerobic physical exercise, there is a
significant reduction in the amount of fluid in the neck [135].

People with OSA have reduced durations of slow-wave sleep and greater difficulty
achieving slow-wave sleep, as well as increased daytime sleepiness [136]. Physical exercise
increases the body temperature, which can make it easier to fall asleep. During physical
activity, there is also an increase in the energy expenditure, which affects the extension of
the NREM sleep phase [133]. Adult patients (a study of 129 participants) with OSA who
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practiced physical activity experienced a decrease in daytime sleepiness and increases in
the peak oxygen consumption and the sleep performance [137].

3.3.3. The Impact of Physical Activity on the Quality of Sleep of Children and Adolescents

Sleep is a key element for the proper health and development of children. A short sleep
duration among preschool children is associated with a higher prevalence of obesity with
age [138]. In recent years, the number of obese children has increased sharply. Research
conducted by the World Health Organization has shown that about 41 million children
under 5 years of age are overweight or obese. It is especially important to maintain a
healthy weight in childhood, since overweight and obesity at a young age can adversely
affect the mental, physical, and social development of a child. Abnormal body weight
in children has a serious impact on the development of diseases in adulthood, such as
diabetes, cardiovascular diseases, and cancer [139].

International guidelines recommend that infants sleep up to 17 h a day, and that
children aged 1–5 years sleep from 10 to 14 h/day [21]. Currently, children sleep less than
children did a century ago, and parents report reduced sleep quality observed in their
children [138].

A study that analyzed the incidence of insomnia included a group of 700 children
aged 5 to 12 years. It was shown that the incidence of insomnia among the children
was 19.3%. Insomnia among boys was at a similar level in all the age groups (5–7 years,
8–10 years, and 11–12 years), while, in girls, the 11–12-year age group showed the highest
incidence of insomnia symptoms, compared to the 5–7-year and 8–10-year groups. Children
with symptoms of insomnia take longer to fall asleep, and they have an increased delay
in the REM phase and reduced slow-wave sleep, compared to children without sleep
disorders [140].

Higher levels of total physical activity in infants are associated with poorer sleep
performance, a shorter total sleep duration, and fewer naps throughout the day. In young
children and preschoolers, a higher degree of physical activity has a positive effect on the
quality of sleep, as it results in the better quality and the stability of sleep. The intensity
of physical activity also affects the quality of sleep. Light physical activity in preschool
children is associated with a later bedtime. By contrast, moderate to intense levels of
physical activity are associated with a later time and a shorter total duration of sleep. In
children aged 1–3 years, higher levels of physical activity are associated with better stability,
a shorter overall time to fall asleep, and better sleep quality [138].

Playing outdoors, for children aged 1–3 years, is associated with shorter falling-asleep
times, fewer wakeups, a shorter total sleeping time, and an earlier bedtime [138]. The
physical activity of preschoolers in the open air in the form of play is associated with fewer
night awakenings, a shorter time to fall asleep, an earlier sleeping time, and a longer total
sleep time. Preschool children who engage in sports have better sleep quality (better sleep
performance and earlier time to fall asleep) [138,141].

A study of 91 adolescents (11–19 years old) found that 73.6% of them had trouble
maintaining sleep, and that 60.5% had trouble falling asleep [142]. Adherence to physical
activity guidelines (60 or more minutes per day of moderate or intense physical activity)
resulted in improved quality of sleep and shortened sleep duration [142].

3.3.4. The Effect of Physical Activity on Sleep Quality in Adults

Physical activity and spending time outdoors can be a nonpharmacological means
of maintaining proper sleep quality and fighting insomnia [124]. People who practice
physical activity have better sleep quality (latency, depth, and sleep performance). Regular
physical activity and sleep positively correlate with cognitive functions (executive control
and memory consolidation). The available data indicate that women are more likely to
engage in nonpharmacological measures to treat insomnia. Furthermore, physically active
women had better sleep quality than sedentary women [124].

120



Nutrients 2022, 14, 1912

One study, which involved 305 participants over the age of 40 years, assessed the
effects of physical activity on sleep quality. The participants took part in an exercise program
that consisted of high-intensity resistance exercise and moderate-intensity aerobic exercise.
Pooled analyses of the results showed that physical activity had a positive effect on the
sleep quality, which was indicated by a decrease in the PSQI and in the subjective feelings
of the participants. An improvement in the quality and latency of the sleep was noted.
Those participating in physical activity did not sleep any longer, but they experienced
better sleep quality [143,144].

Sleep deprivation is correlated with the occurrence of hypertension, obesity, and
stroke. Hypertension is a significant factor in increasing the risk of coronary artery disease,
stroke, heart failure, and end-stage renal failure. With an increase in blood pressure above
115/75 mmHg, the risk of cardiovascular disease increases, and it doubles with each
increase by 20/10 mmHg. Blood pressure should decrease during the night by 10–20% of
the level of the daily blood pressure. In a study that involved 20 hypertensive patients, the
participants first performed an exercise test until exhaustion, and then, in random order,
they engaged in 30 min of exercise on the treadmill at 7 a.m., 1 p.m., and 7 p.m. This study
showed lower blood pressure at night after moderate aerobic exercise at 7 a.m. Physical
activity also resulted in improved sleep wellbeing. The deep-sleep phase was increased as
a result of the increased energy expenditure during the day, and especially after physical
exercise at 7:00 a.m. Therefore, aerobic exercise may be a nonpharmacological method of
improving sleep quality [143].

A study was conducted in which a total of 377 women took part [124]. The physical
activity was measured by using accelerometers. It was shown that there was a high
probability of improving the sleep quality and circadian rhythms through morning exercise.
However, the duration of physical activity should be refined, and the clinical significance
of the time of day during which physical activity is practiced should be assessed in order
to clarify the recommendations for sleep optimization [124].

An important factor that influences the maintenance of proper health in older people
is physical activity. Older people are more likely to have mental and physical disabilities
and are more likely to have physical limitations compared to younger people. With age,
the quality of sleep deteriorates, which is associated with a greater feeling of fatigue during
the day, and with reduced comfort and increased mortality [145].

The World Health Organization recommends that people practice moderate-intensity
aerobic exercise for at least 150 min per week, or high-intensity aerobic exercise for at least
75 min per week [146].

It is assumed that half of the population over the age of 65 years has reduced quality
of sleep. A study that surveyed a group of 60 people (22 younger people aged 21–29 years,
16 middle-aged people aged 36–64 years, and 22 older people aged 65–81 years) showed a
positive relationship between physical activity and sleep wellbeing in older people [123].
The quality of sleep in the elderly was not related to physical fitness, but to the level
of physical activity. Moderate to intense physical activity is particularly associated with
improved sleep quality [123].

Older people who are physically active are less likely to report symptoms that indicate
poor sleep quality. Being more active results in increased sleep efficiency, longer sleep
duration, and a reduced delay in falling asleep [147].

4. Discussion

Studies show that sleep duration has decreased significantly in all age groups [46,47],
and sleep disorders and insomnia are diagnosed at all ages [4,9,24,44–46]. Currently, many
studies suggest that sleep disorders and insomnia increase the risk of cardiovascular disease,
obesity, depression, cancer, and infectious diseases [9–12,50,54].

A reduced sleep time influences poor dietary choices, such as skipping breakfast,
eating processed foods that contain fewer vitamins, and eating excessively fatty foods [76],
which lead to excessive calorie intake [50]. A major problem is the increase in overweight
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and obesity in children and adolescents. Studies show that this age group often does not
meet the requirements for adequate sleep time [45,46]. The prevention of sleep disorders
and insomnia is therefore crucial to prevent noncommunicable diseases, which often start
in early childhood.

Many studies have shown that proper nutrition, physical activity, and fewer stimulants
have a positive effect on sleep quality. On the other hand, poor nutrition can lead, in the
long term, to inflammation, which is closely associated with insomnia [15]. The nutritional
factors that regulate sleep may have different mechanisms of action [35]. Sleep may be
affected by individual ingredients (e.g., caffeine), or by a complex of food metabolites.
Foods may also influence the commensal microflora, which may lead to the formation of
certain bioactive metabolites [41]. Gamma-aminobutyric acid (GABA), which is one of the
metabolites of the bacteria, can increase sleep performance and promote sleep [97].

Studies show that a balanced diet has a positive effect on sleep quality [65,66,75].
Foods and meals that contain sufficient protein, carbohydrates, and fats are essential for
maintaining the quality of sleep [57,58]. Not only the quantity, but also the quality of
the nutrients is important. A sufficient amount of the amino acid tryptophan, which is
the precursor of melatonin, has a positive effect on sleep [92]. The scientific evidence
points to the role of omega-3 fatty acids, which may positively influence the regulation
of serotonin secretion [58]. To improve sleep quality, it is recommended that individuals
eat carbohydrate-containing meals with low glycemic indexes, low glycemic loads, and
high fiber contents [69,70]. In order to ensure an adequate quality of sleep, processed foods
that are high in saturated fatty acids and refined carbohydrates and low in fiber should be
avoided [59].

An important factor for sleep quality is its hygiene [101]. Proper sleep hygiene can
prevent insomnia and can be a nonmedicinal treatment method. Studies show that the use
of stimulants, such as alcohol, nicotine, caffeine, and cannabis, significantly reduces sleep
quality [77,84,105,110,119].

Physical activity plays an important role in the maintenance of good sleep quality. A
sufficient amount of moderate- to high-intensity exercise can improve the quality of sleep
and prevent insomnia [126,129]. Physical activity in the late evening, when melatonin is
released, may, however, lower melatonin levels [126]. Night exercises, both at high and
medium intensities, can even delay the release of melatonin the next evening. However,
exercise during the day, regardless of its intensity, does not have a rapid and continuous
effect on melatonin secretion [127].

Although there is scientific evidence of an association between disease occurrence and
sleep problems, there is little research on the sleep quality in people with noncommunicable
diseases in the context of nutrition [68].

5. Conclusions

Sleep-related issues are a broad and open topic that require further research, and
especially because sleep disorders may contribute to the emergence of many chronic
diseases. Studies that combine an assessment of the relationship between sleep and diet,
physical activity, and the health of the population should be conducted on a wide group of
respondents, and especially among people at risk of noncommunicable diseases.

Author Contributions: Conceptualization, M.S.; investigation, M.S.; writing—original draft prepa-
ration, M.S.; writing—review and editing, A.M.W. and I.M.-C.; visualization, I.M.-C.; supervision,
A.M.W. and I.M.-C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

122



Nutrients 2022, 14, 1912

References

1. Krueger, J.M.; Frank, M.G.; Wisor, J.P.; Roy, S. Sleep function: Toward elucidating an enigma. Sleep Med. Rev. 2016, 28, 46–54.
[CrossRef] [PubMed]

2. Irwin, M.R. Why Sleep is important for health: A psychoneuroimmunology perspective. Annu. Rev. Psychol. 2016, 66, 143–172.
[CrossRef] [PubMed]

3. Saidi, O.; Rochette, E.; Doré, É.; Maso, F.; Raoux, J.; Andrieux, F.; Fantini, M.L.; Merlin, E.; Pereira, B.; Walrand, S.; et al.
Randomized double-blind controlled trial on the effect of proteins with different tryptophan/large neutral amino acid ratios on
sleep in adolescents: The protmorpheus study. Nutrients 2020, 12, 1885. [CrossRef] [PubMed]

4. Murawski, B.; Plotnikoff, R.C.; Rayward, A.T.; Vandelanotte, C.; Brown, W.J.; Duncan, M.J. Randomised controlled trial using a
theory-based m-health intervention to improve physical activity and sleep health in adults: The Synergy Study protocol. BMJ
Open 2018, 8, e018997. [CrossRef]

5. Dashti, H.S.; Jones, S.E.; Wood, A.R.; Lane, J.M.; van Hees, V.T.; Wang, H.; Rhodes, J.A.; Song, Y.; Patel, K.; Anderson, S.G.; et al.
Genome-wide association study identifies genetic loci for self-reported habitual sleep duration supported by accelerometer-
derived estimates. Nat. Commun. 2019, 10, 1100. [CrossRef]

6. Morsing, J.A.; Smith, M.G.; Ögren, M.; Thorsson, P.; Pedersen, E.; Forssén, J.; Waye, K.P. Wind turbine noise and sleep: Pilot
studies on the influence of noise characteristics. Int. J. Environ. Res. Public Health 2018, 15, 2573. [CrossRef]

7. Hu, X.; Cheng, L.Y.; Chiu, M.H.; Paller, K.A. Promoting memory consolidation during sleep: A meta-analysis of targeted memory
reactivation. Psychol. Bull. 2020, 146, 218–244. [CrossRef]

8. Rakowska, M.; Abdellahi, M.E.; Bagrowska, P.; Navarrete, M.; Lewis, P.A. Long term effects of cueing procedural memory
reactivation during NREM sleep. NeuroImage 2021, 244, 118573. [CrossRef] [PubMed]

9. Yu, J.; Rawtaer, I.; Fam, J.; Jiang, M.-J.; Feng, L.; Kua, E.H.; Mahendran, R. Sleep correlates of depression and anxiety in an elderly
Asian population. Psychogeriatrics 2016, 16, 191–195. [CrossRef]

10. Kwok, C.S.; Kontopantelis, E.; Kuligowski, G.; Gray, M.; Muhyaldeen, A.; Gale, C.P.; Peat, G.M.; Cleator, J.; Chew-Graham,
C.; Loke, Y.K.; et al. Self-reported sleep duration and quality and cardiovascular disease and mortality: A dose-response
meta-analysis. J. Am. Heart Assoc. 2018, 7, e008552. [CrossRef]

11. Zhai, L.; Zhang, H.; Zhang, D. Sleep duration and depression among adults: A meta-analysis of prospective studies. Depress.
Anxiety 2015, 32, 664–670. [CrossRef] [PubMed]

12. Prather, A.A.; Janicki-Deverts, D.; Hall, M.H.; Cohen, S. Behaviorally assessed sleep and susceptibility to the common cold. Sleep
2015, 38, 1353–1359. [CrossRef] [PubMed]

13. Khan, M.S.; Aouad, R. The effects of insomnia and sleep loss on cardiovascular disease. Sleep Med. Clin. 2017, 12, 167–177.
[CrossRef]

14. Gobbi, G.; Comai, S. Differential function of melatonin MT1 and MT2 receptors in REM and NREM sleep. Front. Endocrinol. 2019,
10, 87. [CrossRef] [PubMed]

15. Irwin, M.R. Sleep and inflammation: Partners in sickness and in health. Nat. Rev. Immunol. 2019, 19, 702–715. [CrossRef]
[PubMed]

16. Valko, P.O.; Hunziker, S.; Graf, K.; Werth, E.; Baumann, C.R. Sleep-wake misperception. A comprehensive analysis of a large
sleep lab cohort. Sleep Med. 2021, 88, 96–103. [CrossRef]

17. Brown, R.E.; Basheer, R.; McKenna, J.T.; Strecker, R.E.; McCarley, R.W. Control of sleep and wakefulness. Physiol. Rev. 2012, 92,
1087–1187. [CrossRef]

18. Abbasi, S.F.; Jamil, H.; Chen, W. EEG-based neonatal sleep stage classification using ensemble learning. Comput. Mater. Contin.
2022, 70, 4619–4633. [CrossRef]

19. Watson, N.F.; Buchwald, D.; Vitiello, M.; Noonan, C.; Goldberg, J. A twin study of sleep duration and body mass Index. J. Clin.
Sleep Med. 2010, 6, 11–17. [CrossRef]

20. Watson, N.F.; Safwan Badr, M.; Belenky, G.; Bliwise, G.L.; Buxton, O.M.; Buysse, D.; Dinges, D.F.; Gangwisch, J.; Grandner, M.A.;
Kushida, C.; et al. Recommended amount of sleep for a healthy adult: A joint consensus statement of the american academy of
sleep medicine and sleep research society. Sleep 2015, 38, 843–844. [CrossRef]

21. Hirshkowitz, M.; Whiton, K.; Albert, S.M.; Alessi, C.; Bruni, O.; DonCarlos, L.; Hazen, N.; Herman, J.; Katz, E.S.; Kheirandish-
Gozal, L.; et al. National sleep foundation’s sleep time duration recommendations: Methodology and results summary. Sleep
Health 2015, 1, 40–43. [CrossRef] [PubMed]

22. Buysse, D.J. Insomnia. JAMA 2013, 309, 706–716. [CrossRef] [PubMed]
23. Bollu, P.C.; Kaur, H. Sleep medicine: Insomnia and sleep. Mo. Med. 2019, 116, 68–75. [PubMed]
24. Reed, D.L.; Sacco, W.P. Measuring sleep efficiency: What should the denominator be? J. Clin. Sleep Med. 2016, 12, 263–266.

[CrossRef] [PubMed]
25. Klingelhoefer, L.; Bhattacharya, K.; Reichmann, H. Restless legs syndrome. Clin. Med. 2016, 16, 379–382. [CrossRef]
26. de Zambotti, M.; Goldstone, A.; Colrain, I.M.; Baker, F. Insomnia disorder in adolescence: Diagnosis, impact, and treatment. Sleep

Med. Rev. 2018, 39, 12–24. [CrossRef]
27. Besedovsky, L.; Lange, T.; Born, J. Sleep and immune function. Pflügers Arch. Eur. J. Physiol. 2012, 463, 121–137. [CrossRef]
28. Scammell, T.E.; Arrigoni, E.; Lipton, J.O. Neural circuitry of wakefulness and sleep. Neuron 2017, 93, 747–765. [CrossRef]

123



Nutrients 2022, 14, 1912

29. Jessen, N.A.; Munk, A.S.F.; Lundgaard, I.; Nedergaard, M. The glymphatic system: A beginner’s guide. Neurochem. Res. 2015,
40, 2583–2599. [CrossRef]

30. Adam, K. Sleep as a restorative process and a theory to explain why. Prog. Brain Res. 1980, 53, 289–305. [CrossRef]
31. Rasmussen, M.K.; Mestre, H.; Nedergaard, M. The glymphatic pathway in neurological disorders. Lancet Neurol. 2018, 17,

1016–1024. [CrossRef]
32. Chen, Y.; Tan, F.; Wei, L.; Li, X.; Lyu, Z.; Feng, X.; Wen, Y.; Guo, L.; He, J.; Dai, M.; et al. Sleep duration and the risk of cancer: A

systematic review and meta-analysis including dose–response relationship. BMC Cancer 2018, 18, 1149. [CrossRef] [PubMed]
33. Baglioni, C.; Battagliese, G.; Feige, B.; Spiegelhalder, K.; Nissen, C.; Voderholzer, U.; Lombardo, C.; Riemann, D. Insomnia as a

predictor of depression: A meta-analytic evaluation of longitudinal epidemiological studies. J. Affect. Disord. 2011, 135, 10–19.
[CrossRef] [PubMed]

34. St-Onge, M.-P.; Mikic, A.; Pietrolungo, C.E. Effects of diet on sleep quality. Adv. Nutr. Int. Rev. J. 2016, 7, 938–949. [CrossRef]
35. Binks, H.; Vincent, G.E.; Gupta, C.; Irwin, C.; Khalesi, S. Effects of diet on sleep: A narrative review. Nutrients 2020, 12, 936.

[CrossRef]
36. Martínez-Rodríguez, A.; Rubio-Arias, J.; Ramos-Campo, D.J.; Reche-García, C.; Leyva-Vela, B.; Nadal-Nicolás, Y. Psychological

and sleep effects of tryptophan and magnesium-enriched mediterranean diet in women with fibromyalgia. Int. J. Environ. Res.
Public Health 2020, 17, 2227. [CrossRef]

37. O’Callaghan, F.; Muurlink, O.; Reid, N. Effects of caffeine on sleep quality and daytime functioning. Risk Manag. Health Policy
2018, 11, 263–271. [CrossRef]

38. Shilo, L.; Sabbah, H.; Hadari, R.; Kovatz, S.; Weinberg, U.; Dolev, S.; Dagan, Y.; Shenkman, L. The effects of coffee consumption on
sleep and melatonin secretion. Sleep Med. 2002, 3, 271–273. [CrossRef]

39. He, S.; Hasler, B.P.; Chakravorty, S. Alcohol and sleep-related problems. Curr. Opin. Psychol. 2019, 30, 117–122. [CrossRef]
40. Gérard, C.; Vidal, H. Impact of gut microbiota on host glycemic control. Front. Endocrinol. 2019, 10, 29. [CrossRef]
41. Zhao, M.; Tuo, H.; Wang, S.; Zhao, L. The effects of dietary nutrition on sleep and sleep disorders. Mediat. Inflamm. 2020,

2020, 3142874. [CrossRef] [PubMed]
42. Doherty, R.; Madigan, S.; Warrington, G.; Ellis, J. Sleep and nutrition interactions: Implications for athletes. Nutrients 2019, 11, 822.

[CrossRef]
43. Ogilvie, R.P.; Patel, S. The epidemiology of sleep and obesity. Sleep Health 2018, 3, 383–388. [CrossRef] [PubMed]
44. Basch, C.E.; Basch, C.H.; Ruggles, K.V.; Rajan, S. Prevalence of sleep duration on an average school night among 4 nationally

representative successive samples of american high school students, 2007–2013. Prev. Chronic Dis. 2014, 11, E216. [CrossRef]
[PubMed]

45. Matricciani, L.; Olds, T.; Petkov, J. In search of lost sleep: Secular trends in the sleep time of school-aged children and adolescents.
Sleep Med. Rev. 2012, 16, 203–211. [CrossRef] [PubMed]

46. Ford, E.S.; Cunningham, T.J.; Croft, J.B. Trends in self-reported sleep duration among US adults from 1985 to 2012. Sleep 2015,
38, 829–832. [CrossRef] [PubMed]

47. Gohil, A.; Hannon, T.S. Poor sleep and obesity: Concurrent epidemics in adolescent youth. Front. Endocrinol. 2018, 9, 364.
[CrossRef]

48. Taheri, S.; Lin, L.; Austin, D.; Young, T.; Mignot, E. Short sleep duration is associated with reduced leptin, elevated ghrelin, and
increased body mass index. PLoS Med. 2004, 1, e62. [CrossRef]

49. Liu, X.; Forbes, E.; Ryan, N.D.; Rofey, D.; Hannon, T.S.; Dahl, R.E. Rapid eye movement sleep in relation to overweight in children
and adolescents. Arch. Gen. Psychiatry 2008, 65, 924–932. [CrossRef]

50. Ding, C.; Lim, L.L.; Xu, L.; Kong, A.P.S. Sleep and obesity. J. Obes. Metab. Syndr. 2018, 27, 4–24. [CrossRef]
51. Grandner, M.A.; Kripke, D.F.; Naidoo, N.; Langer, R.D. Relationships among dietary nutrients and subjective sleep, objective

sleep, and napping in women. Sleep Med. 2010, 11, 180–184. [CrossRef] [PubMed]
52. Boeke, S.C.E.; Storfer-Isser, A.; Redline, S.; Taveras, E.M. Childhood sleep duration and quality in relation to leptin concentration

in two cohort studies. Sleep 2014, 37, 613–620. [CrossRef] [PubMed]
53. Bailey, M.A.; Holscher, H.D. Microbiome-mediated effects of the mediterranean diet on inflammation. Adv. Nutr. 2018, 9, 193–206.

[CrossRef]
54. Al-Rashed, F.; Sindhu, S.; Al Madhoun, A.; Alghaith, A.; Azim, R.; Al-Mulla, F.; Ahmad, R. Short sleep duration and its association

with obesity and other metabolic risk factors in kuwaiti urban adults. Nat. Sci. Sleep 2021, 13, 1225–1241. [CrossRef] [PubMed]
55. Solfrizzi, V.; Colacicco, A.M.; D’Introno, A.; Capurso, C.; Torres, F.; Rizzo, C.; Capurso, A.; Panza, F. Dietary intake of unsaturated

fatty acids and age-related cognitive decline: A 8.5-year follow-up of the Italian longitudinal study on aging. Neurobiol. Aging
2006, 27, 1694–1704. [CrossRef] [PubMed]

56. de Souza, R.; Mente, A.; Maroleanu, A.; Cozma, A.I.; Ha, V.; Kishibe, T.; Uleryk, E.; Budylowski, P.; Schünemann, H.; Beyene,
J.; et al. Intake of saturated and trans unsaturated fatty acids and risk of all cause mortality, cardiovascular disease, and type 2
diabetes: Systematic review and meta-analysis of observational studies. BMJ 2015, 351, h3978. [CrossRef]

57. Hansen, A.L.; Dahl, L.; Olson, G.; Thornton, D.; Graff, I.E.; Frøyland, L.; Thayer, J.F.; Pallesen, S. Fish consumption, sleep, daily
functioning, and heart rate variability. J. Clin. Sleep Med. 2014, 10, 567–575. [CrossRef]

124



Nutrients 2022, 14, 1912

58. Lavialle, M.; Champeil-Potokar, G.; Alessandri, J.M.; Balasse, L.; Guesnet, P.; Papillon, C.; Pévet, P.; Vancassel, S.; Vivien-Roels,
B.; Denis, I. An (n-3) polyunsaturated fatty acid–deficient diet disturbs daily locomotor activity, melatonin rhythm, and striatal
dopamine in syrian hamsters. J. Nutr. 2008, 138, 1719–1724. [CrossRef]

59. 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]

60. Sacks, F.M.; Lichtenstein, A.H.; Wu, J.H.Y.; Appel, L.J.; Creager, M.A.; Kris-Etherton, P.M.; Miller, M.; Rimm, E.B.; Rudel, L.L.;
Robinson, J.G.; et al. Dietary fats and cardiovascular disease: A presidential advisory from the american heart association.
Circulation 2017, 136, e1–e23. [CrossRef]

61. Surani, S.; Brito, V.; Surani, A.; Ghamande, S. Effect of diabetes mellitus on sleep quality. World J. Diabetes. 2015, 6, 868–873.
[CrossRef]

62. Urade, Y.; Hayaishi, O. Prostaglandin D2 and sleep/wake regulation. Sleep Med. Rev. 2011, 15, 411–418. [CrossRef] [PubMed]
63. Shan, Z.; Rehm, C.D.; Rogers, G.; Ruan, M.; Wang, D.D.; Hu, F.B.; Mozaffarian, D.; Fang Zhang, F.; Bhupathiraju, S.N. Trends in

dietary carbohydrate, protein, and fat intake and diet quality among US adults, 1999–2016. JAMA J. Am. Med. Assoc. 2019, 322,
1178–1187. [CrossRef]

64. Brandhorst, S.; Longo, V.S.D. Protein quantity and source, fasting-mimicking diets, and longevity. Adv. Nutr. Int. Rev. J. 2019,
10, S340–S350. [CrossRef]

65. Tanaka, E.; Yatsuya, H.; Uemura, M.; Murata, C.; Otsuka, R.; Toyoshima, H.; Tamakoshi, K.; Sasaki, S.; Kawaguchi, L.; Aoyama,
A. Associations of protein, fat, and carbohydrate intakes with insomnia symptoms among middle-aged Japanese workers. J.
Epidemiol. 2013, 23, 132–138. [CrossRef]

66. Sutanto, C.N.; Loh, W.W.; Toh, D.W.K.; Lee, D.P.S.; Kim, J.E. Association between dietary protein intake and sleep quality in
middle-aged and older adults in Singapore. Front. Nutr. 2022, 9, 832341. [CrossRef] [PubMed]

67. Trommelen, J.; Van Loon, L.J.C. Pre-sleep protein ingestion to improve the skeletal muscle adaptive response to exercise training.
Nutrients 2016, 8, 763. [CrossRef] [PubMed]

68. Daneshzad, E.; Keshavarz, S.A.; Qorbani, M.; Larijani, B.; Azadbakht, L. Association between a low-carbohydrate diet and sleep
status, depression, anxiety, and stress score. J. Sci. Food Agric. 2020, 100, 2946–2952. [CrossRef]

69. Afaghi, A.; O’Connor, H.; Chow, C.M. High-glycemic-index carbohydrate meals shorten sleep onset. Am. J. Clin. Nutr. 2007,
85, 426–430. [CrossRef]

70. Gangwisch, J.; Hale, L.; St-Onge, M.-P.; Choi, L.; LeBlanc, E.S.; Malaspina, D.; Opler, M.G.; Shadyab, A.H.; Shikany, J.M.;
Snetselaar, L.; et al. High glycemic index and glycemic load diets as risk factors for insomnia: Analyses from the women’s health
initiative. Am. J. Clin. Nutr. 2020, 111, 429–439. [CrossRef]

71. Jenkins, D.J.A.; Jenkins, A.L. Dietary fiber and the glycemic response. Proc. Soc. Exp. Biol. Med. 1985, 180, 422–431. [CrossRef]
[PubMed]

72. Wurtman, R.J.; Wurtman, J.J.; Regan, M.M.; McDermott, J.M.; Tsay, R.H.; Breu, J.J. Effects of normal meals rich in carbohydrates
or proteins on plasma tryptophan and tyrosine ratios. Am. J. Clin. Nutr. 2003, 77, 128–132. [CrossRef] [PubMed]

73. Kim, Y.; Chen, J.; Wirth, M.D.; Shivappa, N.; Hebert, J.R. Lower dietary inflammatory index scores are associated with lower
glycemic index scores among college students. Nutrients 2018, 10, 182. [CrossRef] [PubMed]

74. Kräuchi, K.; Cajochen, C.; Werth, E.; Wirz-Justice, A. Alteration of internal circadian phase relationships after morning versus
evening carbohydrate-rich meals in humans. J. Biol. Rhythm. 2002, 17, 364–376. [CrossRef]

75. Haghighatdoost, F.; Karimi, G.; Esmaillzadeh, A.; Azadbakht, L. Sleep deprivation is associated with lower diet quality indices
and higher rate of general and central obesity among young female students in Iran. Nutrition 2012, 28, 1146–1150. [CrossRef]

76. Nishiura, C.; Noguchi, J.; Hashimoto, H. Dietary patterns only partially explain the effect of short sleep duration on the incidence
of obesity. Sleep 2010, 33, 753–757. [CrossRef]

77. Watson, E.J.; Coates, A.M.; Kohler, M.; Banks, S. Caffeine consumption and sleep quality in Australian adults. Nutrients 2016,
8, 479. [CrossRef]

78. Hindmarch, I.; Rigney, U.; Stanley, N.; Quinlan, P.; Rycroft, J.; Lane, J. A naturalistic investigation of the effects of day-long
consumption of tea, coffee and water on alertness, sleep onset and sleep quality. Psychopharmacology 2000, 149, 203–216. [CrossRef]

79. Van Dongen, H.P.; Price, N.J.; Mullington, J.M.; Szuba, M.P.; Kapoor, S.C.; Dinges, D.F. Caffeine eliminates psychomotor vigilance
deficits from sleep inertia. Sleep 2001, 24, 813–819. [CrossRef]

80. Landolt, H.-P.; Werth, E.; Borbély, A.A.; Dijk, D.-J. Caffeine intake (200 mg) in the morning affects human sleep and EEG power
spectra at night. Brain Res. 1995, 675, 67–74. [CrossRef]

81. Ward, A.L.; Jospe, M.; Morrison, S.; Reynolds, A.N.; Kuroko, S.; Fangupo, L.J.; Smith, C.; Galland, B.C.; Taylor, R.W. Bidirectional
associations between sleep quality or quantity, and dietary intakes or eating behaviors in children 6–12 years old: A systematic
review with evidence mapping. Nutr. Rev. 2021, 79, 1079–1099. [CrossRef] [PubMed]

82. Garcion, E.; Wion-Barbot, N.; Montero-Menei, C.N.; Berger, F.; Wion, D. New clues about vitamin D functions in the nervous
system. Trends Endocrinol. Metab. 2002, 13, 100–105. [CrossRef]

83. Lagunova, Z.; Porojnicu, A.; Aksnes, L.; Holick, M.; Iani, V.; Bruland, O.S.; Moan, J. Effect of vitamin D supplementation and
ultraviolet B exposure on serum 25-hydroxyvitamin D concentrations in healthy volunteers: A randomized, crossover clinical
trial. Br. J. Dermatol. 2013, 169, 434–440. [CrossRef] [PubMed]

125



Nutrients 2022, 14, 1912

84. Vaes, A.; Brouwer-Brolsma, E.; van der Zwaluw, N.; van Wijngaarden, J.; Berendsen, A.; van Schoor, N.; van der Velde, N.;
Uitterlinden, A.; Lips, P.; Dhonukshe-Rutten, R.; et al. Food sources of vitamin D and their association with 25-hydroxyvitamin D
status in Dutch older adults. J. Steroid Biochem. Mol. Biol. 2017, 173, 228–234. [CrossRef] [PubMed]

85. Jung, Y.S.; Chae, C.H.; Kim, Y.O.; Son, J.S.; Kim, C.W.; Park, H.O.; Lee, J.H.; Shin, Y.H.; Kwak, H.S. The relationship between
serum vitamin D levels and sleep quality in fixed day indoor field workers in the electronics manufacturing industry in Korea.
Ann. Occup. Environ. Med. 2017, 29, 25. [CrossRef]

86. Musiol, I.M.; Stumpf, W.E.; Bidmon, H.-J.; Heiss, C.; Mayerhofer, A.; Bartke, A. Vitamin d nuclear binding to neurons of the septal,
substriatal and amygdaloid area in the siberian hamster (phodopus sungorus) brain. Neuroscience 1992, 48, 841–848. [CrossRef]

87. Eyles, D.W. Vitamin D: Brain and behavior. JBMR Plus 2021, 5, e10419. [CrossRef]
88. Watson, E.J.; Banks, S.; Coates, A.M.; Kohler, M.J. The relationship between caffeine, sleep, and behavior in children. J. Clin. Sleep

Med. 2017, 13, 533–543. [CrossRef]
89. Majid, M.S.; Ahmad, H.S.; Bizhan, H.; Hosein, H.Z.M.; Mohammad, A. The effect of vitamin D supplement on the score and

quality of sleep in 20–50 year-old people with sleep disorders compared with control group. Nutr. Neurosci. 2018, 21, 511–519.
[CrossRef]

90. Watford, M.; Wu, G. Protein. Adv. Nutr. Int. Rev. J. 2018, 9, 651–653. [CrossRef]
91. He, W.; Wu, G. Metabolism of amino acids in the brain and their roles in regulating food intake. Adv. Exp. Med. Biol. 2020,

1265, 167–185. [CrossRef] [PubMed]
92. Bravo, R.; Matito, S.; Cubero, J.; Paredes, S.D.; Franco, L.; Rivero, M.; Rodríguez, A.B.; Barriga, C. Tryptophan-enriched cereal

intake improves nocturnal sleep, melatonin, serotonin, and total antioxidant capacity levels and mood in elderly humans. AGE
2012, 35, 1277–1285. [CrossRef] [PubMed]

93. Zhao, D.; Yu, Y.; Shen, Y.; Liu, Q.; Zhao, Z.; Sharma, R.; Reiter, R.J. Melatonin synthesis and function: Evolutionary history in
animals and plants. Front. Endocrinol. 2019, 10, 249. [CrossRef] [PubMed]

94. Howatson, G.; Bell, P.G.; Tallent, J.; Middleton, B.; McHugh, M.P.; Ellis, J. Effect of tart cherry juice (Prunus cerasus) on melatonin
levels and enhanced sleep quality. Eur. J. Nutr. 2012, 51, 909–916. [CrossRef]

95. Diana, M.; Quílez, J.; Rafecas, M. Gamma-aminobutyric acid as a bioactive compound in foods: A review. J. Funct. Foods 2014,
10, 407–420. [CrossRef]

96. Briguglio, M.; Dell’Osso, B.; Panzica, G.; Malgaroli, A.; Banfi, G.; Dina, C.Z.; Galentino, R.; Porta, M. Dietary neurotransmitters: A
narrative review on current knowledge. Nutrients 2018, 10, 591. [CrossRef] [PubMed]

97. Byun, J.-I.; Shin, Y.Y.; Chung, S.-E.; Shin, W.C. Safety and efficacy of gamma-aminobutyric acid from fermented rice germ in
patients with insomnia symptoms: A randomized, double-blind trial. J. Clin. Neurol. 2018, 14, 291–295. [CrossRef]

98. Yamatsu, A.; Yamashita, Y.; Maru, I.; Yang, J.; Tatsuzaki, J.; Kim, M. The improvement of sleep by oral intake of GABA and
apocynum venetum leaf extract. J. Nutr. Sci. Vitaminol. 2015, 61, 182–187. [CrossRef]

99. Luppi, P.-H.; Peyron, C.; Fort, P. Not a single but multiple populations of GABAergic neurons control sleep. Sleep Med. Rev. 2017,
32, 85–94. [CrossRef]

100. Irish, L.A.; Kline, C.E.; Gunn, H.E.; Buysse, D.J.; Hall, M.H. The role of sleep hygiene in promoting public health: A review of
empirical evidence. Sleep Med. Rev. 2015, 22, 23–36. [CrossRef]

101. Chen, P.H.; Kuo, H.Y.; Chueh, K.H. Sleep hygiene education efficacy on sleep quality in working women. J. Nurs. Res. 2010,
18, 283–289. [CrossRef] [PubMed]

102. Hershner, S.; O’Brien, L.M. The impact of a randomized sleep education intervention for college students. J. Clin. Sleep Med. 2018,
14, 337–347. [CrossRef] [PubMed]

103. Zengin, L.; Aylaz, R. The effects of sleep hygiene education and reflexology on sleep quality and fatigue in patients receiving
chemotherapy. Eur. J. Cancer Care 2019, 28, e13020. [CrossRef]

104. Stein, M.D.; Friedmann, P.D. Disturbed sleep and its relationship to alcohol use. Subst. Abus. 2006, 26, 1–13. [CrossRef]
105. Drummond, S.P.; Gillin, J.C.; Smith, T.L.; DeModena, A. The sleep of abstinent pure primary alcoholic patients: Natural course

and relationship to relapse. Alcohol. Clin. Exp. Res. 1998, 22, 1796–1802. [CrossRef]
106. Costa e Silva, J.A.; Chase, M.; Sartorius, N.; Roth, T. Special report from a symposium held by the world health organization and

the world federation of sleep research societies: An overview of insomnias and related disorders-recognition, epidemiology, and
rational management. Sleep 1996, 19, 412–416. [CrossRef]

107. Zhang, R.; Tomasi, D.; Manza, P.; Shokri-Kojori, E.; Demiral, S.B.; Feldman, D.E.; Kroll, D.S.; Biesecker, C.L.; McPherson, K.L.;
Wang, G.-J.; et al. Sleep disturbances are associated with cortical and subcortical atrophy in alcohol use disorder. Transl. Psychiatry
2021, 11, 428. [CrossRef] [PubMed]

108. Aldrich, M.S.; Shipley, J.E. Alcohol use and periodic limb movements of sleep. Alcohol. Clin. Exp. Res. 1993, 17, 192–196.
[CrossRef]

109. Nigri, D.H.; Addor, G.; De Barros Franco, C.A.; Martins, R.C.; Gomes, M.P.V.F.; Strollo, P.J. Alcohol induced apnea. J. Clin. Sleep.
Med. 2005, 1, 424–426. [CrossRef]

110. Purani, H.; Friedrichsen, S.; Allen, A.M. Sleep quality in cigarette smokers: Associations with smoking-related outcomes and
exercise. Addict. Behav. 2018, 90, 71–76. [CrossRef]

111. AlRyalat, S.A.; Kussad, S.; El Khatib, O.; Hamad, I.; Al-Tanjy, A.; Alshnneikat, M.; AbuMahfouz, B. Assessing the effect of nicotine
dose in cigarette smoking on sleep quality. Sleep Breath. 2021, 25, 1319–1324. [CrossRef] [PubMed]

126



Nutrients 2022, 14, 1912

112. Wetter, D.W.; Fiore, M.C.; Baker, T.B.; Young, T.B. Tobacco withdrawal and nicotine replacement influence objective measures of
sleep. J. Consult. Clin. Psychol. 1995, 63, 658–667. [CrossRef]

113. Kesner, A.J.; Lovinger, D.M. Cannabinoids, endocannabinoids and sleep. Front. Mol. Neurosci. 2020, 13, 125. [CrossRef] [PubMed]
114. Short, N.A.; Zvolensky, M.J.; Schmidt, N.B. A pilot randomized clinical trial of brief behavioral treatment for insomnia to reduce

problematic cannabis use among trauma-exposed young adults. J. Subst. Abus. Treat. 2021, 131, 108537. [CrossRef] [PubMed]
115. Chakravorty, S.; Vandrey, R.G.; He, S.; Stein, M.D. Sleep management among patients with substance use disorders. Med. Clin. N.

Am. 2018, 102, 733–743. [CrossRef]
116. Kaul, M.; Zee, P.C.; Sahni, A.S. Effects of cannabinoids on sleep and their therapeutic potential for sleep disorders. Neurotherapeutics

2021, 18, 217–227. [CrossRef]
117. Piper, B.J.; DeKeuster, R.M.; Beals, M.L.; Cobb, C.M.; Burchman, C.A.; Perkinson, L.; Lynn, S.T.; Nichols, S.D.; Abess, A.T.

Substitution of medical cannabis for pharmaceutical agents for pain, anxiety, and sleep. J. Psychopharmacol. 2017, 31, 569–575.
[CrossRef]

118. Angarita, G.A.; Emadi, N.; Hodges, S.; Morgan, P.T. Sleep abnormalities associated with alcohol, cannabis, cocaine, and opiate
use: A comprehensive review. Addict. Sci. Clin. Pract. 2016, 11, 9. [CrossRef]

119. Conroy, D.A.; Kurth, M.E.; Strong, D.R.; Brower, K.J.; Stein, M.D. Marijuana use patterns and sleep among community-based
young adults. J. Addict. Dis. 2016, 35, 135–143. [CrossRef]

120. Haney, M.; Ward, A.S.; Comer, S.D.; Foltin, R.W.; Fischman, M.W. Abstinence symptoms following oral THC administration to
humans. Psychopharmacology 1999, 141, 385–394. [CrossRef]

121. Diaz, K.M.; Shimbo, D. Physical activity and the prevention of hypertension. Curr. Hypertens. Rep. 2013, 15, 659–668. [CrossRef]
[PubMed]

122. Wilckens, K.A.; Erickson, K.I.; Wheeler, M.E. Physical Activity and Cognition: A Mediating Role of Efficient Sleep. Behav. Sleep
Med. 2018, 16, 569–586. [CrossRef] [PubMed]

123. Christie, A.D.; Seery, E.; Kent, J.A. Physical activity, sleep quality, and self-reported fatigue across the adult lifespan. Exp. Gerontol.
2016, 77, 7–11. [CrossRef]

124. Murray, K.; Godbole, S.; Natarajan, L.; Full, K.; Hipp, J.A.; Glanz, K.; Mitchell, J.; Laden, F.; James, P.; Quante, M.; et al. The
relations between sleep, time of physical activity, and time outdoors among adult women. PLoS ONE 2017, 12, e0182013.
[CrossRef]

125. Tsunoda, K.; Kitano, N.; Kai, Y.; Uchida, K.; Kuchiki, T.; Okura, T.; Nagamatsu, T. Prospective study of physical activity and sleep
in middle-aged and older adults. Am. J. Prev. Med. 2015, 48, 662–673. [CrossRef] [PubMed]

126. Bisson, A.N.S.; Robinson, S.; Lachman, M.E. Walk to a better night of sleep: Testing the relationship between physical activity and
sleep. Sleep Health 2019, 5, 487–494. [CrossRef]

127. Buxton, O.M.; L’Hemite-Balériaux, M.; Hirschfeld, U.; Cauter, E. Acute and delayed effects of exercise on human melatonin
secretion. J. Biol. Rhythm. 1997, 12, 568–574. [CrossRef]

128. Caspersen, C.J.; Powell, K.E.; Christenson, G.M. Physical activity, exercise, and physical fitness: Definitions and distinctions for
health-related research. Public Health Rep. 1985, 100, 126–131.

129. Passos, G.S.; Poyares, D.; Santana, M.G.; Garbuio, S.A.; Tufik, S.; de Mello, M.T. Effect of acute physical exercise on patients with
chronic primary insomnia. J. Clin. Sleep Med. 2010, 6, 270–275. [CrossRef]

130. Chen, L.-J.; Fox, K.R.; Ku, P.-W.; Chang, Y.-W. Effects of aquatic exercise on sleep in older adults with mild sleep impairment: A
randomized controlled trial. Int. J. Behav. Med. 2015, 23, 501–506. [CrossRef] [PubMed]

131. Vitale, J.A.; Torre, A.L.; Banfi, G.; Bonato, M. Acute sleep hygiene strategy improves objective sleep latency following a late-
evening soccer-specific training session: A randomized controlled trial. J. Sports Sci. 2019, 37, 2711–2719. [CrossRef] [PubMed]

132. Focht, B.C.; Koltyn, K.F. Influence of resistance exercise of different intensities on state anxiety and blood pressure. Med. Sci.
Sports Exerc. 1999, 31, 456–463. [CrossRef] [PubMed]

133. Dias de Andrade, F.M.; Pinto Pedrosa, R. The role of physical exercise in obstructive sleep apnea. J. Bras. Pneumol. 2016,
42, 457–464. [CrossRef] [PubMed]

134. Pham, L.V.; Schwartz, A.R. The pathogenesis of obstructive sleep apnea. J. Thorac. Dis. 2015, 7, 1358–1372.
135. Mendelson, M.; Lyons, O.; Yadollahi, A.; Inami, T.; Oh, P.; Bradley, T.D. Effects of exercise training on sleep apnoea in patients

with coronary artery disease: A randomised trial. Eur. Respir. J. 2016, 48, 142–150. [CrossRef]
136. McSharry, D.G.; Saboisky, J.P.; DeYoung, P.; Matteis, P.; Jordan, A.S.; Trinder, J.; Smales, E.; Hess, L.; Guo, M.; Malhotra, A. A

Mechanism for upper airway stability during slow wave sleep. Sleep 2013, 36, 555–563. [CrossRef]
137. Iftikhar, I.H.; Kline, C.E.; Youngstedt, S.D. Effects of exercise training on sleep apnea: A meta-analysis. Lung 2014, 192, 175–184.

[CrossRef]
138. Janssen, X.; Martin, A.; Hughes, A.R.; Hill, C.M.; Kotronoulas, G.; Hesketh, K.R. Associations of screen time, sedentary time and

physical activity with sleep in under 5 s: A systematic review and meta-analysis. Sleep Med. Rev. 2020, 49, 101226. [CrossRef]
139. Ji, M.; Tang, A.; Zhang, Y.; Zou, J.; Zhou, G.; Deng, J.; Yang, L.; Li, M.; Chen, J.; Qin, H.; et al. The relationship between obesity,

sleep and physical activity in Chinese preschool children. Int. J. Environ. Res. Public Health 2018, 15, 527. [CrossRef]
140. Calhoun, S.L.; Fernandez-Mendoza, J.; Vgontzas, A.N.; Liao, D.; Bixler, E.O. Prevalence of insomnia symptoms in a general

population sample of young children and preadolescents: Gender effects. Sleep Med. 2014, 15, 91–95. [CrossRef]

127



Nutrients 2022, 14, 1912

141. Yoong, S.L.; Grady, A.; Stacey, F.; Polimeni, M.; Clayton, O.; Jones, J.; Nathan, N.; Wyse, R.; Wolfenden, L. A pilot randomized
controlled trial examining the impact of a sleep intervention targeting home routines on young children’s (3–6 years) physical
activity. Pediatr. Obes. 2019, 14, e12481. [CrossRef] [PubMed]

142. Collier, S.; Fairbrother, K.; Cartner, B.; Alley, J.R.; Curry, C.D.; Dickinson, D.L.; Morris, D.M. Effects of exercise timing on sleep
architecture and nocturnal blood pressure in prehypertensives. Vasc. Health Risk Manag. 2014, 10, 691–698. [CrossRef] [PubMed]
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Abstract: This study aimed to assess sleep patterns during the three trimesters of pregnancy and
whether vitamin D concentrations, along with other risk factors, are associated with these alterations.
In a longitudinal study, 140 pregnant women (age 18 to 39 years) were followed throughout their first,
second, and third trimesters. Sleep was measured using the Pittsburgh Sleep Quality Index (PSQI)
at each trimester, along with an assessment of biochemical parameters, including serum vitamin
D levels. The information that was collected included anthropometric data, socio-economic status,
dietary intake, and physical activity. The PSQI was higher in mid and late pregnancy than in early
pregnancy (both p = 0.001), and the sleep duration was also higher in late versus early pregnancy.
Linear regression analyses revealed independent predictors of deteriorating sleep quality from early
to late pregnancy, including low income (B ± SE −0.60 ± 0.26, p = 0.03) and low serum vitamin
D levels in the second trimester (B ± SE −0.20 ± 0.01, p = 0.04). Energy intake and sitting in the
second half of pregnancy were positively associated with changes in the PSQI score from the second
to third trimesters (B ± SE 0.15 ± 0.07, p = 0.048) and (B ± SE 0.01 ± 0.00, p = 0.044), respectively.
Low socio-economic status, low serum vitamin D levels, greater energy intake, and sitting time were
associated with worsening patterns of sleep quality from early to late pregnancy.

Keywords: sleep; PSQI; poor sleep; short sleep duration; vitamin D; pregnancy trimesters; women

1. Introduction

Sleep needs vary with age, gender, lifestyle, and other factors, such as work schedules
and stress [1,2]. Poor sleep is linked to neuroendocrine, metabolic, and inflammatory
changes [3]. Studies have also demonstrated that poor sleep quality and inadequate
sleep duration may lead to various health complications [4,5]. Poor sleep is common
during pregnancy due to physiological and psychological changes [6,7]. However, the
prevalence of altered sleep patterns and disturbances has noticeably increased in recent
times, i.e., such patterns and disturbances are now considered an epidemic among the
general population [8], especially among pregnant women [9]. According to the National
Sleep Foundation in 2017, 78% of women reported more disturbed sleep during pregnancy
than at any other time in their lives [10]. A meta-analysis showed that the prevalence of
poor sleep quality, defined by a Pittsburgh Sleep Quality Index (PSQI) global score of 5
or above, was approximately 44.5% during pregnancy [11,12]. Furthermore, numerous
studies have shown a connection between abnormal sleep patterns and a broad spectrum of
adverse pregnancy outcomes, including low birthweight, preterm birth, intrauterine growth
retardation, caesarean delivery, gestational hypertension, and gestational diabetes [13–16],
along with a decreased quality of life and higher levels of depressive symptoms [17].

Despite the high prevalence of abnormal and disturbed sleep during pregnancy and
the adverse health ramifications, studies evaluating changes in sleep patterns and the
associated predictive factors across pregnancy trimesters are scarce. Few prospective cohort
studies have analyzed changes in sleep patterns during pregnancy in the same cohort of
women [16,18–22], with the majority assessing only two time points [12].
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Frequent urination, body aches, and sleep positions are among the most well-known re-
ported causes of poor sleep during pregnancy and often vary depending on the trimester [6,23].
However, a broad range of other factors, such as gestational age [12,23], maternal age [11,16],
income [24], parity, and race [18], have also been associated with changes in sleep patterns
during pregnancy. Obesity and gestational weight gain (GWG) have also been shown to
correlate with worsening sleep quality [19,25,26]. Although biochemical markers, such as
abnormal glucose and lipid levels, have been linked to poor sleep quality in the general
population [25,27,28], to our knowledge, few studies have investigated the relationship
between hyperglycemia and gestational diabetes during pregnancy and changes in patterns
of sleep [29,30].

Few studies have examined the role that excess macronutrients [31] or deficiencies in
micronutrients [32], such as vitamin D deficiency [33], may play in contributing to poor
sleep. Vitamin D deficiency is common during pregnancy both globally [34] and in Saudi
Arabia [35] and it has been independently linked to pregnancy-related complications that
adversely affect the long-term health of mothers and their infants [13,36].

A recent meta-analysis, in which two of the nine included studies examined pregnant
women, found that vitamin D deficiency was associated with a 1.5-times increased chance
of women experiencing poor sleep quality, short sleep duration, and sleepiness [37]. To
our knowledge, limited studies have evaluated the association between vitamin D levels
and sleep patterns in a pregnant population [33,38–40]. Such studies were conducted in
the second or third trimester and did not provide insights into the presence or type of
sleep disturbances in early pregnancy, nor did they evaluate changes in sleep patterns
throughout pregnancy. Furthermore, most longitudinal studies did not explore biochemical
factors, such as glucose, lipid, and vitamin D levels, nor did they consider levels of physical
activity or dietary intake in relation to sleep patterns.

Consequently, this study aims to expand our understanding of the types of poor
sleep that are experienced by women over the entire pregnancy and identify the predictive
factors that increase the risk of poor sleep. Changes in sleep patterns among Saudi women
during the first, second, and third trimester of pregnancy were assessed using the PSQI,
and the relationship between sleep alterations and biochemical markers such as vitamin
D, lipids, glycated hemoglobin (HbA1c), and glucose levels, as well as socio-demographic
factors, such as age, parity, body mass index (BMI), GWG, dietary intake, and physical
activity, were investigated. Routinely screening pregnant women for sleep-related problems
and the presence of potentially modifiable risk factors may contribute substantially to
improvements in maternal and fetal/neonatal health outcomes.

2. Materials and Methods

2.1. Study Design

Pregnant women who previously participated in an earlier prospective cohort study
(E-13-1013) made up 24% (141/578) of the participants. The parent study (n = 578) assessed
serum vitamin D levels with pregnancy-related complications. Ethical approval was
obtained from the Ethics Committees of King Saud University Hospital (KSUH) and the
Ministry of Health, Riyadh, Kingdom of Saudi Arabia (KSA) (IRB Approval, 14/4067/IRB).
Prior to the commencement of the research, written informed consent was obtained from
all participating women. The study was conducted in three hospitals in Riyadh city
(King Fahad Medical City Hospital, King Khalid University Hospital, and King Salman
Hospital) (latitude: 24◦42′ N, 46◦43′ E) between March 2014 and December 2017, as detailed
previously [35]. The current analysis was a secondary analysis of the sleep data that were
collected as part of this protocol.

A follow-up was carried out at three different points: early pregnancy (also referred to
as the first trimester; 12 ± 3 weeks); mid-pregnancy (also referred to as the second trimester;
26 ± 4.8 weeks); and late pregnancy (also referred to as the third trimester; 34 ± 3 weeks).
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2.2. Participants

A total of 141 women who attended the first visit (8–12 weeks) and second visit
(24–28 weeks) and successfully participated in a third visit (29–40 weeks) were selected to
be included in this secondary analysis. Details of the inclusion and exclusion criteria in
the original study are presented in Al-Musharaf et al. [35]. Women were excluded from
this analysis if they did not attend the third visit or were not interviewed to complete
the sleep questionnaire. Additional exclusion criteria included the presence of systemic
or psychiatric disorders; a previous diagnosis by a physician of a sleep disorder, such
as sleep apnea syndrome, restless leg syndrome, insomnia, or parasomnia; use of any
sleep medication; and involvement in nightshift work. Inclusion criteria included Saudi
nationality between 18 and 39 years of age. Based on 80% power and a 95% CI, a sample
size of 137 patients was calculated to detect a difference of 1.0 in the PSQI score from the
first to third trimester [18].

2.3. Data Collection

Vital signs, a medical examination, and anthropometric measurements, including pre-
pregnancy BMI, GWG, waist–hip ratio (WHR), and skin-fold thickness, were recorded for
all three trimesters [35]. Additionally, data regarding socio-demographics, such as maternal
age, employment, monthly income, parity, and past medical and treatment history were
collected by a trained interviewer, as well as information from completed International
Physical Activity Questionnaires (IPAQs) and a food frequency questionnaire, as detailed
previously [35]. Blood samples were obtained from all pregnant women at the three visits
for the parent study. The flow chart below describes the data that were collected at all three
visits (Figure 1).

Visit 1
n=140

(8–12 weeks)

• Fulfilling inclusion/exclusion criteria
• Obstetrician clinical examination
• Blood sampling at baseline
• Anthropometric measurements
• Questionnaire-First Visit (socio-economic data, clinical measurements, dietary intake, 

physical activity, and sleep)

Visit 2
n=140

(24–28 weeks)

• Fasting blood sampling
• OGTT with 75 gm glucose syrup at 1 hour and 2 hours
• Obstetrician clinical examination
• Anthropometric measurements including gestational weight gain
• Questionnaire-Second Visit (dietary intake, physical activity, and sleep)

Visit 3
n=140

(29–40 weeks)

• Obstetrician clinical examination
• Blood sampling
• Anthropometric measurements including gestational weight gain
• Questionnaire-Third Visit (dietary intake, physical activity, and sleep)

Figure 1. Flow chart of data collection across time.

2.3.1. Sleep Assessment

The PSQI was used to collect information about sleep quality over the previous month.
The validated Arabic version of the questionnaire was used [41]. All the women were
interviewed by a trained interviewer to complete the PSQI at all three visits. The PSQI is a
subjective sleep-quality questionnaire that contains 19 multiple choice questions to address
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sleep quality, duration, latency (the time taken to fall asleep), efficiency, disturbances,
medications, and daytime sleepiness that interferes with daily activities. These seven
component scores are summed to obtain a global PSQI score that reflects the overall sleep
quality (range 0–21). Each item receives a score from 0 to 3, and a mean global score of 5
or greater indicates poor sleep quality [42]. Thus, higher scores reflect a poorer quality of
sleep [42]. The PSQI has good internal consistency and convergent and divergent reliability
in pregnant populations [42]. This study defined short sleep duration with a cut-off of
<7 h [9].

2.3.2. Biochemical Assessment

Blood samples were obtained at all three visits. At the first and third visits, the blood
samples were collected in a non-fasting state. At the second visit, the women were fasting.
The blood samples were immediately transported to the Chair for Biomarkers in Chronic
Diseases (CBCD) at King Saud University, where they were processed, aliquoted, and stored
at the recommended temperature for further analysis. The lipid profile, including total
serum cholesterol (TC); high-density lipoprotein-cholesterol (HDL-C); triglycerides (TGs);
HbA1c; and glucose levels were measured at all three visits by a colorimetric method using
an automated chemistry analyzer (Konelab, ThermoFisher, Vantaa, Finland), as previously
detailed [43]. The intra- and inter-assay coefficients of variation (CV) were TC: 0.7% and
1.5%; HDL-C: 0.6% and 1.2%; TG: 0.9% and 1.8%; glucose: 0.8% and 2.6%, respectively. Low-
density lipoprotein cholesterol (LDL-C) was calculated using the Friedewald formula [44].
Dyslipidemia was defined as one or more of the following: TC level > 5.172 mmol/L; low
LDL-C level ≥ 3.36 mmol/L; HDL-C level < 1.29 mmol/L; and TG level ≥ 1.7 mmol/L [45].
The HbA1c in whole blood was measured using the DCA Vantage Analyzer (Siemens
Healthcare, Erlangen, Germany) point-of-care device.

Participants’ 25-hydroxy vitamin D (25(OH)D) serum levels were measured at all three
visits using the ECLIA (Roche Diagnostics GmbA, Mannheim, Germany) and commercially
available IDS kits (IDS Ltd., Boldon Colliery, Tyne & Wear, UK). The inter- and intra-
assay coefficients of variation (CV) for 25 (OH)D ELISA were 5.3% and 4.6%, respectively,
with 100% cross-reactivity to 25(OH) D3 and 75% cross-reactivity to 25(OH) D2. The
Biomarker Research Program (BRP) laboratory is a contributing body in the vitamin D
External Quality Assessment Scheme (DEQAS), and Quality Assurance (QA) standards
are retained by ISO 9000 and 17025. The QA department checks the BRP laboratory at
consistent times. Participants’ 25(OH)D levels were categorized into deficient (less than
50 nmol/L) or non-deficient (50 nmol/L and greater) groups for a meaningful statistical
analysis [46,47].

2.4. Statistical Analysis

The data were analyzed using SPSS version 22.0 (IBM Corp, Armonk, NY, USA).
Continuous variables are presented as the mean ± standard deviation, while categorical
variables are presented as frequencies and percentages. Statistical differences between visits
involving continuous variables were analyzed using repeated measures with an ANOVA
and a Friedman’s test. Statistical differences between independent groups were analyzed
using the independent sample t-test and the Mann–Whitney U-test. Statistical differences
between visits involving categorical variables were analyzed using the McNemar test. The
relationship between sleep scores and other parameters was analyzed using correlation
coefficients, as well as linear and logistic regression analyses. A p-value of less than 0.05
was considered to be statistically significant.

3. Results

3.1. General Characteristics of Participants

A total of 141 pregnant women in their first trimester participated in this study. All
the participants were married with an average age of 28.0 ± 5.2 (range 18–39) years and a
mean BMI of 26.8 ± 6.2 kg/m2 at the beginning of pregnancy. Eighty-six of the participants
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(63.7%) were university graduates or post-graduates, 40 participants (28%) were employed,
and 43 participants (30%) were earning more than USD 1300/month. Of the 141, ninety-one
(65%) were multipara. The participants’ general characteristics are summarized in Table 1.

Table 1. Demographic and clinical characteristics.

Characteristics Values

Age, years 28.0 ± 5.2
University graduate or higher 86 (63.7)

Employment 40 (28.0)
Income

>1300 USD 43 (30.0)
Parity

Multipara 91 (65.0)
Pre-pregnancy BMI 26.8 ± 6.2

Overweight 37 (26.0)
Obesity 29 (21.0)

Values are presented as mean ± SD for continuous variables and n (%) for categorical values. United state dollars
is represented by USD and Body mass index is represented by BMI. the main parameters subtitles.

3.2. Changes in Biochemical and Physical Parameters during Pregnancy

Changes in anthropometric, biochemical, dietary parameters, and physical activity
during the course of pregnancy are presented in Table 2. Lipid profiles were significantly
elevated from early to late pregnancy (all p < 0.001). Although serum vitamin D levels
improved significantly in mid and late pregnancy, as compared to the first trimester,
most of the patients remained vitamin D-deficient throughout pregnancy (Table 2). The
energy intake (percentage of total kcal/day) decreased as pregnancy progressed and was
significantly lower in late pregnancy than in early pregnancy (p = 0.01).

3.3. Percentage and Characterization of Abnormal Sleep Patterns during Pregnancy

The percentage of poor sleep ranged from 38% to 55% and was higher in late pregnancy
than in early and mid-pregnancy (p = 0.001) (Figure 2). There was an overall poor sleep
pattern in the first trimester, which worsened somewhat in the second trimester and then
worsened more in the third trimester (Figure 2). The percentage of women reporting short
sleep duration ranged from 46% to approximately 65%, with a significant increase from
early to late pregnancy. Short sleep duration scores were higher in late pregnancy than in
early and mid-pregnancy (p < 0.001) (Figure 2).

The mean scores of the individual components of the PSQI at each trimester time point
are presented in Table 3. The scores increased progressively as pregnancy advanced for the
global PSQI (5.1 ± 2.6, 5.3 ± 2.6, 6.1 ± 2.4; p = 0.001); sleep duration (0.8 ± 1.0, 0.9 ± 1.1,
1.3 ± 1.2; p = 0.001); and sleep quality (0.7 ± 0.6, 0.9 ± 0.7, 1.2 ± 0.9; p < 0.001). Specifically,
the total PSQI score was higher in mid and late pregnancy than in early pregnancy (both
p = 0.001), and the sleep quality score was higher in late pregnancy than in early and
mid-pregnancy (both p < 0.001).

3.4. Factors Predictive of Poor Sleep
3.4.1. Predictors for Sleep in Each Trimester

For each trimester, independent risk factors were associated with poor sleep when
using logistic regression (poor sleep, PSQI ≥ 5) as dependent variables against all variables,
while adjusting for confounders (not shown in Tables). Multiparity was a significant risk
factor for poor sleep in the first trimester (OR, 1.62; CI, 1.11–2.36; p = 0.012). Alternatively,
higher education was protective against poor sleep in the first trimester (OR, 0.71; CI,
0.51–0.99; p = 0.043). All other variables in this study did not show significance, including
the biochemical profile and other variables in all three visits.
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Table 2. Change in general parameters at the three visits.

First Trimester Second Trimester Third Trimester p-Value

n 141 141 141
Gestational age (weeks) 12.3 ± 3.1 26.0 ± 4.8 A 34.4 ± 3.0 AB <0.001

Anthropometric parameters

BMI (Kg/m2) 27.6 ± 6.0 29.8 ± 6.0 A 30.5 ± 5.3 AB <0.001
Waist–hip ratio 0.84 ± 0.08 0.93 ± 0.09 A 0.97 ± 0.08 AB <0.001

Body fat % 35.3 ± 5.2 37.8 ± 2.8 A 38.2 ± 2.5 AB <0.001
Gestational weight gain (kg) 0.35 ± 0.21 0.35 ± 0.16 0.867

Systolic blood pressure (mmHg) 113.2 ± 12.3 110.6 ± 11.2 110.7 ± 10.9 0.154
Diastolic blood pressure (mmHg) 67.0 ± 8.8 66.7 ± 10.5 68.3 ± 9.1 0.544

Dietary parameters

Energy intake (%) 60.1 ± 12.3 58.5 ± 14.8 51.3 ± 12.1 A 0.010
Carbohydrates intake (%) 90.6 ± 20.7 94.9 ± 30.0 87.5 ± 34.4 0.353

Protein intake (%) 95.7 ± 32.1 89.9 ± 30.9 76.0 ± 31.6 0.093
Fat intake (%) 93.9 ± 28.5 90.3 ± 30.7 77.9 ± 21.9 0.130

Vitamin D intake (IU/day) 149.5 ± 146.4 174.1 ± 167.8 152.3 ± 201.7 0.740
Calcium intake (mg/day) 301.9 ± 380.8 353.4 ± 416.0 262.4 ± 396.2 0.710

Water (mL/day) 1407.8 ± 743.5 1422.9 ± 691.8 1562.5 ± 786.9 0.735
Tea (mL/day) 533.3 ± 696.4 187.3 ± 110.1 A 177.0 ± 90.4 A 0.005

Coffee (mL/day) 78.9 ± 65.7 78.9 ± 75.5 121.3 ± 80.0 0.161
Physical activity
Sitting (min/wk) 1137.0 ± 728.0 1296.0 ± 721.0 1311.0 ± 601.0 0.440

Low physical activity (min/wk) 351.0 ± 474.0 532.0 ± 660.0 109.0 ± 62.0 0.140
Biochemical parameters

Calcium (mmol/L) 2.1 ± 0.2 2.1 ± 0.2 2.1 ± 0.3 0.174
Total cholesterol (mmol/L) 5.2 ± 1.1 6.6 ± 1.5 A 6.6 ± 1.3 A < 0.001
HDL-cholesterol (mmol/L) 1.3 ± 0.4 1.6 ± 0.5 A 1.4 ± 0.5 A < 0.001
LDL-cholesterol (mmol/L) 3.2 ± 0.8 4.1 ± 1.2 A 4.1 ± 1.1 A < 0.001

Glucose (mmol/L) 4.9 ± 1.1 4.8 ± 1.0 5.1 ± 1.5 B 0.020
Triglycerides (mmol/L) 1.4 ± 0.5 2.1 ± 0.8 A 2.4 ± 1.0 AB < 0.001

Vitamin D (nmol/L) 32.9 ± 20.2 40.2 ± 25.6 A 38.3 ± 22.9 A < 0.001
HbA1c 5.1 ± 0.5 4.8 ± 0.5 A 5.1 ± 0.6 B < 0.001

Data presented as mean ± SD for continuous variables and n (%) for categorical variables; p-values obtained
from repeated measures with ANOVA and Friedman’s tests. Superscripts A, B indicate significance from the 1st,
2nd trimester, respectively. Body mass index is represented by BMI, glycated hemoglobin by HbA1c. Bold font
represents the main parameters subtitles.

Figure 2. Pittsburgh Sleep Quality Index (PSQI) and score (A) and sleep duration (B) over the course
of pregnancy. A PSQI score of 5 or less indicated poor sleep, and sleep duration less than 7 h indicated
a short sleep duration. Superscripts A, B indicate significance from the 1st, 2nd trimester, respectively
and AB from both.
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Table 3. Mean PSQI scores at each trimester visit.

First Trimester Second Trimester Third Trimester p-Value

n 141 141 141
Week of gestation 12.3 ± 3.1 26.0 ± 4.8 A 34.4 ± 3.0 AB <0.001
Sleep components

Habitual sleep
efficiency 1.3 ± 1.4 1.2 ± 1.3 1.5 ± 1.3 0.104

Sleep duration 0.8 ± 1.0 0.9 ± 1.1 1.3 ± 1.2 A 0.001
Sleep latency 1.0 ± 1.1 1.1 ± 1.1 1.1 ± 1.1 0.514

Sleep disturbance 0.8 ± 0.7 0.9 ± 0.7 0.7 ± 0.7 0.064
Sleep quality 0.7 ± 0.6 0.9 ± 0.7 1.2 ± 0.9 AB <0.001

Sleep medication 0.0 ± 0.2 0.0 ± 0.0 0.1 ± 0.2 0.532
Day dysfunction 0.4 ± 0.7 0.3 ± 0.6 0.3 ± 0.6 0.465

Fall asleep (in minutes) 51.9 ± 41.6 30.7 ± 27.0 A 38.0 ± 31.0 A <0.001
Total sleep hours

(hours/day) 7.9 ± 2.8 7.1 ± 2.5 A 8.8 ± 4.9 B <0.001

Total PSQI score 5.1 ± 2.6 5.3 ± 2.6 B 6.1 ± 2.4 A 0.001

Data presented as mean ± SD for continuous variables; p-values for continuous variables are obtained from
repeated measures with ANOVA and Friedman’s tests. Pittsburgh Sleep Quality Index (PSQI). Superscripts A, B
indicate significance from the 1st, 2nd trimester, respectively and AB from both. Bold font represents the subtitles.

3.4.2. Predictors for Sleep Changes across Time

• Vitamin D levels

The above results show that the PSQI index increased significantly throughout preg-
nancy, indicating that subjects experienced worsening sleep (p = 0.001) (Table 3). Specifically,
subjects reported a worsening PSQI index in the third trimester, which differed signifi-
cantly from the PSQI index in both the first and second trimesters (p < 0.05 each). These
worsening sleeping index scores—Δ31PSQI and Δ32PSQI—were negatively correlated with
the second and first trimester vitamin D concentrations (Figure 3). This finding suggests
that patients with a higher second-trimester vitamin D concentration experienced fewer
sleep problems than those with a lower vitamin D concentration. Further analysis revealed
that the PSQI score decreased significantly in the second trimester for subjects with suf-
ficient first-trimester levels of vitamin D (Δ21PSQI score of −0.9 ± 3.5), compared with
subjects who were vitamin D deficient (Δ21PSQI score of 0.5 ± 2.7) (Table 4). Similarly,
the PSQI score decreased significantly in the third trimester for subjects with sufficient
second-trimester vitamin D levels (Δ31PSQI score of −0.9 ± 3.0), compared with subjects
who were vitamin D deficient (Δ31PSQI score of 1.6 ± 3.3).

Table 4. Vitamin D and changes in sleep index.

Change in PSQI Vitamin D Status in 1st Trimester Vitamin D Status in 2nd Trimester

Sufficient Deficient p-Value Sufficient Deficient p-Value

Δ31PSQI −0.3 ± 3.8 1.2 ± 3.3 0.060 −0.9 ± 3.0 1.6 ± 3.3 <0.001
Δ21PSQI −0.9 ± 3.5 0.5 ± 2.7 0.034 −0.8 ± 3.2 0.7 ± 2.6 0.008
Δ32PSQI 0.6 ± 3.2 0.7 ± 3.1 0.926 −0.1 ± 3.3 0.9 ± 3.0 0.113

Δ31, Δ21, and Δ32 indicate changes in the PSQI score from the 3rd to the 1st, the 2nd to the 1st, and the 3rd to the
2nd trimester.

After adjusting for confounders, a linear regression analysis revealed that a 1 nmol
increase in vitamin D concentration in the second trimester was associated with a reduction
of 0.2 units in the PSQI score in the third, compared with the first trimester (Table 5).
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Figure 3. Vitamin D status in relation to changes in Pittsburgh Sleep Quality Index (PSQI) scores
across pregnancy. Δ31, Δ21, and Δ32 indicate changes in the PSQI score from the 3rd to the 1st, 2nd to
1st, and 3rd to 2nd trimester.

Table 5. Predictors of poor sleep (total PSQI) changes during pregnancy.

Δ31PSQI Δ21PSQI Δ32PSQI

B ± SE p-Value B ± SE p-Value B ± SE p-Value

High income −0.60 ± 0.26 0.025 −0.11 ± 0.22 0.611 −0.49 ± 0.25 0.054
First trimester

NS
Second trimester

Vitamin D (nmol/L) # −0.20 ± 0.01 0.039 −0.01 ± 0.01 0.621 −0.03 ± 0.02 0.107
Sitting (in min/wk) # 0.00 ± 0.00 0.216 0.00 ± 0.00 0.373 0.01 ± 0.00 0.044

Third trimester
Energy intake (%)

Kcal/day # 0.01 ± 0.04 0.771 −0.03 ± 0.05 0.589 0.15 ± 0.07 0.048

Data are Beta ± standard error obtained from linear regression with # indicating adjustment for age, BMI, parity,
income, lipid levels, diet, and physical activity at the respective visits. PSQI Δ31, Δ21, and Δ32 indicate changes
in the PSQI score from the 3rd to the 1st, 2nd to 1st, and 3rd to 2nd trimester. Not significant indicated by NS;
p-value < 0.05 considered significant.

• Income

Income was inversely correlated with changes in the global PSQI and sleep duration
scores from the first to the third trimester (r = −0.2, p < 0.05) and (r = −0.3, p < 0.001),
respectively. After adjusting for confounders, a linear regression analysis revealed that
low income was predictive of the change in the global PSQI score from the first to the
third trimester (Table 5). The significant coefficient of high income indicated that increased
income reduced the PSQI index by 0.6 units in the third trimester.

• Energy Intake

After adjusting for covariates, a lower energy intake (kcal/day) in the third trimester
was associated with the change in global PSQI score from the second to the third trimester
(Table 5). A one-unit increase in energy intake in the third trimester was associated with an
increase in the PSQI score of 0.15 units.
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• Sitting

In addition, lack of physical activity (sitting) in the second trimester was found
to be positively correlated with worsening sleep changes (Figure 4). Both the Δ31PSQI
and Δ32PSQI scores were positively correlated with sitting time in the second trimester,
with a correlation coefficient of 0.18 and 0.23, respectively (p < 0.05). After adjusting for
confounders, a linear regression analysis revealed that an increased sitting time of 1 unit
during the second trimester was associated with an increase in the third trimester PSQI
score of 0.01 unit (Table 5).

 

 

 

 

 

 

 

Figure 4. Sitting (minutes/week) in relation to changes in Pittsburgh Sleep Quality Index (PSQI)
score across pregnancy. PSQI Δ31, Δ21, and Δ32 indicate changes in the PSQI score from the 3rd to the
1st, 2nd to 1st, and 3rd to 2nd trimester.

There were no associations between changes in the total PSQI and changes in BMI,
WHR, GWG, lipid profile, glucose, and Hba1c. All the variables were incorporated in the
regression but did not show significance.

4. Discussion

This prospective study reveals a high percentage of poor sleep and short sleep duration
throughout pregnancy among pregnant Saudi women. Poor sleep (indicated by a PSQI
of 5 or greater) and short sleep duration (less than 7 h per night) ranged from 38% to 55%
and 46% to 65%, respectively, with a trend toward a worsening sleep index from early
to late pregnancy. The independent predictors of worsening changes in sleep patterns as
pregnancy progressed were low income, lower serum vitamin D levels, greater energy
intake, and more sitting. Additionally, independent risk factors for poor sleep in the first
trimester included multiparity, while possessing university graduate or post-graduate
degrees prevented poor sleep.

4.1. Alterations in Sleep Patterns

To our knowledge, this is the first study to investigate sleep patterns among a cohort
of Saudi women throughout all three trimesters of pregnancy. Our finding that up to
55% of women reported poor sleep, with the highest incidence occurring in the third
trimester, is consistent with some but not all previous studies. A recent meta-analysis that
included pregnant women (25–30 gestational weeks) from different countries, including
the United States, China, and Turkey, reported that 44.5% experienced poor sleep during
the second half of pregnancy [11]. Several studies also support our finding that sleep
patterns worsen as pregnancy progresses, as reflected by the increasing total PSQI scores
over time [9,18,48,49]. A study involving a cohort of 283 Iranian pregnant women found
that poor sleep, as assessed by the PSQI, increased steadily from 48% in the first trimester to
63% in the second trimester and 75% in the third trimester [49]. This progressive decrease
in sleep quality was further quantified in a recent systematic review of longitudinal studies

137



Nutrients 2022, 14, 2633

in which sleep quality decreased by 1.68 points from the second to the third trimester
of pregnancy [12]. In contrast to our findings, other studies have reported no significant
difference in sleep quality throughout pregnancy [17]. Indeed, Liu et al. reported more
disrupted sleep in early and late pregnancy compared with mid-pregnancy, suggesting that
the second trimester represented a kind of honeymoon phase [16]. Different conclusions in
these studies may, in part, be explained by differences in the population enrolled and the
assessment tools. Furthermore, some studies assessed sleep at only two time points during
pregnancy, either early, mid, or late pregnancy.

In our cohort of women, short sleep duration (less than 7 h per night) was alarm-
ingly high, reaching 65% in the last trimester of pregnancy. This is almost twice the
prevalence that is reported in non-pregnant Saudi women (37%) [50]. Short sleep du-
ration also increased throughout pregnancy which is in line with findings from several
other studies [9,16,17]. The incremental increases in poor sleep (both poor quality and
short duration) as pregnancy progresses are problematic. Previous studies have demon-
strated a relationship between poor sleep and specific poor maternal/fetal/neonatal
health outcomes [13–16,51,52]. Thus, screening for poor sleep in early pregnancy may
provide an opportunity to introduce interventions, as the problem only seems to worsen as
pregnancy progresses.

4.2. Factors Associated with Worsening Sleep Patterns
4.2.1. Demographic Factors and Parity

Few studies have investigated the relationship between demographic factors and
poor sleep at different time points over the course of pregnancy, and the findings were
inconsistent. Mindell et al. showed that unemployment, low income, and low education
were significant predictors of poor sleep during pregnancy [9]. We also found that high
income decreased sleep deterioration from early to late pregnancy by 0.6 units in late
pregnancy. As birth becomes more imminent, suboptimal sleep environments combined
with greater perceived stress and financial strain associated with low income may contribute
to worsening sleep in this group of women [53].

Our study also found a higher educational level to be protective against poor sleep
during early pregnancy. Having a university or post-graduate degree initially appeared to
be protective against poor sleep during the first trimester (OR, 0.71; CI, 0.51–0.99; p = 0.043).
However, as pregnancy progressed, women with university and post-graduate degrees
reported better sleep quality than women without degrees. This finding is similar to
Mindell et al. [9] and may, in part, be due to greater health awareness among this group.
Although the above-referenced studies support our findings, Colon et al. and Hedman et al.
found no association between sleep changes and education or income [20,54]. This may be
due to different populations, different sleep, and socio-demographic assessment tools.

Poor sleep quality has been shown to occur with greater frequency in multiparous
than in nulliparous women during each trimester of pregnancy [18], and multiparity has
also been associated with worsening alterations in sleep patterns throughout pregnancy in
some [55], but not all [9,18,20,54], studies. Sleep disturbances in multiparous women may
partially be explained by the external demands related to child-bearing and discomfort re-
sulting from possible health complications [56]. In our study, multiparous women reported
a modest increase in poor sleep that occurred only in the first trimester, by 1.62 times. This
finding differs from other studies that reported poor sleep among multiparous women
in the first, second [18], and third trimesters [21] of pregnancy. This discrepancy may be
because, as pregnancy progresses, parity-related differences may be obscured by other
factors, such as fetal growth and frequent urination, and difficulty finding a comfortable
position may considerably disturb sleep, irrespective of parity [9].

4.2.2. Low Vitamin D Levels

Consistent with results from previous studies [57,58], we found that vitamin D levels
were deficient at all three time points assessed during pregnancy, though serum levels were
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higher in mid and late rather than early pregnancy. To the best of our knowledge, this is
the first study to assess vitamin D deficiency prospectively and its association with poor
sleep patterns in each trimester of pregnancy. We found that pregnant women with lower
second-trimester serum vitamin D levels had higher global PSQI scores in late versus early
pregnancy. Furthermore, increased vitamin D in the second trimester was associated with
a significant reduction in the PSQI score in the third trimester. This suggests that early
vitamin D screening could help to identify women that are at risk of developing poor sleep
and potentially offer therapeutic interventions to lower the risk.

There are few published studies on the association between poor sleep quality and
serum vitamin D levels in the general population [37,59–61]. To date, there have been
only four studies investigating the correlation between serum vitamin D levels and sleep
quality during pregnancy, but the measurements were restricted to only one time point,
providing no insight into changes throughout pregnancy [33,38,40]. In a cross-sectional
study by Cheng et al. involving 890 Singaporean pregnant women in their second trimester
(26–28 weeks), plasma 25(OH)D deficiency was found to be associated with a three-fold
increase in the chance of poor sleep quality (PSQI greater than 5), (OR, 3.49; 95% CI,
1.84–6.63) [33]. More recently, Woo et al. assessed 115 African American and Latina
pregnant women in their third trimester (29–32 weeks) and found that serum 25(OH)D
concentration levels accounted for 17% of sleep quality variance using the PSQI after
controlling for race, pre-pregnancy BMI, gestational age, and maternal age [40]. The most
recent Turkish study of 153 pregnant women (27–28 weeks) found that poor sleep reached
85.6% (PSQI > 5) among pregnant women with vitamin D deficiency [38]. In contrast, a
Turkish study of 91 pregnant women (36 weeks of gestation, third trimester) found no
association between plasma 25(OH)D and sleep quality [39]. This discrepancy in the results
may be due to a small sample size, limited seasonal variation through the study period,
and a high-latitude geographical location.

The mechanism underlying the relationship between poor sleep and serum vitamin
D levels is still not clear. One potential mechanism may involve vitamin D hormonal
functions and the presence of vitamin D receptors in specific areas of the brain and spinal
cord, some of which are thought to play a role in sleep [62,63]. It has been proposed that
vitamin D may have direct effects on the initiation and maintenance of sleep by targeting
neurons in the diencephalon and other brainstem nuclei, which are linked with circadian
clocks [64]. Alternatively, the link between vitamin D deficiency and sleep disturbances
may also result from bone disorders that cause non-specific pain [65] and conditions such as
non-inflammatory skeletal myopathy [66]. Moreover, studies have proposed that vitamin
D deficiency increases inflammation and infection, including those types that interfere with
sleep regulation [67].

Some studies have reported that vitamin D supplementation among the general
population improves sleep. A randomized clinical trial found that supplementation of
50,000 IU of vitamin D over two months improved sleep duration and quality in people with
sleep disorders [68]. Furthermore, vitamin D deficiency among pregnant women results
in maternal and fetal complications [13,36]. Consequently, combined with our findings,
these results suggest that enhanced vitamin D levels may improve sleep. Additional
studies are needed to investigate the role of vitamin D and the potential therapeutic
benefit of vitamin D supplementation in improving sleep and potentially reducing poor
maternal/fetal/neonatal outcomes.

4.2.3. Energy Intake and Sitting

This study showed that increments in energy intake during the third trimester wors-
ened sleep in the second half of pregnancy by 0.15 units. Short sleep among the general
population has been linked to cravings and increased appetite and hunger [69]. Similar
to our result, a recent study showed that pregnant obese women with shortened sleep
had a greater energy intake in early and late pregnancy [30]. We and others [54,70] found
no correlation between BMI or GWG and sleep patterns throughout pregnancy, although
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recent studies found that excess weight gain from early to late pregnancy was associated
with worsening sleep quality [19,30].

Regular physical activity during pregnancy has been shown to improve sleep duration
and quality [70,71]. This is consistent with our findings that an increase in sedentary activity,
measured by sitting time, was associated with worsening sleep quality in the second half of
pregnancy. A recent meta-analysis on different factors concerning sleep showed that poor
sleep was associated with less physical activity, with an effect size of 0.13 [70]. However,
the authors did not identify any trimester-related associations between sleep disturbance
and activity.

The main strength of this study is the prospective design and longitudinal assessment
of women across all trimesters of pregnancy. This is also the only study to assess biochemi-
cal parameters, in addition to factors that are related to sleep, diet, and physical activity
during all three visits. Hence, we adjusted for all potential confounders that may have
impacted sleep along with the other variables assessed. Lastly, using trained personnel
to carry out the interviews and ensure the completion of the PSQI questionnaire ensured
consistency in the follow-up and completeness of the data collection.

There were several limitations to our study. First, we did not assess sleep quality
objectively. However, the PSQI has been shown to have good internal consistency and
construct validity when used in a pregnant population [9]. Second, the study did not assess
other variables that may affect sleep quality, such as frequent urination, nausea, vomiting,
difficulty breathing due to increasing abdominal girth, and general physical discomfort,
though these factors may be addressed to some extent in the sleep efficiency component of
the PSQI. Finally, the questionnaires that were used in this study, including the IPAQ and
food frequency questionnaire, may be subject to recall bias.

5. Conclusions

In conclusion, poor sleep and short sleep duration are common and poorly recognized
sleep disturbances that frequently occur among pregnant women at different time points
during their pregnancy. Since poor sleep has been associated with poor maternal, fetal, and
neonatal health outcomes, understanding these patterns in different populations, including
Middle Eastern women, is crucial. Our results strengthen previously reported correlations
between low income, lower education, sitting, and greater energy intake during pregnancy
and an increased prevalence of poor sleep. Additionally, we identified a pattern of pro-
gressive deterioration in sleep quality as pregnancy advanced. The association between
low serum vitamin D levels and worsening sleep quality from early to late pregnancy is an
important and unique finding of this study and offers a potential avenue for intervention,
both pre-conception and during pregnancy. Additional studies are needed to confirm this
association and better elucidate the role that vitamin D deficiency plays in contributing to
poor sleep quality during pregnancy and the mechanisms of action underlying the effect.
Screening for poor sleep quality and the predictive factors identified in this study could
lead to therapeutic interventions to improve maternal and neonatal health outcomes related
to abnormal sleep patterns.
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Abstract: The Mediterranean diet is a plant-based, antioxidant-rich, unsaturated fat dietary pat-
tern that has been consistently associated with lower rates of noncommunicable diseases and total
mortality, so that it is considered one of the healthiest dietary patterns. Clinical trials and mecha-
nistic studies have demonstrated that the Mediterranean diet and its peculiar foods and nutrients
exert beneficial effects against inflammation, oxidative stress, dysmetabolism, vascular dysfunction,
adiposity, senescence, cognitive decline, neurodegeneration, and tumorigenesis, thus preventing
age-associated chronic diseases and improving wellbeing and health. Nocturnal sleep is an essential
physiological function, whose alteration is associated with health outcomes and chronic diseases.
Scientific evidence suggests that diet and sleep are related in a bidirectional relationship, and the
understanding of this association is important given their role in disease prevention. In this review,
we surveyed the literature concerning the current state of evidence from epidemiological studies on
the impact of the Mediterranean diet on nighttime sleep quantity and quality. The available studies
indicate that greater adherence to the Mediterranean diet is associated with adequate sleep duration
and with several indicators of better sleep quality. Potential mechanisms mediating the effect of the
Mediterranean diet and its foods and nutrients on sleep are described, and gap-in-knowledge and
new research agenda to corroborate findings are discussed.

Keywords: Mediterranean diet; sleep quality; sleep quantity; mental health; vasculoprotection;
metabolism; inflammation; microbiota; melatonin

1. Introduction

Diet has become a cornerstone in the prevention and treatment of chronic noncommu-
nicable diseases, with clinical areas of influence increasing over time as scientific evidence
accumulates [1]. Epidemiological and clinical studies, along with mechanistic findings
from cell and animal models, have indeed provided support for causal relationships be-
tween specific dietary patterns or foods/nutrients and health outcomes as well as disease
development and progression, showing the ability of diet to significantly modify and
often determine the lifelong health trajectories and chronic disease risk [2]. Accordingly,
a comparative assessment of the disease burden attributable to diet in adult populations
among 195 countries showed that suboptimal diets, i.e., diets high in sodium, low in whole
grains, low in fruit, low in nuts and seeds, low in vegetables, and low in n-3 fatty acids, are
the leading dietary risk factors for deaths and disability-adjusted life-years worldwide [3].
In contrast, diets characterized by increased consumption of vegetables, fruits, legumes,
nuts, whole grains, unsaturated vegetable oils, fish, and lean meat or poultry (when meat
was included) were associated with decreased risk of all-cause mortality among adults
and older adults [4]. This has led to the inclusion of specific dietary recommendations
into guidelines by public health entities and their prioritization in the health authority and
research agenda to promote health and wellbeing, along with other modifiable lifestyle
factors including smoking cessation and physical activity [5].
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Among the healthiest diets, the Mediterranean diet is a plant-based dietary pattern
that is increasingly become popular worldwide. The traditional Mediterranean diet is
the dietary pattern consumed by the populations of the olive tree-growing areas of the
Mediterranean basin before the mid-1960s. The traditional Mediterranean diet has en-
tered the medical literature following publications of results from the Seven Countries
Study, initiated in the late 1950s and showing that the Mediterranean diet is not simply, or
mainly, a cholesterol-lowering diet, but exerts a range of beneficial health effects conferring
longevity, better quality of life and preventing major chronic disease such as cardiovascular
disease [6,7]. Other observational cohort studies, including the population-based European
Prospective Investigation into Cancer and Nutrition (EPIC), confirmed the protection by
the Mediterranean diet against chronic diseases, also including cancer. Randomized clinical
trials, such as the PREDIMED (PREvencion con DIeta MEDiterranea) study and the Lyon
Diet Heart Study, found impressive benefit of the Mediterranean diet in primary and
secondary prevention of cardiovascular disease, respectively [6,7]. Later on, exponentially
accumulating scientific evidence has consistently corroborated these findings and extended
the health benefits of the Mediterranean dietary pattern against metabolic and neurode-
generative diseases, cognitive impairment as well as overall mortality, which is apparent
among younger and older generations across Mediterranean and non-Mediterranean popu-
lations [7]. Concomitantly, many investigations have tried to identify the health promoting
components(s) within the Mediterranean diet and the mechanisms mediating the beneficial
biological effects. Evidence has shown the potential contributory role of some foods and
nutrients herein present, such as olive oil, fish, fruits and vegetables, red wine, nuts, grains,
and legumes [8]. Although the exact mechanism is not known, many interrelated and over-
lapping pathways have been hypothesized to play a role including: regulation of lipid and
glucose metabolism; improvement of insulin sensitivity; protection against oxidative stress,
inflammation, and platelet aggregation; enhancement of endothelial function; inhibition of
tumorigenesis; and modulation of the gut microbiota [8].

Peculiar features of the traditional Mediterranean diet are: the abundance of olive oil
(25–50 mL/day) as the main culinary fat for cooking and seasoning; the high consumption
of vegetables (more than two servings per meal), fruits (one or two servings per meal),
nuts (either as part of the recipes or as healthy snacks), cereals (one or two servings per
meal), and legumes (more than two servings weekly); the moderate to high consumption
of fish and shellfish (two or more servings weekly); the moderate consumption of poultry
(two servings weekly), eggs (two to four servings weekly), dairy products (e.g., yogurt, low
fat cheese, small portions daily), and alcohol, mainly wine, consumed preferably with meals
(for women: ≤one drink/day; for men: one to two drinks/day); the low consumption of red
meat and processed meats (less than one serving weekly); occasional consumption of foods
rich in sugars and saturated fat (typical of Westernized dietary patterns); and use of herbs
and spices as a key ingredient in the unique flavor of many Mediterranean dishes [9,10]. The
richness in bioactive components such as vitamins, minerals, and phytochemicals (mostly
polyphenols) from fresh fruits, vegetables, nuts, and legumes, contributes with synergistic
actions to the health benefits of the Mediterranean diet. Though the intake of total fat is
relatively high (30–40% of total energy intake), it mainly comes from virgin olive oil, tree
nuts, and fatty fish, and therefore is predominantly unsaturated, mostly monounsaturated
fatty acid (MUFA, more than 20% of total energy intake) and polyunsaturated fatty acids
(PUFA), mainly n-3 fatty acids: consequently, the ratio of unsaturated to saturated fat is
high. Furthermore, carbohydrates in the Mediterranean diet come mostly from unrefined,
fiber-rich sources such as whole wheat and beans, while high quality proteins are provided
by fish, sea foods, poultry, and legumes [9].

Taking into account adaptations to each country’s and region’s specific realities, the
Mediterranean diet, recognized as Intangible Cultural Heritage of Humanity by UNESCO,
is thought not only as a way of eating of the countries surrounding the Mediterranean Sea,
but also as an integral part of a preserved social, cultural, and lifestyle sustainable model
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featured by moderation, biodiversity, local production, conviviality, culinary activities,
regular physical activity, and adequate rest including nocturnal sleep and after-meal nap [9].

Besides diet, another essential health-promoting factor is sleep, an active physiological
process necessary for life and normally occupying one third of our lives, playing a fun-
damental role for physical, mental, and emotional health [11]. Normal sleep architecture
is comprised of nonrapid eye movement (NREM) sleep and REM sleep. NREM sleep is
divided into three substages: stage N1, stage N2, and stage N3 (slow wave sleep). Older
classification had four stages of NREM sleep. In the current rules, NREM stage 3 and
NREM stage 4 are combined as stage N3. Sleep stages occur in cycles lasting 90 to 120 min
each, with four to five cycles occurring during a typical night of sleep. Shifting of stages
occurs over the course of the night, typically with an increased percentage of NREM sleep
in the first half of the night and an increased percentage of REM sleep in the second half of
the night [12]. Well recognized indicators of sleep quality are sleep latency, i.e., the length
of time, in minutes, it takes to transition from wake to sleep (normal range for good sleep
quality: 10–20 min), and sleep efficiency, i.e., the percentage of time in bed that is spent
asleep (normal value for good sleep quality: above 85%).

Sleep patterns and sleep need are influenced by a complex interplay between genetic,
behavioral, environmental, and social factors [13]. Expert consensus recommendations
suggest that adults should obtain good sleep quality and duration (a minimum of 7 h per
night) to promote optimal health and wellbeing [14,15]. Poor sleep quality and quantity
can result from comorbid clinical conditions or sleep disorders, such as insomnia and
sleep apnoea, but may also derive from the modern lifestyle with constant social, work,
and family commitments, night- and shift-work, and the late-night use of technology
(i.e., smartphones, computer, and television), which lead to circadian sleep–wake cycle
disruption, chronic insufficient or poor quality sleep among adults as well as children and
adolescents [16–19]. Serious consequences may arise from sleep curtailment ranging from
fatigue, excessive daytime sleepiness, depressed mood, poor daytime functioning, and
impaired cognitive and safety-related performance, to an increased risk of adverse health
outcomes, including weight gain, obesity, type 2 diabetes, hypertension, cardiovascular,
and neurodegenerative diseases, cancer as well as all-cause mortality [20–23]. Plausible
biological mechanisms linking poor sleep and chronic disease risk involve endocrine,
metabolic, and immune-inflammatory pathways [24], which are physiologically influenced
by nocturnal sleep and whose dysfunctions play a determinant role in the development
and progression of chronic diseases [25,26].

Sleep is therefore a modifiable risk factor for the development of chronic diseases,
making it a target for intervention strategies [27,28]. Interestingly, in a prospective cohort
study adding adequate sleep (≥7 h/night) to traditional healthy lifestyle factors, such as
physical activity, a healthy diet (Mediterranean diet), moderate alcohol consumption, and
nonsmoking, conferred further benefit against cardiovascular disease risk compared with
no addition [29].

Besides being both key targetable lifestyle determinants of overall health and chronic
disease risk, diet and sleep are linked by a bidirectional relationship. Indeed, qualita-
tively and/or quantitatively insufficient sleep or mistimed sleep may lead to overfeeding,
metabolic impairments with weight gain and obesity, and poor diet quality, and, conversely,
diet may influence sleep quality and duration so that nutritionally unbalanced diets or
mistimed eating patterns negatively impact sleep parameters [30–32].

Accumulating scientific evidence from observational and clinical studies, as syn-
thetized by recent literature reviews [33–37], suggests that dietary factors may impact
on—and predict—sleep outcomes in otherwise healthy or clinical populations. In general,
it has been shown that foods rich in melatonin (a sleep promoting hormone), or its pre-
cursors tryptophan and serotonin, micronutrients (vitamin D and B, magnesium, zinc),
carbohydrate-containing foods, food items including cherries and fish, can improve sleep
parameters (e.g., sleep latency, time, efficiency). Contrarily, caffeinated and sugar-rich
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beverages as well as high fat (mainly saturated fat) and processed foods may negatively
affect sleep quality and duration [38,39].

However, nutrients and foods are not consumed in isolation but in combination within
dietary patterns (as defined a priori through a validated score or defined a posteriori
through data-driven methods) that are expected to more extensively and differentially
impact on biological and behavioral processes and hence be more predictive of overall
health status and disease risk than individual foods or nutrients [40]. Furthermore, a more
sustainable lifestyle approach is thought to be via the modification of the dietary pattern as
a whole, instead of simply supplementing or depleting some specific foods or nutrients.
However, the influence of dietary patterns on sleep has been less explored [41–44], and most
of the available evidence in this context has been focused on the effects of the Mediterranean
diet on sleep and to see whether sleep improvements might be an additional health benefit
of this diet.

The aim of the present scoping review is to synthetize and discuss scientific evidence
on the effects of the Mediterranean diet on sleep outcomes (quality and duration), with a
focus on potential plausible mechanisms underlying this association.

2. Literature Search Methods

A literature search in PubMed, Scopus, and Web of Science was conducted from incep-
tion until April 2022, using the following key search terms, including MeSH terms, which
were determined in accordance with the PICO (Population, Intervention, Comparison, and
Outcome) method: “adolescents” and “adults” for population; “Mediterranean diet” and
“Mediterranean dietary pattern” for intervention; and “sleep”, “sleep quality”, “sleep quan-
tity”, and “sleep duration” for outcomes. Studies were included if conducted in otherwise
healthy individuals, assessed sleep using questionnaire or polysomnography/actigraphy,
and had cross-sectional, prospective/retrospective, or clinical intervention design. Studies
were excluded if they: (1) were conducted in patients with preexisting chronic diseases;
(2) did not have full text articles available in the English language; (3) investigated indi-
vidual components of the Mediterranean diet rather than the whole diet as the exposure;
or (4) examined multiple interventions/exposures, e.g., Mediterranean diet plus physical
exercise or plus pharmaceuticals, or there were no arms to control for the effect of the com-
bined treatment (Figure 1). The search strategy was supplemented by manually reviewing
the reference list of all retrieved articles.

148



Nutrients 2022, 14, 2998

Figure 1. Flow diagram of the study selection process.

3. Main Findings

Following the literature search and articles selection, 17 studies were included in the
present review [45–61]. A summary of the included studies and findings is reported in
Table S1. Adherence to the Mediterranean diet was assessed using a priori derived scores,
which are constructed through evidence from the scientific literature and encapsulate
this dietary pattern into a numeric score for assessment of health outcomes [62]. For all
scoring systems, a higher score reflects higher compliance to the traditional Mediterranean
diet or the recommendations of the Mediterranean diet pyramid. Starting from the first
Mediterranean diet score developed by Trichopoulou in 1995 and updated thereafter [63],
other scoring systems (either modified or new) including the Mediterranean diet adherence
score (MEDAS) [64], the Mediterranean diet adherence score based on the literature (MEDI-
LITE) [65], and the alternate Mediterranean diet scale [47], have been developed and
adapted to also take into account the cultural and geographical context of the specific
populations studied, also in non-Mediterranean countries, thus often limiting interpretation
and across-study comparisons. Sleep outcomes were generally self-reported using validated
questionnaires, such as the Pittsburgh Sleep Quality Index (PSQI), but also using one or
two questions not validated, asking about usual sleep duration, subjective sleep quality, or
ease of getting to or maintaining sleep. Only in two studies were objective measures, such
as actigraphy, used to assess sleep [48,57], while information on objective sleep architecture
that can be derived using polysomnography is lacking.

All but one of the studies were observational, mainly with a cross-sectional design and
only two studies with a longitudinal design, one in older adults [47] and another in adult
women [61]. One of the main limitations is the paucity of intervention studies with the
Mediterranean diet, thus not allowing to infer directionality or causality of the association.

149



Nutrients 2022, 14, 2998

A randomized controlled feeding trial was conducted in overweight and obese adults to
assess the short-term effect of two Mediterranean diet patterns with different amounts
of lean unprocessed red meat (500 g/wk, which is a typical US intake, or 200 g/wk, as
recommended in heart-healthy eating patterns) on several indicators of personal wellbeing,
including sleep quality and sleep pattern [57]. The study did not find either any significant
and robust effects of each Mediterranean diet pattern or a difference between the two
patterns on sleep parameters, but the intervention duration was short (5 weeks) and the
study not adequately powered [57].

Most studies were conducted in Mediterranean countries, including Spain, Greece,
Italy, France, Iran, Jordan, but evidence also came from the USA and Northern Europe.
Due to the small sample size or the inclusion criteria of the studies, the potential role of
race/ethnicity, as well as postmenopausal women, which are at increased risk of poor
sleep [13,66] in association with the Mediterranean diet with sleep, received little atten-
tion [48,61]. One study [50] found a positive association between the Mediterranean diet
and sleep quality in pregnant women during the pregnancy course, where sleep distur-
bances are common and may be linked to metabolic anomalies as well as negative birth
outcomes [67,68].

Although the adult population was the age group evaluated in the majority of the
studies, in a few studies the effects on the Mediterranean diet were also assessed in ado-
lescents [45,46,49,58], who are relevant to study being particularly vulnerable, mostly in
recent years, to unhealthy behaviors such as sleep deprivation [17], lower physical activity,
poor diet, and irregular eating patterns [69].

Despite the limited number of studies available, overall study results point to a ben-
eficial impact of adherence to the Mediterranean diet pattern on sleep quality and sleep
duration in both adolescents and adult individuals at cross-sectional and prospective
evaluations. Specific features of sleep quality, such as sleep efficiency, sleep latency, day-
time dysfunction due to sleepiness, and sleep disturbances resulted in improved greater
adherence to the Mediterranean diet [51,54,61]. Furthermore, the presence of insomnia
symptoms, a prevalent disordered pattern of sleep, was evaluated as an outcome in some
studies [48,53,60]: here, in accordance with other findings in clinical populations [70], the
Mediterranean diet was associated with a reduced risk of insomnia symptoms and of the
most severe phenotype of insomnia in conjunction with short sleep duration, which is
associated with worse cardiometabolic outcomes compared with insomnia without short
sleep duration [71].

Interestingly, the only retrieved study reporting no association of the Mediterranean
diet with sleep measures was conducted in Sweden in elderly men [59], where the Mediter-
ranean diet adherence score was adapted to the dietary habits and food products of the
Swedish population, and was assessed for association with only two sleep parameters, i.e.,
self-reported sleep initiation or maintenance problems.

In some studies, subgroups analyses showed that factors including age, gender, and
body weight influenced the association between the Mediterranean diet and sleep. Indeed,
in the MEAL study [51] the benefit of the Mediterranean diet on sleep quality (in particular
sleep latency) was observed only in normal/overweight individuals (highest vs. lowest
quartile of adherence score, OR = 2.30, 95% CI: 1.49, 3.54), but not in obese participants
(highest vs. lowest quartile of adherence score, OR = 1.12, 95% CI: 0.33, 3.79). This
result may be related to the beneficial modulation by the Mediterranean diet and its main
components of metabolic profile, adiposity, and body weight status [72–74]. Therefore,
the positive association between Mediterranean diet adherence and sleep quality may be
mediated by improvement of weight status and obesity, which have a negative impact on
sleep quality [55].

Furthermore, in the HELIAD study [54], when the analysis was stratified accord-
ing to age, sleep quality was positively associated with Mediterranean diet adherence
only in individuals aged ≤75 years (p < 0.001) and not in older (>75 years) individuals
(p = 0.675), in which the presence of multicomorbidity and related polypharmacy and/or
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the increased occurrence of sleep problems could have masked or diluted the efficacy of the
Mediterranean diet. In the French Three City Study [53], the inverse association between
Mediterranean diet adherence and insomnia symptoms was significant only in women
(OR = 0.80, 95% CI: 0.64−1.00) and not in men (OR = 0.93, 95% CI: 0.69−1.26), possibly
due to hormonal or behavioral factors predisposing women to a higher prevalence of in-
somnia symptoms compared with men, and to a greater susceptibility to dietary influence.
A similar gender difference in the effect of Mediterranean diet adherence on sleep has been
observed in another study [52], where lower adherence to the Mediterranean diet was
associated with shorter sleep duration in women, mainly linked to lower consumption of
legumes, vegetables, and fruits.

4. Potential Mechanisms Underlying the Mediterranean Diet Effects on Sleep

Exploring the mechanisms potentially mediating the beneficial effects of the Mediter-
ranean diet on sleep parameters, several hypotheses have been raised. This dietary pattern
has a healthy profile of fat, proteins, and carbohydrates and a peculiar richness in polyphe-
nols and vitamins, mainly provided by the moderate to high intake of fruits, vegetables,
nuts, olive oil, cereals, and fish. Mechanisms associated with these foods and nutrients
and their possible combinations might explain the benefit of the Mediterranean diet on
sleep. On the contrary, a high consumption of red meat, saturated fat, and sugar-rich foods
and beverages that are eaten occasionally in the Mediterranean-style diet and characterize
unhealthy diets, was associated with negative effects on sleep quality and quantity, and
with insomnia symptoms [31,49,50,55,75,76].

Plant-based diets [41,75,77], such as the Mediterranean diet, have been shown to be as-
sociated with better sleep quality and/or duration. Indeed, though not consistent, evidence
supports the association of intakes of fruits, vegetables, legumes, and their fiber and protein
content, with improved sleep parameters [76,78]. These food items as key components of
the Mediterranean diet have been found to contribute to the favorable epidemiological
association between Mediterranean diet adherence and sleep in both longitudinal [61]
and cross-sectional analyses [49,50,55,61]. Interestingly, in some studies [50,51,55] olive
oil consumption, which is typical of the Mediterranean diet and a rich source of MUFA
(55–83% olive oil fat) and polyphenols (50–800 mg/kg olive oil, about 2% of oil weight),
have also emerged as potentially protective for sleep.

Regarding dietary fats, in accordance with cross-sectional findings [31], among major
nutrients included in the Mediterranean diet, a higher intake of MUFA to PUFA ratio and
of unsaturated fat, predicted better sleep quality at follow-up [61]. Although with mixed
results [79], fatty fish (>150 g three times a week), a major food source of unsaturated
fat, as well as plasma concentrations of n-3 fatty acids, including docosahexaenoic acid
(DHA), and DHA supplementation were found to be positively associated with sleep
quality in adults [55,75,80,81] and pediatric populations [82]. Confirmatory results have
been reported in a very recent study in which higher plasma DHA concentrations were
related to earlier sleep timing and longer sleep duration on the weekends in Mexican
adolescents [83].

One of the most characteristic features and bioactive components of the Mediterranean
diet is the richness in polyphenols, which are antioxidant compounds naturally present
in plant foods and beverages (Table 1). They have gained increasing scientific attention
due to their biological activities, their great abundance in human diet, and their role in the
prevention of various chronic degenerative diseases, such as cancer, cardiovascular, and
neurodegenerative diseases, through mechanisms also independent of their conventional
antioxidant activities [84]. Over 500 different molecules having a polyphenol structure
(i.e., several hydroxyl groups on aromatic rings) with different properties and bioavail-
abilities have been identified in edible plants, where they are synthetized as secondary
metabolites for defense against biotic and abiotic stresses. They encompass five main
groups according to structure: phenolic acids, flavonoids, stilbenes, lignans, and others.
The flavonoid class is further divided into six subclasses including flavonols, flavones,
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isoflavones, flavanones, anthocyanidins, and flavanols [85]. In the European PREDIMED
study, the mean total polyphenol intake was 820 ± 323 mg daily, mainly provided by
fruits (44%), vegetables (12%), alcoholic (red wine) (6%) and nonalcoholic (coffee) bever-
ages (55%), cereals (5%), olives and olive oil (11%), cocoa products, nuts, and legumes (each
food group around 1–2%) [86].

Table 1. Main Mediterranean diet polyphenols, food sources and dietary intake.

Class Subclass Main Representatives Main Food Source
Intake
(mg/day)

Flavonoids Flavanols
Catechin
Epicatechin
Epigallocatechin

Apples, red wine, tea, peaches,
cocoa products, beans 26.7 ± 19.6

Flavonols
Quercetin
Kaempferol
Myricetin

Spinach, beans, onions, lettuce 80.4 ± 32.7

Flavanones

Hesperidin and its aglycone
hesperetin
Naringenin
Didymin

Oranges, orange juice, red
wine, tomatoes 132 ± 125

Flavones Apigenin
Luteolin

Oranges, whole-grain
wheat-flour bread, refined-grain
wheat-flour bread

41.6 ± 26.1

Isoflavones
Genistein
Daidzen
Glycitein

Beans, beer 0.003 ± 0.003

Anthocyanins
Malvidin
Cyanidin
Delphinidin

Cherries, red wine,
olives, strawberries 38.5 ± 37.4

Phenolic alcohol
and secoiridoids

Hydroxytyrosol, tyrosol
Oleuropein
Oleacein
Oleocanthal

Olive oil 39.46 ± 29.37

Non-flavonoids Stilbenes Resveratrol Red wine, white wine,
grapes, strawberries 1.84 ± 3.39

Phenolic acids

Hydroxycinnamic acids
(cinnamic, p-coumaric, ferulic,
caffeic, chlorogenic, and
rosmarinic acids, verbascoside)

Coffee, potatoes, apples, olives 276 ± 146

Hydroxybenzoic acids
(p-hydroxybenzoic, gallic, syringic,
protocatechuic, and vanilic acids)

Olives, red wine, walnuts, beer 19.1 ± 16.8

Lignans
Secoisolariciresinol
Pinoresinol
1-Acetoxypinoresinol

Olive oil, whole-grain
wheat-flour bread 0.85 ± 0.36

Tannins

Condensed tannins or
proanthocyanidins (oligomers
or polymers of flavanols)
Hydrolyzable tannins or
gallotannins, ellagitannin

Red wine, apples, peaches,
plums, orange, green
beans, lentils

117 ± 81

Data on polyphenol content were adapted from [86]. Food sources are reported in decreasing order of specific
polyphenols content.

After ingestion, phenolic compounds undergo several transformations in the gastroin-
testinal tract and also after absorption into the blood [87]. Additionally, a great proportion
of nonabsorbed compounds reaches the colon where polyphenols are metabolized by the
resident microflora, generating a different array of bioactive metabolites that are absorbed,
further transformed, and released into the circulation [87]. Therefore, the bioactivities of
ingested polyphenols depend mostly on their metabolites than on the native compounds.
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Though experimental animal and in vitro studies have provided some potential mech-
anisms of sleep regulation by polyphenols (as described below), few human observational
studies reported inconclusive results regarding the association of the polyphenol content
of the diet and sleep parameters. A prospective study in UK women found that the total
polyphenol content (but not polyphenol classes) of fruits and vegetables was inversely as-
sociated with sleep duration, in agreement with another study in Chinese adults reporting
that soy isoflavone intake was associated with a low risk of long sleep duration [88]. On
the contrary, adequate sleep duration and better sleep quality have been documented in
association with high intakes of soy isoflavones in a study conducted in Japanese adults [89].
However, soy is not a typical Mediterranean food, and the effect on sleep of isoflavones
from specific Mediterranean food items such as legumes has not been assessed. Recently,
data from the Italian MEAL cohort study regarding the energy-adjusted total (poly)phenol
intake estimated using the Phenol-Explorer database showed that a higher intake of some
flavonoid subclasses (flavanones and flavones, mostly contained in fruits, vegetables, cere-
als, legumes, olive oil, and tea), phenolic acids, such as hydroxycinnamic acids (contained
in fruits, vegetables, coffee, nuts, and cereals), and lignans (present in olive oil, cereals, nuts,
legumes, fruits, and vegetables) were associated with a significantly lower likelihood of
having inadequate sleep quality, only in normal weight individuals [90].

Human interventional studies also tested the effects of some polyphenol supplements
on sleep but, again, the results were inconsistent, and many methodological limitations
have been recognized including the small sample size, the health status of the participants,
the use of supplements instead of food sources having different bioavailability, and the
short duration of supplementation (as reviewed by [78]).

However, the combination of foods and nutrients in the frame of the Mediterranean
diet pattern, rather than individual components, seems to better predict the sleep improve-
ments associated with the Mediterranean diet in epidemiologic studies [51,55]. Further
research, mostly clinical intervention and mechanistic studies are warranted to uncover
efficacy by specific Mediterranean diet key components on sleep features.

Potential pathways involved in sleep regulation by the Mediterranean diet foods and
nutrients are described below.

4.1. Metabolic and Vascular Improvements

Epidemiological and interventional studies have consistently provided strong evi-
dence in support of Mediterranean diet benefits against metabolic and cardiovascular
risk factors, thus preventing cardiometabolic diseases including obesity, type 2 diabetes,
heart failure, coronary artery disease, cerebrovascular diseases, and peripheral artery dis-
eases [91]. Improvements in adiposity and body weight, blood pressure, blood lipids,
glucose metabolism and insulin sensitivity have been reported in association with ad-
herence to the Mediterranean diet [72,92–94]. These effects may beneficially affect brain
function, cognition, and mood [95–97], which are also important to sleep.

The control of body weight and body fat composition by the Mediterranean dietary
pattern [72] and its key components including polyphenols [98] is hypothesized as an
important mechanism mediating favorable effects on sleep quality and duration exerted by
this diet. Obesity, an established independent risk factor for metabolic and cardiovascular
diseases, is pathogenically associated with a proinflammatory state featured by elevated
circulating levels and altered circadian pattern of inflammatory cytokines, which are
implicated in the adverse obesity-associated cardiometabolic consequence [99] and are
also sleep-regulating factors [24]. Excess body fat may cause obstructive sleep apnea
(OSA), a major sleep disturbance associated with heightened risk of cardiovascular and
metabolic diseases [100]. A weight loss intervention based on the Mediterranean diet,
compared with a prudent diet, in combination with physical exercise in obese people
with sleep apnea showed greater reduction of the apnoea-hypopnoea index (AHI) during
REM sleep as well as waist circumference, an indicator of visceral adiposity, although
it cannot be determined whether the improvement in sleep parameter was mediated by
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decreased adiposity [101]. The Mediterranean diet intervention also reduced the levels of
inflammatory markers in individuals with obstructive sleep apnea [102]. A lower body
mass index and waist circumference, and a higher adherence to the Mediterranean diet
were found to be associated with better sleep quality in middle-aged adults [55]. Similarly,
an increase in body mass index and fat mass as well as an unhealthy eating behavior
(lower adherence to the Mediterranean diet) were associated with short sleep duration
and poor sleep in an adolescent population [49]. In the study by Godos et al. [51], the
association between higher adherence to the Mediterranean diet and better sleep quality
was evident only in normal weight/overweight subjects and not in obese ones, suggesting
that the beneficial metabolic effects of the Mediterranean diet may contribute to mediate
its favorable influence on sleep. However, this hypothesis needs further investigation,
and the control for these metabolic factors should be taken into consideration as potential
mediating factors of the epidemiologic associations found.

Protective effects have been documented for the Mediterranean diet [103] and its main
components [104,105] on the vascular function and in particular the vascular endothelium,
which plays an important role in the modulation of vessel tone, tissue perfusion, dynamic
permeability, hemostasis, immune response, and angiogenesis. As such, endothelial dys-
function as a result of several insults, e.g., hypertension, diabetes, dyslipidemia, smoking,
as well as ageing, is recognized to contribute to pathophysiology of many disease states,
such as cardiovascular, neurological, and neurodegenerative diseases [106–109]. The link
between endothelial function and sleep is bidirectional, with sleep disturbances causing
endothelial dysfunction as an antecedent to atherosclerosis and cerebro- and cardiovascular
disease [110], and endothelial function being crucial for brain health and function, not
only by contributing to the systemic vascular tone, immune function and hemostasis, but
also by controlling, at the neurovascular unit, blood flow and blood–brain barrier function
and interacting with surrounding brain tissue [111]. Furthermore, the recently discov-
ered ability of the cerebral endothelium to contribute to the synthesis and secretion of the
neurotrophin brain-derived neurotrophic factor (BDNF), a crucial mediator of synaptic
plasticity and synaptic communication, which is implicated in neuronal survival, learn-
ing, memory, appetite, and sleep [112–114], makes any improvements of the endothelial
function, as observed with the Mediterranean diet, an important contributor to preserving
brain function and regulating sleep. Notably, plasma BDNF concentrations, which are
lower in individuals with sleep disturbances [113], were improved by a Mediterranean diet
intervention, mostly in depressed participants [115].

4.2. Blunting of Inflammation and Oxidative Stress

Chronic low-grade inflammation and an imbalance in the oxidant/antioxidant system
are crucial pathogenic processes in the development and progression of chronic diseases
such as diabetes, cardiovascular diseases, cancer [116], as well as mental and neurodegen-
erative diseases [117,118].

While low levels of cytokines regulate physiologic sleep, neuroinflammation, which is
characterized by activation of microglia (the resident immune cells of the central nervous
system), excessive release of proinflammatory cytokines, oxidative stress and neuronal
damage, has been hypothesized to contribute to altered circadian rhythms and to poor
sleep quality and quantity [24,119]. Several studies examined the associations between
inflammatory markers and sleep health [120,121]. A better profile of circulating biomarkers
of inflammation (C reactive protein [CRP]), oxidative stress (γ-glutamyl transferase [GGT]),
and antioxidant capacities (bilirubin, carotenoids, uric acid, vitamins A, C, D, and E) has
been associated with adequate sleep quality and duration [120,121]. Furthermore, these
biomarkers may mediate the relationship between sleep and cardiometabolic health [122],
with a particular role of oxidative stress and antioxidants for mediating the sleep duration–
waist circumference and sleep duration–blood pressure relationships [122]. In support of
the bidirectionality of the sleep-immunity linkage, sleep deprivation and/or inadequate
sleep quality as observed in clinical populations and individuals with voluntary sleep
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curtailment or in experimental human and animal studies may lead to increased tissue
and systemic levels of inflammatory markers and oxidative stress, that could mediate the
associated adverse health outcomes [24]. The sleep–immunity/inflammation relationship
raises relevant clinical implications of promoting sleep health by targeting inflammation
and of improving or therapeutically controlling inflammatory response by targeting sleep.

The importance of the inflammatory and antioxidant effects of the diet on sleep has
recently emerged from human cross-sectional studies. In one such study, the dietary
inflammatory index (DII), a research tool based on literature evidence regarding the effects
of diet on six inflammatory biomarkers (CRP, IL-1β, IL-4, IL-6, IL-10, and TNF-α) [123], was
calculated based on the dietary intake data, and analyzed for correlation to sleep quality in a
cohort of Italian adults [124]. Here, the highest category of DII (i.e., most proinflammatory)
was associated with lower likelihood of having adequate sleep quality and in particular
impaired sleep latency, and even more strongly after adjusting for the Mediterranean diet
adherence underscoring that both DII and the Mediterranean diet were acting through a
common denominator that may be inflammation [124]. Similar associations between higher
DII scores and poor sleep quality [125] or daytime dysfunction [126] were observed in
small cohorts of college students. In another study conducted in OSA patients the DII was
positively associated with apnea severity and daytime sleepiness, and predicted rapid eye
movement latency [127]. Data on about 30,000 individuals from the National Health and
Nutrition Examination Survey (NHANES) found that adults consuming proinflammatory
diets, as assessed by the DII, were more likely to present short sleep duration, long sleep
duration, and/or self-reported sleep disturbances [128]. In a prospective cohort, changes
over time in the DII toward an anti-inflammatory diet were associated with decreased
wakening after sleep onset and improved sleep efficiency [129]. In a further in-depth
analysis, a blood metabolomic study in participants from the Dietary Approaches to
Stop Hypertension (DASH) trial showed that metabolites and pathways known to be
implicated in inflammation and oxidative stress were associated with sleep variables
(i.e., sleep midpoint, wake time) [130].

Regarding the effect of the antioxidant potential of diet on sleep, one study in post-
menopausal women in Iran found that a higher dietary total antioxidant capacity (TAC), a
tool for assessment of healthy effects of dietary antioxidants and estimated by measuring
the oxygen radical absorbance capacity (ORAC) of selected foods, was associated with a
reduction in sleep problems and other menopausal symptoms [131]. Another Iranian study
in diabetic women confirmed that a higher dietary TAC, based on the ferric reducing ability
of plasma (FRAP) and ORAC databases, was related with a lower risk of poor sleep and
psychological disorders [132].

Though these data are only correlative in nature and cannot prove causality, they
suggest that an improvement (or worsening) of inflammatory status and oxidative stress by
diet could be a plausible mechanism for sleep modulation. A significant part of the health
benefit and disease prevention ascribed to the Mediterranean diet has been explained by
its antioxidant and anti-inflammatory properties. Indeed, observational and intervention
studies [133–135] have shown that the Mediterranean diet is associated with increased
serum TAC levels and antioxidant enzymes (superoxide dismutase and catalase) activi-
ties. Similarly, human studies have evaluated the impact of the Mediterranean diet on
biomarkers of inflammation and immune activation showing that, compared with a West-
ern diet or a prudent low-fat diet, the Mediterranean diet exerts an anti-inflammatory and
immunomodulating effect through the downregulation of the levels of leukocyte and en-
dothelial adhesion molecules, proinflammatory cytokines and their receptors, acute phase
proteins (e.g., CRP), platelet and leukocyte counts, leukocyte trafficking, and chemoattrac-
tant molecules [103,136–139].

The Mediterranean dietary pattern is rich in foods, including olive oil, fruits, vegeta-
bles, nuts, fish, red wine, and of nutrients and nutrient combinations including vitamins,
polyphenols, and unsaturated fatty acids, mainly MUFA and n-3 PUFA, which have shown
to exert antioxidant [140,141] and anti-inflammatory effects [142–146] both at the systemic
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and cellular levels [147–149], in different cells and tissues including the brain, as discussed
in the following paragraph. Interestingly, some of these foods (e.g., olive oil, fish, fruits)
and nutrients (e.g., polyphenols, n-3 PUFA) have shown to be positively correlated to sleep
quality in observational studies [51,61,90]. Therefore, it seems plausible that there is a
contribution of the antioxidant and anti-inflammatory properties of the Mediterranean
diet to the observed improvement of sleep, although causation cannot be proven by such
findings and should be verified by interventional studies.

4.3. Neuroprotection

Observational data and limited evidence from clinical trials suggest that the Mediter-
ranean dietary patterns improve cognitive performance and reduce the risk for cognitive
decline and dementia, including Alzheimer’s disease [150–152]. Moreover, high adher-
ence to the Mediterranean diet has been associate with a decreased risk of depressive
disorders [153,154].

Besides indirect actions through peripheral effects (e.g., enhancement of endothelial
function and cerebrovascular blood flow), actions inside the brain have been suggested
as potential mechanisms. Indeed, the antioxidant, anti-inflammatory and vasculoprotec-
tive properties of the Mediterranean diet and its components have been hypothesized to
contribute to prevent or dampen vascular dysfunction and neurodegenerative processes,
and hence to improve brain function, cognition, and mood [152], which are all related to
sleep [155–157]. Furthermore, direct neuroprotective effects have been documented for
some Mediterranean diet nutrients, such as n-3 PUFA [158] and polyphenols [159].

Longer-chain n-3 fatty acids (eicosapentaenoic acid [EPA], DHA) are synthetized by
shorter-chain n-3 fatty acids, such as alpha-linolenic acid (ALA) [160]. However, biological
conversion is inefficient, especially during aging, and shorter-chain fatty acids cannot be
synthesized by humans. Therefore, diet is the most important source of these fatty acids,
mainly in the form of plant-derived ALA (abundant in green leafy vegetable, nuts, legumes)
and fish- and marine-derived EPA and DHA, and their supplements [160,161]. The brain
is particularly rich in n-3 PUFA, which incorporate into cell membranes and promote
a favorable composition of phospholipids, influencing membrane fluidity and related
function; as such, the maintenance of a balanced (low) n-6/n-3 PUFA ratio, which is part of
the Mediterranean diet due to high dietary intake of n-3 PUFA and low dietary intake of
n-6 PUFA, is crucial for brain development, normal neurological function, and in general
for reducing the risk of chronic diseases [161–163]. Studies have shown that n-3 PUFA and
their endogenous lipid metabolites (i.e., eicosanoids, lipoxins, resolvins, protectins, and
maresins) have the ability to decrease [164] and/or resolve [165] neuroinflammation.

Besides this, by affecting gene and protein expression through the modulation of
transcription factor pathways, and by positively regulating membrane-bound enzymes,
signal transduction, ion channels, receptor activity and neurotransmitter binding, n-3
PUFA affect neurotransmission processes including dopaminergic, serotonergic, cholin-
ergic, and glutamaergic systems [166–171]. Furthermore, animal studies showed that n-3
PUFA exert neuroprotective effects against cerebral ischemia, glial degeneration, neuronal
apoptosis, and synaptic loss, and increased neurogenesis and synaptogenesis, as well as
executive functions and learning abilities, thus preventing cognitive decline [172]. Concor-
dantly, human observational studies [170,173] and some albeit not consistent intervention
studies [174–176] have demonstrated neuroprotective action by high dietary intake of
n-3 PUFA, in consonance with the protective effects against cognitive impairment and
neurodegeneration exerted by the Mediterranean diet.

Antioxidant nutrients, including vitamins and polyphenols, represent other potential
players in the neuroprotective effects of the Mediterranean diet [159]. Recent studies have
demonstrated that polyphenols and their metabolites, mostly the less polar (lipophilic)
ones, can cross the blood-brain barrier (BBB) and enter the brain at physiologically relevant
concentrations, supporting their direct action in a neurological context [177–180]. Further-
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more, the BBB endothelial cells have shown to further transform these metabolites into
novel bioactive components [177].

In vitro and in vivo neuroprotective actions have been documented for several polyphe-
nols and their metabolites, such as flavonoids, resveratrol, hydroxytyrosol and its deriva-
tives, and hydroxycinnamic acids [181–183]. These include: cytoprotection of neurons,
brain capillary endothelial cells, and astrocytes against insults such as oxidative stress,
protein aggregates, and inflammatory stimuli [184–187]; reduction in glutamate excitotoxic-
ity [181], and synaptic dysfunction [188,189]; blunting of microglia proinflammatory activa-
tion and cytokine production, interfering with mitogen-activated protein kinase (MAPK)
and NF-κB pathways and promoting sirtuin 1 (SIRT1) pathway [177,188,189]; inhibition of
reactive oxygen overproduction and oxidative stress via the upregulation of nuclear factor
(erythroid-derived 2)-like 2 (Nrf-2) pathway and downregulation of pro-oxidant NADPH
oxidase [188,190,191]; reduction in brain β amyloid pathology and tau protein aggregation,
hallmarks of neurodegeneration [179,191,192]; increase in BDNF [193,194], and stimula-
tion of adult neurogenesis [195]. Evidence also suggests that polyphenols can ameliorate
synaptic plasticity [187,196]. These effects were accompanied in some animal and human
studies by improvements in motor and/or cognitive parameters such as learning and
memory [183,188,197].

With specific reference to sleep, animal studies have found that the hydroxycinnamic
acid ferulic acid exerted dose-dependent sedative effects on locomotion activity and pro-
moted sleep in mice by prolonging sleeping time and shortening sleep latency via a
serotoninergic system-dependent mechanism [198]. The flavonoid hesperidin was shown
to exert a sedative and sleep enhancing effect in mice, with a synergistic action when
co-administered with gamma-aminobutyric acid receptor type A (GABA[A]) agonists in-
cluding medications, such as benzodiazepines, widely used to treat insomnia and anxiety,
as well as other flavonoids including apigenin [199]. This result opens up the possibility
that flavonoids, besides being potentially valuable single drugs, may also be used with
advantage in combination with benzodiazepines, thus achieving the same therapeutic
effects with a substantial decrease in the benzodiazepine dose when used in synergistic
combination with flavonoids. Apigenin [200] and (-)-epigallocatechin-3-O-gallate [201]
have also shown to potentiate the pentobarbital-induced sleep in mice, possibly via chloride
channel activation. Moreover, animal studies have demonstrated that dietary polyphenols
may counteract the sleep deprivation-induced cognitive impairment, possibly through
the inhibition of inflammation [202], or the activation of cAMP-response element-binding
protein (CREB) and of mammalian target of rapamycin (mTOR) signaling pathways pro-
moting synaptic plasticity [203,204]. These preclinical findings provide further research
avenues for therapeutic exploitation of brain-targeting polyphenols to improve sleep and
sleep disorders, and may contribute to the observed benefit of the Mediterranean diet on
sleep features.

4.4. Melatonin Biosynthesis

A potential mechanism linking diet and sleep improvement involve the modulation
of the tryptophan-serotonin-melatonin system. Serotonin and melatonin are two neuro-
transmitters involved in sleep regulation: in the central nervous system and in the gut the
essential amino acid tryptophan is initially hydroxylated to 5-hydroxytryptophan, which is
then decarboxylated with the formation of serotonin (5-hydroxytryptamine). With evening
darkness, in the pineal gland of the brain serotonin is converted into melatonin (N-acetyl-5-
methoxytryptamine), a neurohormone playing a central role in the sleep–wake cycle, sleep
induction, and maintenance until dawn [205]. Melatonin supplements are widely used to
treat insomnia and sleep apnea, helping in improving sleep quality and duration.

Diet may affect this biosynthetic pathway at different levels. First, some foods and
beverages, most of which are typical of the Mediterranean diet, are natural sources of
bioavailable melatonin precursors, i.e., tryptophan and serotonin, such as roots, leaves,
fruits, seeds, dairy products, and fish, and of melatonin itself, including grapes, red
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wine, tomato, olive oil, purslane [206]. Accordingly, consumption of a Mediterranean
dietary pattern was associated with increased tryptophan plasma concentrations, and these
changes in tryptophan levels seemed to confer protection against cardiovascular disease
incidence in high-risk individuals [207]. Interestingly, a metabolomic study has shown
that the Mediterranean diet interventions, particularly when supplemented with extra
virgin olive oil, modified the direct association between plasma metabolites deriving from
tryptophan catabolism, i.e., kynurenines, and the risk of heart failure and atrial fibrillation,
thus potentially counteracting the detrimental health effects of these metabolites [208].
This effect of the Mediterranean diet on the tryptophan–kynurenine pathway might have
implication for sleep regulation, because kynurenines have been shown not only to play a
role in peripheral and brain inflammation [209], but also to adversely impact sleep quality
and cognition, at least in animal models [210].

Consuming tryptophan-enriched cereals for one-week increased plasma levels of
serotonin and melatonin, increased sleep efficiency, and total sleep time, and decreased
sleep latency and sleep fragmentation in elderly subjects with sleep difficulties, together
with improvements in oxidative stress parameters and mood, in comparison with con-
sumption of no cereals or control cereals [211]. A recent study, however, did not find
any improvements in sleep quality in women with fibromyalgia consuming a tryptophan
and magnesium-enriched Mediterranean diet, though a beneficial effect against anxiety
symptoms, mood disturbance, eating disorders, and dissatisfaction with body image was
observed [212]. Although more studies are needed to link the dietary intake of melatonin
and its precursors in the frame of the Mediterranean diet to sleep parameters, the available
evidence suggests a role for the diet content of tryptophan and their derivatives in the
favorable modification of sleep by the Mediterranean diet.

A second pathway through which the Mediterranean diet can influence melatonin
biosynthesis is by affecting the transport of tryptophan across the BBB and hence its
bioavailability for melatonin synthesis. Of course, protein sources particularly rich in
tryptophan may increase the plasma tryptophan and its transport into the brain. Of note,
tryptophan enters the brain in a competitive manner with other large chain-neutral amino
acids (LCNAA), so that dietary proteins rich in LCNAA may reduce tryptophan transport
across BBB. Contrarily, by facilitating the peripheral uptake of LCNAA via the insulin
response, a high carbohydrate diet favors tryptophan entry into the brain, thus promoting
sleep through increased production of serotonin [213].

Finally, some nutrients characteristic of the Mediterranean dietary pattern, such as n-3
fatty acids (found in fish and nuts, seeds and dried fruit) and B-group vitamins (found in
fruit and vegetables), affect melatonin biosynthesis in the brain by stimulating enzymatic
reactions, including the conversion of 5-hydroxytryptophan into serotonin, which needs B6
vitamin, and the conversion of serotonin into melatonin which requires n-3 fatty acids [205].
Animal studies have shown that lower intake of DHA is directly related to lower concentra-
tions of DHA in the pineal gland of the brain as well as with irregular melatonin release and
the sleep–wake cycle [214]. Lower B vitamins intake has been related to later sleep timing
in some studies [215]. Moreover, chronic treatment of aged rats with the stilbene resveratrol
prevented the aging-associated reduction in serotonin levels in the pineal gland and other
brain regions, indicating increased activities of limiting enzymes tryptophan hydroxylase,
in concomitance with a restoration of impaired cognitive functions [216]. Similar results
were observed with an antioxidant-rich diet [217]. Though sleep parameters were not
measured in these studies, these findings propose some pathways that can mediate the
influence of Mediterranean diet nutrients on brain health and sleep [218].

4.5. Microbiota Modulation

Another route for ingested nutrients to affect sleep physiology is the gut microbiota, a
complex ecosystem located in the human gastrointestinal tract and able to exert a number
of metabolic, immunologic, and neurobehavioral functions by interplaying with different
tissues and organs [219]. There are many, important regulatory functions of the gut micro-
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biota for the host so that gut dysbiosis, i.e., alteration of microbiota composition and/or
functions, is linked to the pathogenesis of gastrointestinal, metabolic, vascular, neurological,
and psychiatric disorders [219].

A bidirectional interaction exists between the gut microbiota and the brain, i.e., the
microbiota–gut–brain axis, through various pathways including the vagus nerve, the
immune/inflammatory system, the neuroendocrine system and bacterial metabolites, such
as tryptophan, melatonin, serotonin, GABA, glutamate, norepinephrine, and short chain
fatty acids (SCFA), thus influencing neurotransmission and behavior, including sleep [220].

Cell wall components of bacteria, such as lipopolysaccharide and fragments of pepti-
doglycans, are known to induce sleep via the stimulation of sleep-regulating cytokines [220].
However, products of live intestinal bacteria may also regulate sleep. Members of the Firmicutes,
Bacteroidetes, and Actinobacteria phyla have been shown to produce sleep-regulating metabo-
lites, such as GABA, glutamate, and serotonin [221]. SCFA (acetate, propionate, and
butyrate, etc.), which are produced by the intestinal bacteria fermentation of nondigestible
polysaccharides present in fibers, may also play a mediating role in sleep modulation by
the intestinal microbiota, exerting their influence on brain function possibly through the
vagus nerve, downregulation of hypothalamic–pituitary–adrenal (HPA) axis reactivity, anti-
inflammatory effects and neurotransmitter regulation [222]. A recent study in rats found
that intraportal injection and oral administration of butyrate increased NREM sleep [223].

Studies using germ-free mice have demonstrated the importance of commensal bacte-
ria in regulating brain development, behaviors, and disease states of the central nervous
system [224,225]. Furthermore, the gut microbiota composition, diversity, and function are
crucial for the maintenance of normal sleep physiology, and sleep disturbance influences
the gut microbiota [221,222,226]. Recent findings provide insights into the close, albeit still
unknown, relation between gut microbiota and sleep. Studies in antibiotic-treated mice
have found that disruption of gut microbiota leads to alteration of gut metabolites related to
neurotransmission, with a depletion of serotonin and vitamin B6, a cofactor for dopamine
and serotonin synthesis as well as for catecholamine metabolism [227]. Moreover, changes
in sleep/wake patterns were observed in gut microbiota-depleted mice compared with
normal control, with a shorter duration of NREMS episodes during the sleep phase and
more frequent transitions between NREMS and REMS, suggesting alteration of circadian
rhythmicity and fragmentation of NREMS episodes in the sleep phase [227].

Human observational studies also found that sleep quality positively correlated with
the Firmicutes/Bacteroidetes ratio and microbial diversity [228]; in another study, using
two metrics of a healthy gut ecosystem, i.e., the richness and diversity, Smith et al. [221]
observed that microbiome diversity was positively associated with sleep efficiency and
total sleep time, and was negatively associated with sleep fragmentation: in parallel, rich-
ness within the Firmicutes and Bacteroidetes phyla was associated with cognitive outcomes.
Furthermore, gut microbiota composition in terms of the Bacteroidetes and Firmicutes phyla,
Lachnospiraceae, Rikenellaceae, Sutterellaceae, Prevotellaceae, and Pseudomonadaceae families
was also found to differ in habitual short sleepers compared with normal sleepers [226].
Interestingly, animal experiments with fecal microbiota transplantation, which may con-
tribute to prove causality in the gut microbiota–sleep relationship, demonstrated that
fecal microbiota from intermittent hypoxia-treated mice (a model of OSA) transferred to
naive mice was capable of causing the appearance of somnolence in the recipient mice in
the active phase [229]. In humans, fecal microbiota transplantation from healthy donors
to patients with irritable bowel syndrome led to an increase in gut microbiota diversity
along with improvements in subjective sleep quality and psychiatric symptoms (anxiety,
depression) [230]. Overall, these results suggest the impact of gut microbiota on sleep
health, and the potential role of gut microbiota dysbiosis and its modulation in influencing
sleep disturbance.

Regarding the sleep-gut microbiota directionally, studies could not find a common gut
bacterial signature associated with different sleep disorders, and results across studies are
often inconsistent even within a specific sleep disorder. However, some evidence converges

159



Nutrients 2022, 14, 2998

to the observation that disturbed sleep (e.g., sleep deprivation, sleep fragmentation, and
OSA) is associated with changes in gut microbial composition and to dysbiosis, with a
frequent observation of an increase in Firmicutes to Bacteroidetes phyla ratio or a reduction
in gut microbiota diversity and richness, at least in some types of sleep disturbance. These
microbiota alterations have been recognized to adversely affect the intestinal epithelial
barrier and to lead to local and systemic inflammation and negative health outcomes [222].

Diet plays a major role in shaping the gut microbiota and, in particular, the Mediter-
ranean diet has been shown to beneficially affect the abundance, composition, and metabolic
activity of the gut microflora [231,232]. A seminal observational study showed that high
adherence to the Mediterranean diet was associated with increased fecal SCFA levels,
likely due to the higher proportion of Prevotella among Bacteroidetes and Lachnospira among
Firmicutes, which are able to degrade carbohydrates not digestible by the host [233]. Con-
trarily, lower adherence to the Mediterranean diet, with increased consumption of animal
protein, saturated fats, and simple sugars, was associated with higher urinary levels of
trimethylamine oxide (TMAO) [233], a gut microbiota metabolite mostly deriving from
animal proteins, and recognized as a potential risk factor for cardiovascular disease as well
as for brain aging and cognitive impairment [234,235].

Compared with a Western diet, a 2-week intervention with a Mediterranean diet
was associated with a higher abundance of butyrate-producing bacteria and a remarkable
change in the metabolic activity of gut microbiota [236]. The ability of the Mediterranean
diet to restore the gut microbiome dysbiosis has been also demonstrated in a randomized
clinical trial in which obese subjects adhering to the Mediterranean diet for two years pre-
sented an improved insulin sensitivity and a concomitant increase in Bacteroides, Prevotella,
and Faecalibacterium genera, and, most importantly, of the Roseburia and Ruminococcus gen-
era and Parabacteroides distasonis and Faecalibacterium prausnitzii bacterial species, known for
their saccharolytic activity and the ability to convert carbohydrates in SCFA [237]. Features
of the Mediterranean diet that can be associated with these positive effects on the gut
bacteria ecosystem include the high content in unsaturated fat, such as MUFA and n-3
PUFA, which have been shown to increase the abundance of beneficial bacteria including
Akkermansia and Bifidobacterium and to reduce detrimental bacteria such as Streptococcus
and Escherichia spp. [238]. The high fiber content of the Mediterranean diet also plays an
important role, with a known prebiotic effect and being key bacteria fermentable substrates
to generate SCFAs, increasing the abundance of Bifidobacterium and reducing the ratio of
Firmicutes/Bacteroidetes, and promoting the growth and diversity of the gut microbiota taxa
in humans and experimental animals [238].

Besides macronutrients, polyphenols of the Mediterranean diet are important modu-
lators of gut bacteria ecosystems, thus influencing the gut microbiota–brain axis. On the
one hand, ingested polyphenols can be utilized by gut bacteria and transformed into phe-
nolic metabolites with increased bioavailability and bioactivity compared with the parent
compounds [239]. These metabolites can exert health effects locally in the intestine and sys-
temically on target organs. The gut microbiota composition and metabolic activity, which
may depend on several external and host factors, may therefore influence the bioavailabil-
ity and biological effects of polyphenols. Obesity can promote overgrowth of pathogenic
microorganisms and is associated with perturbations in the composition and metabolic
function of the gut microbiota, with some studies reporting an increased Firmicutes to
Bacteroidetes ratio in obese subjects compared with normal-weight controls [240], which
may impinge on the biotransformation of polyphenols and hence on their bioactivity [178].
On the other hand, ingested polyphenols, including resveratrol, quercetin, hesperidin,
tannins, catechins, phenolic acids, and secoiridoids, can shape the gut microbiota by ex-
erting a direct antimicrobial effect, selectively inhibiting the development of potential
pathogenic species, such as LPS producers (Escherichia coli and Enterobacter cloacae) [241];
they also exert a direct stimulatory/modulatory effect on gut bacteria favoring an in-
creased abundance of bacteria with health benefits to the host, as manifested, for example,
by decreased Firmicutes to Bacteroidetes ratio, and an increase in Akkermansia muciniphila,
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Bacteroides thetaiotaomicrom, Faecalibacterium prausnitzii, Bifidobacteria, and Lactobacilli, thus
modifying gut-derived metabolite profile, promoting a higher production of SCFA and sero-
tonin, with parallel improvements of oxidative stress, inflammation, as well as metabolic,
neurologic, and cognitive functions [239,242,243]. Small clinical trials and animal studies
have found that olive oil and its main phenolic compounds favorably changed gut micro-
biota composition and metabolic function, so that an increase in Bacteroidetes or a reduction
in Firmicutes/Bacteroidetes, and an increase in beneficial bacteria such as Bifidobacteria, and
Lactobacillus, have been observed after olive oil polyphenol administration, in associa-
tion with an increase in SCFA production [239]. A similar beneficial modulation of gut
microbiota has been shown for red grape and red wine, or some vegetables [244].

Whether the sleep effects of the Mediterranean diet and its main components are
mediated by the modulation of the gut microbiota, though plausible, remains unexplained
and deserves further research in experimental animals and in humans.

5. Future Perspective and Conclusions

The epidemiological evidence gathered in the present review concordantly suggests
a positive influence of the Mediterranean diet on sleep pattern, improving sleep qual-
ity and duration in otherwise healthy subjects. The underlying mechanisms are still
partially explained and generally supposed, based on the biological plausibility of the
multiple beneficial effects—and underlying mechanisms—exerted by this dietary pattern
on (patho)physiological processes, including inflammation, oxidative stress, metabolism,
neuroendocrine system, or cell signaling. Considering the role of physiological sleep in
health maintenance and, contrarily, of sleep curtailment in chronic disease development,
beneficial sleep modulation by the Mediterranean diet seems to represent an additional
pathway through which the Mediterranean diet may prevent the risk for major diseases,
including cardiometabolic, neurodegenerative and psychiatric diseases, and cancer.

Similarly to other health parameters modulated by the Mediterranean diet [245],
though the Mediterranean diet is a rich source of potential sleep-promoting foods and
nutrients, no single unifying factor exists in the relation between the Mediterranean diet
and sleep, but the additive and synergistic actions of the multiple and pleiotropic nutrients
combined in this dietary pattern seems to be more important than the effect of individual
nutrients in providing the final effects on sleep. The whole diet reflects real life conditions
where foods or nutrients are eaten in combinations and interact among them, so that it
can be difficult to disentangle their independent effects. This comprehensive approach is
emphasized by dietary guidelines and has been used in several clinical settings, including
cardiovascular disease, cancer, and type 2 diabetes [246].

A bidirectional direct relationship links diet and sleep, with poor and/or short sleep
negatively influencing dietary intakes, and in turn unhealthy diet unfavorably affecting
sleep quantity and/or quality. Thus, a possible (vicious or virtuous) cycle can emerge
between diet and sleep, which are both modifiable determinants of health outcomes. As
such, the directionality of the associations found in the available epidemiological studies
cannot be established.

As outlined in the earlier observations made by Ancel Keys in the Seven Countries’
Study and in the recently updated Mediterranean diet concept [9], the Mediterranean diet
is a part of a healthy lifestyle pattern, which includes preference for seasonal, local, fresh
and raw foods, eating with moderation and frugality, conviviality and social interactions,
lengthy meals and post-lunch naps, leisure activities such as moderate physical activity,
adequate and regular nocturnal sleep according to the circadian sleep–wake rhythm, and
a less stressful way of life [245]. This implies that the health benefit against the risk of
chronic diseases associated with adherence to the Mediterranean diet, as observed in
epidemiological studies including those presented here, may depend on the clustering of
healthy lifestyle features, which also include a better sleep.

Although many non-Mediterranean countries are increasingly adopting the Mediter-
ranean dietary pattern due to its evidence-based international recognition as one of the
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healthiest dietary patterns, there has been a progressive worldwide abandonment of the
traditional Mediterranean-style diet mostly in countries of the Mediterranean region [247].
This trend highlights the need of individual and public health policies prioritizing the
preservation and promotion of the Mediterranean diet approach and lifestyle habits to
counteract risk factors, including impaired sleep, and the increasing rates of chronic dis-
ease, mostly in times of economic crisis and pandemic outbreak. In parallel, a progressive
nocturnal sleep curtailment has been documented over time, thus exposing individuals
starting from early ages to the negative health consequences of poor or short sleep [16].

As an integral part of homeostasis, essential physiological functions, such as sleep–
wake cycle, metabolism, immune system, and cardiorespiratory functions, are controlled
by the circadian clock system, which coordinates internal time with the external environ-
ment resulting in 24-h day/night cycles. Disorders of the circadian rhythms have severe
consequences on human health. In the modern 24/7 society, the school and work schedules
and other social demands, the exposure to artificial light at night and the use of electronic
devices can cause delayed sleep onset, poor sleep quality and sleep deprivation, which
people attempt to compensate for during weekends, resulting in a misalignment between
the internal circadian clock and the actual sleep–wake cycle, described as social jet lag [248].
This phenomenon is mostly pronounced among individuals who prefer late bedtimes and
later awakening (evening chronotypes), and is associated with an increased risk of obesity
and metabolic disorders. A recently discovered feature of social jet lag is its association with
a lower adherence to the Mediterranean diet and irregular eating timing, which may be
linked to sleep derangements and may contribute to explain part of the negative metabolic
effects of social jet lag [249]. A similar circadian misalignment with poor sleep as well as
poor food choices and irregular meals [250] can be observed in night- and shift-workers,
which are frequently occurring in the current 24-h economy and are at an increased risk of
chronic diseases. Dietary interventions based on Mediterranean diet might represent an
effective strategy to counteract the detrimental effects of this work schedule, but studies
are warranted in this context.

The following tasks might be implemented in future research and policy agenda:

• large prospective cohort studies are needed to assess the preventive effect of the
Mediterranean diet on sleep and identify the potential qualitative and quantitative
contribution of typical foods and nutrients;

• clinical intervention studies with the Mediterranean diet as exposure and sleep as
outcome in large samples are needed to confirm associations and provide causality;

• preclinical studies in animal models could provide insights into mechanisms and
pathways mediating the benefit of the Mediterranean diet on sleep features;

• objective neurophysiological tools for sleep assessment (actigraphy, polysomnography)
should be used in the scientific studies;

• the effects of meal timing and frequency, and the influence of individuals’ chronotype
in the relation of the Mediterranean diet and sleep should be investigated;

• more studies on both genders and in different age groups, including during pregnancy,
are needed to substantiate the influence of the Mediterranean diet on sleep as a life-
long exposome;

• the influence of risk factors, such as overweight/obesity, on the relation between the
Mediterranean diet and sleep requires investigation;

• the role of gut microbiota in the Mediterranean diet–brain–sleep axis should be further
studied, using strategies such as fecal microbiota transplantation, in order to assess
whether and how the modulation of gut bacteria ecology by the Mediterranean diet
could mediate the effects on sleep, potentially providing new therapeutic pathways
and biomarkers.

• public health policy and health promotion programs should include focused attention
on diet, especially the Mediterranean diet, and sleep.

• knowledge and eventually education about the diet–sleep relation should be improved
among healthcare professionals including nutrition professionals, in order to imple-
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ment the discussion of this topic with patients during routine healthcare practices in
promoting the adoption of healthy and protective lifestyles.

These new directions for future actions would contribute to substantiate the clinical
relevance of the Mediterranean diet for promoting adequate sleep and preventing sleep
disturbances, ultimately leading to evidence-based dietary recommendations focused on
Mediterranean-style diet to adopt early in life as part of a healthy lifestyle.

In conclusion, taking account of the limitations of the available evidence and pending
future research, the Mediterranean diet can be considered an easy-to-implement and safe
lifestyle intervention to promote proper sleep hygiene, favorably nourishing the connection
between these two allies along the path towards wellbeing and health.
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Abstract: This paper discusses the effect of chrononutrition on the regulation of circadian rhythms;
in particular, that of chocolate on the resynchronization of the human internal biological central
and peripheral clocks with the main external synchronizers, light–dark cycle and nutrition-fasting
cycle. The desynchronization of internal clocks with external synchronizers, which is so frequent
in our modern society due to the tight rhythms imposed by work, social life, and technology,
has a negative impact on our psycho-physical performance, well-being, and health. Taking small
amounts of chocolate, in the morning at breakfast at the onset of the active phase, helps speed
up resynchronization time. The high flavonoid contents in chocolate promote cardioprotection,
metabolic regulation, neuroprotection, and neuromodulation with direct actions on brain function,
neurogenesis, angiogenesis, and mood. Although the mechanisms of action of chocolate compounds
on brain function and mood as well as on the regulation of circadian rhythms have yet to be fully
understood, data from the literature currently available seem to agree in suggesting that chocolate
intake, in compliance with chrononutrition, could be a strategy to reduce the negative effects of
desynchronization. This strategy appears to be easily implemented in different age groups to improve
work ability and daily life.

Keywords: chrononutrition; circadian rhythms; chocolate; flavonoid; brain function; mood

1. Introduction: Life, Health, and Circadian Rhythms

The Earth’s rotation around its axis causes periodic light and dark variations in the
environment over a 24-h period. These predictable variations in the light environment
allow organisms to optimally organize their physiology and activity-rest rhythms to specific
periods of the day-night cycle [1]. Indeed, there is a clear selective advantage in anticipating
changes in the environment, particularly light–dark, by adapting their activities. Therefore,
evolved organisms have an internal biological clock that functions with a period close
to 24 h, which is circadian, in the absence of environmental influences such as light [2].
Anticipation of daily events organized in this way allows optimal management of time and
available energy, giving those organisms a significant advantage [3]. The correct alignment
between the light–dark rhythm, the circadian clock, and behavior determines a temporal
order in organisms that is of fundamental importance for ensuring survival [4].

The circadian clock drives many outputs, including sleep–wakefulness, hormonal,
and metabolic rhythm. Locomotor activity and sleep are segregated into specific phases of
the light–dark cycle [5]. Endocrine processes are also regulated by a rhythmic periodicity:
the cortisol concentration in circulation reaches a peak level in the morning, and unlike
many hormones involved in metabolism, such as leptin and ghrelin, reach their peak at
night [6]. Urine production has a circadian nature [7], as well as perception–nociception [8],
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temperature [9], vigilance [10], and cognitive abilities such as memory and mathematical
performance [11,12]. Mood also appears to have a circadian cycle [13,14], with more
evidence supporting a role in positive affect [15].

The light–dark cycles drive the central clock located in the hypothalamic suprachi-
asmatic nucleus (SCN), where it mainly dominates the rhythms related to activity–rest
oscillations. SCN favors the active phase by acting on the sympathetic nervous system,
anticipating the rise in body temperature and blood pressure. The same model also applies
to the feeding–fasting systems that prepare/activate before the activation phase, breakfast,
according to the time of local clocks and guide the peripheral clocks present in most tissues
and, to some extent, in the brain [16]. Indeed, peripheral clocks dominate local physio-
logical processes, such as glucose and lipid homeostasis, hormone secretion, xenobiotics,
immune response, and the digestive system [16]. Since the central clock organizes local
clocks through neuronal and humoral signals, the mismatch between the central and pe-
ripheral clocks results in a condition of desynchronization [17]. The desynchronization
condition contributes to the sleep disorders, adverse metabolic effects of circadian mis-
alignment, such as increased risk of type 2 diabetes among shift workers [18], cancer, and
psychological/psychiatric disorders [19].

In this paper, we aim to review the available data in the literature on the role of
nutrition as a synchronizer of biological clocks with regard to chocolate and its mechanisms
of action on brain function and mood.

2. Nutrition: Not Only Light Acts as (De)Synchronizer

While it has long been recognized that the light–dark cycle is the main zeitgeber for
the central clock in the brain, providing input to central clock genes (CLOCK, BMAL, PER1,
PER2, PER3, CRY1, CRY2, Tim) in central nervous system cell populations, food intake may
act as an important time synchronizer for tissue metabolic clocks, but not for the brain [20].
Temporal signals from the SCN drive circadian rhythms of feeding–fasting and activity–rest,
which in turn act by synchronizing clock genes in peripheral clocks [21], such as liver cells
and skeletal muscle, the heart, white adipose tissue, and other metabolic tissues.

The timing of food intake is a key factor in determining the phase state of peripheral
circadian clocks. As such, it is a powerful signal of activation of peripheral oscillators
involved in metabolic and digestive functions, such as liver, kidney, intestine, and adipose
tissue [22].

Moreover, although food exerts a strong synchronizing effect on peripheral clocks, it
also exerts a function at the brain level by acting mainly on brain areas involved in energy
balance and motivation/reward for food intake [23–25]. It is important to note that the two
main synchronizers, feeding–fasting and light–dark, act differently on circadian rhythms
in different systems and organ tissues, as the signals provided by the light–dark cycle act
predominantly on central systems and certain brain regions, including the SCN, while
feeding–fasting acts mainly on peripheral systems [26,27]. In fact, restricted food intake at
certain times during the day for one week is able to completely alter the expression phase
of genes controlled by the circadian clock in the peripheral tissues of nocturnal rodents,
whereas it does not affect the central clock, which is dominated by light–dark cycles [27–29].

Among peripheral clocks, the liver adapts most rapidly to changes in feeding–fasting
rhythms, within about 3 days, whereas the kidney, heart, pancreas, and lung take longer [28,29].

Among different feeding times, studies in mice mimicking human dietary patterns
have shown that breakfast is usually the most effective meal in determining liver clock
phase because breakfast is taken after the longest fasting phase of the day [30]. Therefore,
late meals or midnight snacks distort the hunger period and significantly modify the phase
of peripheral clocks [22].

3. Chrononutrition and Food Components Affecting Circadian Clocks

Both central and peripheral circadian clocks can be influenced by the consumption of
different food components by different mechanisms.
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The reciprocal influences of circadian clocks and energy metabolism suggest that
feeding time has a critical impact on metabolism. The quality and quantity as well as the
timing of food intake are all important for nutrition: this is referred to as ‘chrononutrition’.
Indeed, food intake has a knock-on effect on peripheral clocks, mainly the liver, but not on
the SCN, so that food intake outside the physiologically designated ‘time’ window induces
desynchronization between peripheral clocks and SCN [29].

Tissue-specific gene expression of peripheral clocks is regulated by food intake,
whereas the central gene expression of the SCN itself is protected by nutrient deregu-
lation [20]. Timing of food intake also influences body weight and obesity risk in hu-
mans [31,32]: a two-group study evaluating weight loss during an isocaloric diet showed
improvements in several metabolic indicators such as body weight, fasting blood glucose,
insulin, ghrelin, average hunger, and satiety scores in the group eating a larger breakfast
and lighter dinner compared to the other way around [33]. In both humans and experi-
mental animals, eating dinner late at night and skipping breakfast leads to increased body
weight and obesity [3].

With regard to individual food components associated differently with different eating
times, it has been shown that eating a diet rich in fat ad libitum attenuates the amplitude of
the clocks, while eating a diet limited in time restores their amplitude by regulating the
circadian cycle. A combination of carbohydrates and protein also appears to be essential
for proper resetting of peripheral clocks such as the liver clock [34].

In contrast, the intake of protein nutrients at times of phase-shifting hepatic cell
clocks correlates with blood glucose absorption, and readily digestible starches with a high
glycemic index have a powerful entrainment effect on peripheral liver clocks [35].

The action of specific nutrients occurs through the different expression of clock-
controlled genes [36]. Glucose is able to regulate BMAL1 and period expression [37]
as demonstrated, for example, in a study of mice fed a high-fat diet in which an alteration
of lipid metabolism genes was documented [38]. Indeed, this finding is further corrob-
orated by a study conducted by Eckel-Mahn et al., which illustrated that most hepatic
metabolites also follow changes according to a circadian rhythm, and that these variations
are regulated by both the clock transcriptome and the feeding–fasting cycles that favor the
maintenance of hepatic homeostasis [39].

A high-fat diet, such as the ketogenic diet with a high fat content and low carbohydrate
content, has the greatest effect on the central clock and/or eating behavior: a high fat content
reduces the duration of the circadian rhythm of locomotor activity under conditions of
constant darkness, whereas under normal conditions of alternating light–dark, there is an
advancement in the rhythm of clock expression and clock-controlled genes in peripheral
tissues [40]. In recent years, the field of nutraceuticals and functional foods has developed
alongside interest in the potential modulatory effects of food constituents on human health.
In this context, mention should be made of caffeine/theophylline, which could influence
our circadian system, and flavonoids. Caffeine in food and drink has been shown to
prolong circadian locomotor rhythms in Drosophila and mice [41,42]. The dose of caffeine
needed to influence circadian rhythms appears to be low, at 0.05%, equivalent to the
dose contained in coffee. Indeed, consumption of non-decaffeinated coffee prolongs the
rhythm of circadian activity in mice under constant dark conditions [42]. Interestingly, both
caffeine and theophylline also prolong the circadian period in cultured cells, mouse tissues,
Neurospora, Chlamydomonas, Drosophila, and even higher plants [37,43–45].

Among the dietary constituents, flavonoids, a class of polyphenolic compounds,
have received particular interest for their various beneficial biological actions, such as
neurological and cardiological protection and neuromodulation [46]. In particular, a rich
source of flavonoids has been detected in the cocoa bean, especially the subclass of flavanols
in the form of epicatechin and catechin [47].
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3.1. Chocolate

Cocoa products and especially chocolate are foodstuffs originating from South Amer-
ica. Cocoa is obtained from the seeds of the Theobroma cacao tree, which are then dried,
shelled, fermented, and ground with other substances such as sugar, fat, and other fla-
vorings to produce the wide variety of chocolate available on the market, from dark to
milk variations.

Chocolate consists of a combination of several ingredients, the main ones being cocoa,
cocoa butter, and sugar, which make up the solid food product. Cocoa beans, along with
foods such as tea, red wine, and fruit, are a rich source of flavanols, a subgroup of natural
flavonoids that are bioactive plant compounds.

There have been reports of the health benefits of chocolate since ancient times, the
earliest dating back to Aztec and Mayan medical practice [48]. It was not until the end
of the 20th century, however, that claims about the alleged health benefits of chocolate
attracted more and more scientific interest. Flavonoids, contained in cocoa, have been
approved by the European Food Safety Agency as being beneficial to health [49].

Due to dark chocolate’s high concentrations of flavanols, a subgroup of flavonoids,
especially epicatechin, [50] known as powerful antioxidant agents [51], have received a health
claim in relation to their impact on ‘maintaining normal endothelium-dependent vasodilation’.

Many studies conducted so far focus on the effects of chocolate on the cardiovascular
system, skin, cholesterol levels, the release of the neurotransmitters anandamide and
serotonin, and on the properties of specific stimulating constituents such as theobromine
and caffeine [52].

3.1.1. Biochemical Components and Neurobiological Impact

Chocolate contains more than 300–500 known chemicals, some of which also act on
brain cells and modulate mood [53]. Of these 300 to 500 chemicals in chocolate, some play
an important role in humans, influencing neurocognitive functions.

The main psychoactive components of chocolate are [54,55] as follows.

- Carbohydrates, which have known behavioral effects.
- Flavanols, which are ubiquitous in the plant kingdom. In foods normally consumed

in the diet, high levels of flavonoids can be found in green and black tea, grapes, red
wine, apples, and especially in cocoa and cocoa-containing products. In fact, cocoa
is particularly rich in flavonoids and contains a distinct complement of flavanols (a
subclass of flavonoids), flavan-3-ols, mainly present in the form of epicatechin and
catechin [50], and their derivatives in high concentrations [56]. Flavan-3-ols are the
building blocks for polymeric procyanidin type B-2.

- Methylxanthines (MX), such as caffeine and its highly fat-soluble derivative and
metabolite theobromine, which have peak plasma levels 60–120 min after ingestion.
Like caffeine, theobromine binds to adenosine receptors, exhibiting its psychoactive
potential similar to that of caffeine. However, these two MX have distinct functional
binding properties.

- Biogenic amines, such as serotonin, tryptophan, phenylethylamine, tyrosine, tryptamine,
and tyramine, have a concentration that increases during fermentation and decreases
during roasting and alkalinization.

- Anandamide, an endogenous ligand for the cannabinoid receptor that is found in low
quantities, such as 0.5 mg g−1, salsolinol, and tetrahydro-b-carboline.

The most studied substances are flavanols and their metabolites: it has been shown in
animal studies that these products can pass through the blood-brain barrier (BBB), with
positive effects on brain tissue, vessels, and function (angio- and neurogenesis, changes in
neuron morphology), stimulating cerebral blood circulation [57]. Epicatechin [50], the most
common flavanol found in cocoa, is rapidly absorbed by humans. Thirty min after intake it
is detectable in blood plasma, and its peak is reached after 2–3 h, showing a concentration
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directly related to the dose of chocolate ingested [58], and then it returns to basal level
within 6–8 h after consumption.

3.1.2. Chocolate and Brain Functions

In order to exert effects in the brain, flavanols cross the BBB by a process that is not
only time-dependent but also stereoselective, which, thus, favors the passage of epicatechin
more than catechin, as has been demonstrated in two cell lines, one of rat and one of human
origin [59]; the permeability is proportional to the degree of lipophilicity and inversely
proportional to the degree of polarity.

In humans, the main polyphenols increase cerebral blood flow (CBF) and are derived
from nutrients such as cocoa, wine, grape seeds, berries, tea, tomatoes, and soy [60].

Optimal brain function requires an adequate CBF that promotes the correct and con-
stant supply of oxygen and glucose to neurons and the excretion of deposited waste
products. Increasing CBF is also a potential tool for enhancing brain function. Flavanols
and their metabolites have the ability to reach and accumulate in the brain regions mainly
involved in learning processes and memory, and are therefore thought to exert a direct
brain action on cognitive function and neuroprotection [55]. After chronic administra-
tion of chocolate, high concentrations of tangeretin were found in the striatum nucleus,
hypothalamus, and hippocampus of the rat [61].

The neurobiological impact of flavanols on the brain in the areas of learning, mem-
ory, cognitive function, and mood is thought to occur mainly in two ways. The effects
of flavonoids on the brain are mediated by their function of neuroprotecting vulnerable
neurons in particular, improving neuronal function and stimulating regeneration (neuro-
genesis) [62] by interacting with intracellular neuronal signaling pathways that control
neuronal survival and differentiation, long-term potentiation (LTP), and memory.

First, flavonoids interact with a number of cellular signaling pathways by activating
gene expression and protein synthesis for the maintenance of LTP, and the stabilization
of long-term memories [63] are critical for neurogenesis, synaptic growth, and survival of
neurons, mainly in the brain hippocampus and subventricular area related to learning and
memory [64,65].

Secondly, flavonoids induce vasodilation through nitric oxide at both cardiovascu-
lar and peripheral levels through the production of nitric oxide (NO), a key regulator of
vascular function, which acts as a signaling molecule by inhibiting the action of adhesion
molecules in atheromatous plaque that cause inflammation [66], and, most importantly,
promote and improve the function of the vascular endothelium by acting, with dilating
action, on the smooth muscle tissue of blood vessels [67]. This effect on the vascular system
with endothelium-dependent vasodilation, contributes to the maintenance of normal blood
flow and improvement of blood pressure; it also induces a reduction in platelet aggrega-
tion [68–73]. This. in turn. results in increased CBF and blood perfusion throughout the
central and peripheral nervous system [74], allowing better oxygen and glucose delivery to
neurons and removal of waste metabolites in the nervous systems [75]. Among flavanols,
epicatechin has the greatest ability to increase nitric oxide (NO) bioavailability, leading
to improvements in vascular tone and blood pressure regulation [76]. These vascular
changes occurring at the peripheral level may also extend to cerebral perfusion, leading to
optimized cerebrovascular integration during neuronal activation phases, a mechanism
considered crucial for the functional and structural integrity of the brain and for promoting
adult neurogenesis in the hippocampus [77].

Administration of cocoa flavonoids, therefore, also stimulates angiogenesis in the
hippocampus [51,78], as demonstrated by administering epicatechin, given to mice at a
dose of 500 mg g−1 (daily supply of 2.5 mg). Combining epicatechin with exercise also
improved the consolidation of spatial memory and the density of dendritic spines in the
dentate gyrus of the hippocampus. In the same study, epicatechin treatment was shown to
increase learning-associated gene expression in the hippocampus, while it did not appear
to influence neurogenesis in the adult hippocampus [78].
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Thus, flavonoids could also exert their neurocognitive effects both directly and indi-
rectly by interacting with the cellular network and molecular system deputed to memory
acquisition, storage, retrieval, and learning [62], also through long-term potentiation, synap-
tic plasticity [79], enhanced neuronal connection, and communication.

Epidemiological studies suggest that regular flavonoid intake may be associated with
better cognitive function [80], to decreased risk of dementia and cognitive decline [81–83],
better cognitive development over a 10-year period [84], and improved dose-dependent
cognitive performance in physiological aging [85].

3.1.3. Chocolate and Mood

A lot of data from the literature support the hypothesis of the influence of theobromine
and caffeine on mood and cognitive function [86–89], but the impact and mechanism by
which flavanols affect mood remains unclear.

It is commonly believed that eating chocolate improves mood and rapidly induces a
sense of well-being in people [89]. An initial rapid effect of chocolate on emotional comfort
appears to be related to the ability of the carbohydrates it contains, to promote such positive
feelings through the release of several gut and brain peptides [90].

In rats, the intake of cocoa-extracted polyphenols, while significantly reducing the
duration of immobility in a forced swimming test, had no effect on locomotor activity
in the open field, confirming its specific antidepressant effect [91]. The most likely basis
for this effect may be attributable to endorphin release [92]. Indeed, sweet food intake is
increased by opioid agonists and decreased by opioid antagonists [93,94]. The effect of
chocolate is also exerted through interaction with neurotransmitters such as dopamine
(tyrosine contained in chocolate is the precursor to dopamine), serotonin, and endorphins,
which contribute to appetite, reward, and mood regulation. The dopaminergic system
contributes to the desire to consume chocolate, probably by acting mainly non-specifically
towards food. After carbohydrate ingestion, only when the protein component of the meal
is less than 2% does it induce an increase in serotonin concentrations in the brain [90]. It
should be noted that chocolate contains 5% of its caloric content in the form of protein,
which would cancel out any effect of serotonin. Moreover, manipulations of tryptophan,
the precursor of serotonin, also cause physiological changes that are too slow to explain
the mood effects described during or immediately after eating chocolate [95]. Another
area where chocolate might act could be in the area of opioids, which are known to play
a role in the palatability of preferred foods [96], releasing endorphins during food intake,
and, thus, justifying the increase in pleasure during food intake [97]. The mood effects of
cocoa may also be partly due to opioids released in response to the ingestion of sweets and
other pleasantly palatable foods [98,99]. The increase in central opioidergic activity, in turn,
stimulates the immediate release of beta-endorphin in the hypothalamus, which exerts an
analgesic effect. Bad mood stimulates consumption of comfort foods such as chocolate in
two different ways [100]. The former is called craving and is associated with an impulsive
desire for chocolate, and its compulsive consumption occurs especially when under high
emotional stress, showing a clear link between the perception of a negative mood and the
intense desire to consume chocolate [101]. The association between chocolate craving and
consumption under emotional stress was demonstrated in a study in which subjects had to
listen to music that induced a happy or sad mood. Chocolate consumption was increased
by listening to sad music [100].

The second modality to be considered is the palatability of the food. The pleasure
induced by palatable food is regulated by endogenous opioids that stimulate food intake
in rats. The pleasure induced by palatable foods is regulated by endogenous opioids that
stimulate their intake in rats. In humans, however, the critical factor in satisfying chocolate
craving appears to be taste and mouthfeel [102]. Females, mainly in the perimenstrual
period, seems more sensitive to chocolate. The response to satiety seems to vary by
gender [103].
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It is more conceivable that an important role in liking or craving chocolate is due
more to the composite sensory properties of chocolate than to its role in appetite and
satiety [104]. During the consumption of chocolate, different brain areas are also activated
depending on the motivation to eat chocolate, based on positive/appetitive stimuli or
associated with negative/adverse stimuli. Modulation of brain activity has been observed
in chemosensory cortical areas such as the insula, prefrontal regions, and caudomedial and
caudolateral orbitofrontal cortex, with overlapping and co-activation under contrasting
motivational conditions [105]. The ability to activate images of appetizing foods involved
in food motivation and hedonism in a fronto–striatal–amygdala–midbrain network appears
to be dependent on individual variability in reward sensitivity. If this same neuronal circuit
is stimulated in the animal, it may result in the cancellation of the sense of satiety and cause
overeating of highly palatable foods [106].

The smell of chocolate itself is sufficient to modulate brain activity recorded on the
electroencephalography (EEG). The smell of chocolate induces a significant reduction in
theta activity compared to any other stimulus. Theta activity is considered to be closely
related to attentional level, cognitive load in general, and, in this specific case, to olfactory
perception, so a reduction in theta activity could be indicative of a reduced level of attention
and an increased propensity to distraction [107]. In addition to olfaction, the sight of
chocolate also evokes activations in the brain and especially in the medial orbitofrontal
cortex and ventral striatum, particularly in subjects who crave chocolate compared to those
who do not: the combination of an image of chocolate with chocolate in the mouth evoked
greater brain activation than the sight of the sum of the different components in the medial
orbitofrontal cortex and cingulate cortex [108].

The motivation for chocolate preference appears to be primarily, if not entirely, sensory.
The origin of the liking of its sensory properties is unclear; it could be innate or acquired
based on the sweetness, texture, and aroma characteristics of chocolate, or it could depend
on the interaction between a person’s state and the post-gastronomic effects of chocolate.
Surprisingly, there is little evidence of a relationship between chocolate addiction and
chocolate liking [102]. However, chocolate consumption fails to activate the key structure
for drug addiction, the nucleus accumbens [109–111].

The effect of chocolate on mood may be attributed to the affinity for adenosine and
benzodiazepine (GABAa) receptors of polyphenolic compounds, which means that their
ingestion may have a soothing effect [112]. Some polyphenolic compounds indeed have
anxiolytic properties [113]. A small randomized controlled pilot study in humans with
chronic fatigue reported a reduction in anxiety-related symptoms after eating polyphenol-
rich chocolate, compared to polyphenol-poor chocolate [114].

Pase et al. [115] investigated the acute and subchronic effects of polyphenol sup-
plementation on mood and cognitive performance in a randomized, placebo-controlled,
double-blind study. Thirty days of treatment with a high dose of cocoa polyphenols re-
duced self-rated anxiety and contentment. No significant effect on cognitive performance
was recorded with either the high or low dose in either the acute or chronic phase.

The optimal dosage of cocoa polyphenols needed to improve cognitive function and
mood remains unclear.

3.1.4. Chocolate, Sleep and Circadian Rhythms

Our modern society functions at a hectic pace of activity 24/7, which leads individuals
to sacrifice sleep hours and disregard daily sleep–wake rhythms. As experienced daily by
shift workers, jet-lagged travelers, or those with so-called social jet-lag syndrome, disturbed
sleep–wake rhythms create a conflict, a temporal mismatch between the circadian system
and temporal signals derived from the cyclical environmental changes, such as the light–
dark cycle, [116] or a desynchronization [117]. This condition, if prolonged over time,
leads to chronic sleep disorders (CSD) that result in deficits to health and psychophysical
well-being. The most frequent symptoms belong to the neurobehavioral sphere and are
often associated with mood changes such as a tendency to depression and impairment of
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cognitive functions, especially executive functions, as well as cardio- and cerebrovascular
disorders, stroke, hypertension, obesity, and diabetes [118]. CSD are a socio-economic and
public health issue due to their high prevalence in the general and working population,
their impact on health, and work output given the higher incidence of absenteeism, and
increased rates of errors and accidents at work [119]. In addition, CSD often have a
bidirectional relationship with stress [120].

Jet lag results from a sudden change in the light–dark cycle due to trans-south travel
or social life (in the case of social jet lag), which leads to a misalignment between internal
circadian rhythms, mainly but not limited to SCN, and the external rhythmic time-cues
(Zeitgeber), mainly light, for the day–night cycle. The days required for the process of
coordinating the internal circadian clock to external rhythmic are often associated with
behavioral and physiological discomfort.

Escobar C. et al. [121] observed that chocolate administration resulted in a faster rate
of realignment and synchronization between activity–rest cycle and circadian temperature
rhythms. Programmed access to chocolate activates brain areas involved in motivation
and metabolic response to food [23] as well as the circadian system by improving neuronal
activation in the SCN [122]. Other studies have also reported a similar effect on the speed
of realignment to feeding schedules in peripheral oscillatory clocks [26,27,123].

However, it is not only the type of food that determines the ability to realign and
re-synchronize internal clocks with external signals but also the time of intake of food,
especially for palatable food.

Due to this complex interaction between external Zeitgeber and internal circadian
rhythms, the greatest beneficial effects of entrainment on circadian function are seen when
food intake coincides with the activity phase [124,125], whereas an inhibitory effect occurs
when food is taken during the rest phase [126,127] (Figure 1).

Figure 1. Schematic illustration of chrononutrition with chocolate for breakfast and components of
chocolate with the main mechanisms of action in both the central nervous system and peripheral
organs and their actions.

Furthermore, to maintain a coordinated and synchronized circadian function, food
intake must be phased with the light–dark cycle. The main effect seems to be due to a direct
synchronization action on brain oscillators and central and peripheral clocks [26,128].

Under normal light and dark (LD) conditions, programmed food intake does not
shift the SCN phase [27,129]. Other studies indicate that SCN is inhibited during food
anticipation and fasting as observed with c-Fos, a major early gene that is activated by
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external signals [130–132] or electrophysiological recordings, whereas the ventral SCN is
activated both after re-feeding and with light [133].

Recent results indicate that the SCN may also respond to palatable food construed as
hedonic information, via dopaminergic projections from the ventral tegmental area [134].
The rapid achievement of synchronization with limited daily chocolate intake may also be
partly due to the increase in arousal induced by chocolate intake as a hedonic effect.

When planned for breakfast, an appetizing food, such as chocolate, can influence
activation in the SCN, at the level of the dorsomedial region [121]. This rhythmic pattern in
the dorsal SCN may promote faster re-entrainment [135] when bounded by a time window
in which chocolate was administered during the active phase, whereas chocolate did not
promote re-entrainment when administered during the resting phase.

Scheduled feeding has been shown to be a strong entrainment signal for circadian
rhythm; especially when food intake is in phase with the period of activity. This exerts
beneficial effects on the circadian system by favoring its synchronization and activation
of the metabolism [136,137], as demonstrated in experimental studies on shift-worker
models. Time-limited access to food accelerates resynchronization in a jet-lag model,
prevents circadian desynchronization in a shift-work model, and induces positive effects in
metabolism [138,139]. In contrast, food scheduled in the sleep–rest phase slows circadian
synchronization and metabolism and alters behavior [138–140].

Recently, Oishi et al. [141] confirmed the positive action of cocoa on sleep disturbance
induced by psychophysiological stress in mice using EEG. Cocoa intake attenuated the
alteration of circadian sleep–wake rhythms. The EEG revealed that cocoa significantly im-
proved both the increase in the level of alertness during the first half of the light period and
the increase in NREM sleep during the first half of the dark period in mice with CSD. Under
non-CSD conditions, cocoa does not appear to influence either the rhythms of run-rest
activity or sleep–wake cycles. It is hypothesized that this positive action may be attributable
to high concentrations of flavonoids in cocoa (epicatechin, catechin, and procyanidins),
which improve blood flow and have antioxidant and neuroprotective properties. Indeed, in
experimental animals, sleep deprivation and CSDs in general have been shown to increase
oxidative stress levels in specific brain regions such as the hypothalamus, hippocampus,
and thalamus [142].

Flavanols acting on endothelial function could also play a role in insomnia, as it is
just endothelial dysfunction that appears to be responsible for some insomnia-related
symptoms and the association between insomnia and cardiovascular disease [143]. Cocoa
flavanols, by facilitating nitric oxide production, improve vascular endothelial function
due to their vasodilatory effect [51]. CBF also appears to play an important role in sleep
regulation [144] as well as cognitive and emotional processes, although it is not known
how cerebral blood flow varies during alternating sleep–wake cycles [145]. Flavanol-
rich cocoa significantly increases cerebral blood flow in humans [46,51] and attenuates
the CSD-induced disturbance of circadian activity rhythm, sleep–wake cycles, cognitive
functions by improving cerebral endothelial cell function, and blood flow, as demonstrated
by Grassi et al. [76].

In addition, another pathway through which cocoa has a protective effect on the
synchronous maintenance of the sleep–wake rhythm in subjects with CSD is the modulated
neurotransmission of serotonin [146,147]. In fact, regular cocoa consumption has been
shown to increase serotonin concentrations in the brain [148].

Acute administration of flavanol-rich chocolate can counteract the negative effects of
total sleep deprivation both on working memory performance in healthy young people [76]
and on endothelial and arterial function and, thus, on blood pressure (Figure 1). Natural co-
coa seems to be an ideal nutrient for ameliorating stress-induced psychophysiological sleep
disturbance without distorting behavioral or sleep regulation under normal conditions.
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4. Conclusions

Modern society imposes increasingly stressful rhythms of life and work, and tech-
nological innovations have led us to live an active life 24/7. The immediate effect is on
the quality and quantity of sleep, which in turn has repercussions on our lower tolerance
to stress, alterations in mood, and greater susceptibility to infectious, metabolic, and car-
diovascular diseases. Lifestyles are undoubtedly the main targets to work on to maintain
a harmonious synchronization between our central and peripheral endogenous clocks
and external synchronizers. Of course, the circadian rhythm of light and dark is the most
powerful synchronizer, but we must not forget the other fundamental synchronizer: food
and fasting.

Chocolate is a food that, due to its high flavonoid content, when taken in the morning,
can have positive effects on our mental and cognitive well-being, our cardiovascular system,
and our metabolism. Chocolate also induces positive effects on mood and is, therefore,
often spontaneously consumed under conditions of emotional stress. In addition to the
beneficial effects on the vascular system and cerebral blood flow, flavonoids have a pro-
tective function on the neuronal cell by inhibiting neuronal death by apoptosis induced
by neurotoxicants, such as oxygen radicals through interaction with signaling cascades
involving proteins and lipid kinases. They also promote neuronal survival, neurogene-
sis, and synaptic plasticity [89], preserving cognitive abilities during the stages of aging.
Crossing the BBB, they act on both the vascular and neurocellular sides of the brain, on one
hand, by stimulating cerebral perfusion and promoting angiogenesis, and, on the other,
by modulating changes in the morphology of the neurons participating in learning and
memory processes. All these properties are of great interest, but it is currently unclear
when consumption of flavonoid-rich cocoa and chocolate should be initiated to achieve
beneficial and protective effects against the mechanisms underlying cognitive decline and
age-dependent neurodegenerative diseases [52,149]. Many studies are still needed to un-
derstand the mechanisms of action and the timing of the neuroprotective activity of cocoa
and chocolate.

Although the dosages to be taken in order to achieve the beneficial effects are still
unclear, the literature data support the suggestion that the beneficial effect is obtained by
eating cocoa only in modest amounts, preferably dark chocolate, during the activity hours
of the day and in the early part of the day to avoid problems of weight gain. Frequent
consumption of chocolate managed in this way might actually be associated with a lower
body mass index [150].

Time of food intake is now suggested as a chronotherapeutic strategy that may help
speed up the time needed to resynchronize biological clocks and, thus, reduce circadian
disruption caused by shift work, jet lag, and social jet lag [135,137,138]. Palatable food, such
as chocolate, scheduled for breakfast is a valuable aid in maintaining circadian synchrony
and improving body weight. The present data agree with the previous literature and
indicate that the thermogenic effect of a high-calorie food such as chocolate is actually
different depending on the time of intake in relation to the activity–rest phase: high
postprandial thermogenic response takes place during the active phase, not during the rest
phase. Breakfast induces a strong postprandial thermogenesis, which induces an increase
in energy expenditure [151–153].

A piece of chocolate a day may also modulate circadian oscillations in brain areas
involved in the reward system [154,155]. It may also have effects on behavior, mood, and
cognitive functions.

In a socio-historic period such as the current one, when psychophysical distress is
significantly increasing, due in part to the pandemic that has led to social distancing,
significant repercussions on economic stability and the ability to envision future prospects
are to be expected. The intake of chocolate rich in flavanols at breakfast and during the
active phase, in accordance with the rules of chrononutrition, could provide a new tool that
is economical, quick, and easily applicable for all ages to support cognitive performance
during periods of sleep deprivation and psychophysical stress as well as during phases of

184



Nutrients 2022, 14, 3113

desynchronization of circadian rhythms, with a positive effect on mood, while also helping
to protect our cardiovascular system and regulate our metabolism.

Future studies in selected populations will be essential to establish the correct ways of
taking chocolate by defining dosages as well as timing during the day and over a lifetime.
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Abstract: Western diet may trigger sleep disorders and vice versa, but their single and mutual
effects on systemic inflammatory diseases (i.e., psoriasis) are far from being fully elucidated. At the
same time, psoriatic patients display a great burden of sleep disorders and dysmetabolisms related
to an unhealthy lifestyle (i.e., diet). These patients are also affected by a chronic disorder deeply
modulated by environmental factors (i.e., sleep and diet) capable to influence drug-response and
disease progression. Thus, we aimed to summarize the evidence in the literature that may highlight a
potential link among psoriasis–diet–sleep in order to further promote a multidisciplinary approach
to psoriatic patients in the scientific community.

Keywords: psoriasis; sleep; sleep disorders; western diet; diet; inflammation

1. Introduction

Currently, the World Health Organization (WHO) reports psoriasis (PsO) as one of
the five diseases that drastically influence patients’ quality of life. PsO is a systemic,
chronic inflammatory skin disease related to epidermal keratinocyte hyperplasia and
epidermal immune cell over-activation via the interleukin (IL)-23/IL-17 axis [1]. It is
one of the most common chronic inflammatory skin diseases, with a prevalence of 1–2%
worldwide [2], and almost 6–11% of patients with PsO may have inflammatory arthropathy
(psoriatic arthritis) [3]. The current pathogenetic hypotheses of PsO consider a trigger
(i.e., trauma or infection) that destroys keratinocytes, activating both innate immunity (i.e.,
neutrophils) and plasmacytoid dendritic cells that promote naïve-T-cell differentiations into
Th17. The pro-inflammatory microenvironment further activates keratinocytes, causing
hyperproliferation (i.e., plaques) [4].

Recently, epidemiological studies claimed a link between PsO-related inflammation
and a constellation of comorbidities affecting different systems, such as cardiovascular [5,6],
respiratory [7,8], neurologic [9,10] or even gastrointestinal system [11]. To date, all the
above-cited comorbidities may impair both the patient’s quality of life and sleep; in fact,
physicians also demonstrated that PsO patients are at a higher risk than the normal popula-
tion to experience sleep disorders (i.e., insomnia or obstructive sleep apnea (OSA)) [11–14],
but the real pathogenetic mechanism remains obscure.
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At the same time, the pathological manifestations of PsO (phenotype) are the product
of the intricate interaction between genetic susceptibility [15] and environmental factors
(i.e., diet or circadian rhythm) [16] (Figure 1). Several studies pointed out that in western
societies, unhealthy lifestyles may deeply condition the PsO march and flare frequency;
in particular, unbalanced diets (i.e., western diet) with high fat and/or high sugar [17,18],
inadequate sleep [19] and insufficient physical activity [20] may be triggers. Furthermore, all
these PsO triggers may converge in creating gut dysbiosis [21], not necessarily identifiable
as small intestinal bacterial overgrowth (SIBO) [22], but potentially critical for PsO and
psoriatic arthritis (PsA) flares.

Figure 1. Psoriasis is associated with sleep disorders and unhealthy dietary patterns through the
activation and/or regulation of systemic and skin inflammation. On the left, the scheme shows
protective effects obtainable via adequate sleep quantity and quality together with healthy diet on
psoriasis disease.

Thus, we decided to perform a scoping review to summarize the evidence toward
PsO–western diet–sleep disorders.

2. Evidence Acquisition

For the present scoping review, we performed a comprehensive literature search on
PubMed/MEDLINE from 1949 to 1 August 2022. No language restrictions were applied
and we included only original articles, research letters and short reports; conversely, we
excluded reviews, systematic reviews, letters without data and editorials.

The literature search method applied was this string: (“psoriasis” OR “psoriatic
disease” OR “psoriatic arthritis” OR “inflammation”) AND ((“western diet”) OR (“sleep”
OR “sleep disorders” OR “sleep apnea” OR “insomnia”)). Extensive cross-referencing
and article references were carefully and manually evaluated. The literature search was
performed independently by two authors (Giovanni Damiani and Ilaria Controne), and
in case of disagreement, the article was discussed openly with a third experienced author
(Egeria Scoditti for diet and Sergio Garbarino for sleep).

The literature search produced 839 papers; then, after eliminating duplicates and
the screening phase, 81 papers were summarized into thematic paragraphs in the present
scoping review (for more details, see the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA)) (Figure 2).
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Figure 2. PRISMA flow diagram with a detailed report of the literature revision.

3. Sleep and Psoriasis

PsO seems to affect sleep quality, and this clinical finding is also confirmed by extensive
epidemiological studies [23–47]. Recent studies displayed that obstructive sleep apnea
(OSA) patients doubled the risk of PsO and PsA compared with heathy ones [33–35,38].
To further confirm this trend, PsO patients were found to be at higher risk of OSA than
the general population using the apnea–hypopnea index (AHI) > 5 [23]. Researchers also
observed an increase in the prevalence of resting leg syndrome (RLS) in PsO, with 15.1%
and 18% in PsO versus 5% and 10% in the general populations in Europe and North
America, respectively. Importantly, Chiu et al. [37] indicated that the concomitant presence
of OSA and PsO exposed patients to a higher risk of Major Adverse Cardiovascular Events
(MACE), especially ischemic heart attack and stroke.

Sleep disorders seem to be linked to PsO in a vicious circle in which one disease
increases the risk of the other, with inflammation as a pathogenic basis bi-directionally
linking sleep disorders and PsO [47–61]. In the PsO-to-sleep disorders directionality, there
are various potential mechanisms through which PsO can act on sleep. These mechanisms
operate through both direct and indirect effects. The direct effects are due to cutaneous
symptoms present in PsO, such as pruritus, pain, burning sensations or, in the case of PsA,
inability to move [28,39–43,62]. Pruritus in PsO often exhibits and/or increases during the
evening, since it is regulated by circadian factors—for instance, lower cortisol levels and
decreased epidermal barrier function—that lower the threshold for pruritus [30,40–46]. In
addition, the skin plays an important role in sleep initiation, as it acts on thermoregulation
and the control of the body core temperature, which normally decreases in the late evening.
In contrast, these mechanisms result to be altered in PsO, where the skin diminishes the
ability to dissipate heat and exhibits altered thermoregulation [52]. Instead, the indirect
effects through which PsO contributes to the risk of sleep disorders may be attributable
to psoriasis comorbidities that share with psoriasis a common underlying inflammatory
basis [48–50,53]. In particular, diabetes and hypertension [57,58,60,61] were shown to
be associated with insomnia, while cardiovascular disease, diabetes, obesity and psychi-
atric disorders were associated with OSA [59]. At the same time, systemic inflammation
triggered by several pathological conditions such as OSA or even insomnia may trigger
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PsO flares and vice versa, thus a multidisciplinary evaluation in patients with chronic
inflammation should always be considered.

On the other hand, regarding psoriasis-related sleep disorders, recent studies sug-
gested that a possible pathogenetic mechanism could be the overproduction of oxygen
radicals due to the massive pro-inflammatory cytokines spill-over from the skin and other
inflamed tissues [62]. Their inhibition with biologics seems to restore the oneiric dimension,
by attenuating circadian rhythm dysregulation; from this perspective, also by properly
treating sleep disorders, we can hypothesize that we can decrease the possibility to develop
PsO, especially in patients with positive family history.

3.1. Pro-Inflammatory Cytokines Shared between Sleep Disorders and Psoriasis

Common inflammatory networks are involved in the pathomechanisms underlying
both sleep disorders and psoriasis [56]. In particular, pro-inflammatory cytokines such
as TNF-α and IL-6 play a role in the pathogenesis of psoriasis and are implicated in
sleep regulation [63]. These cytokines can be secreted by peripheral immune cells and by
astrocytes and microglia in the central nervous system in response to poor sleep quantity
and quality during the previous night, and produce the effect of daytime sleepiness,
commonly seen in OSA. On the other hand, in chronic insomnia, there is a shift in the
timing of TNF and IL-6 secretion, eliciting a modification of the hypothalamus–pituitary–
adrenal axis and the hypersecretion of cortisol, that plays a role in increased wakefulness.
Therefore, it is well defined that sleep deprivation can affect the immunological integrity
and nocturnal secretion of cytokines, increasing the risk of PsO. Hirotsu et al. [29] examined
the influence of sleep loss in an animal model of PsO by measuring cytokine and stress-
related hormone levels. Male adult Balb/C mice with or without PsO were subjected to
48 h of selective paradoxical sleep deprivation. Sleep deprivation enhanced the activities
of serine proteases—kallikrein-5 and kallikrein-7—which led to desquamation in the skin
of psoriatic groups. In addition, mice with PsO had significant increases in specific pro-
inflammatory cytokines (IL-1β, IL-6 and IL-12) and decreases in the anti-inflammatory
cytokine (IL-10) after sleep deprivation, which were normalized after 48 h of sleep rebound.
Another cytokine in common between sleep disorders and PsO is vascular endothelial
growth factor (VEGF). Its levels are elevated in patients with severe OSA and stimulate
angiogenesis and inflammation in psoriatic skin [64,65]. Moreover, studies observed
that both PsO and sleep deprivation are associated with reduced levels of adiponectin,
an anti-inflammatory adipokine, or increased ghrelin and decreased leptin levels, an
imbalance leading to a raised feeling of hunger and appetite that increases caloric intake
and subsequently the risk of overweight or obesity conditions [66]. Obesity remains one of
main comorbidities associated with both PsO and sleep disorders, suggesting a potential
common pathomechanism.

3.2. Effects of Conventional and Biological Psoriasis Therapy on Sleep Disorders

Interestingly, conventional therapies may also influence sleep quality. In fact, cy-
closporin improves sleep with a fast efficacy in skin lesions [67], and methotrexate is slower
but also acts on joint pain in PsA patients [14]; conversely, acitretin may de-regulate the
circadian rhythm, causing insomnia [68].

To date, the impact of biological treatment (or immunotherapy) on sleep outcomes
in PsO patients is poorly considered in clinical research [55]. Nevertheless, Thaçi and
colleagues [31] examined PsO patients with PASI greater than 10 that deserved biological
therapy (etanercept) and observed them for 24 weeks, also checking sleep parameters. They
concluded that by antagonizing TNF-alpha, sleep quality drastically improved in these
patients, and the current results may sustain the hypothesis that systemic inflammation
may trigger/elicit or even maintain sleep disorders.

Vgontzas et al. [36] further confirmed a role of TNF-alpha in the pathogenesis of OSA
by treating these patients with etanercept, obtaining greater results than with continuous
positive airway pressure. Interestingly, Strober et al. tested another TNF-alpha inhibitor,
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namely, adamilumab, for 16 weeks, finding that beside DLQI and PASI, it also improved
sleep quality in PsO patients. Remarkably, no animal models are available, and the cause–
effect relation between TNF-alpha inhibition and sleep remains to be further demonstrated,
since DLQI and PASI improvements may condition sleep quality. Beside direct and indirect
PsO-related influence on sleep quality, these data suggest the pathogenic role of inflamma-
tory molecules in the link between PsO and sleep disorders [17,18,21,69–72]. Interestingly,
no data are present in the literature about sleep quality and inhibitors of the IL-17/IL-23
pathway. Sleep quality in PsA patients is associated with the extinguishment of joint pain,
CRP and disease duration, as well as, in PsO patients, cutaneous severity, duration and
patient age [14]. Thus, anti-psoriatic drug efficacy is the main sleep modulator.

4. Western Diet and Psoriasis

Recently, the western diet has started to be regarded as a prominent modulator of PsO
severity and even as a risk factor for its development [73–75]. This dietary pattern, which
has spread with the industrial revolution and the Modern Age, is characterized by being
rich in saturated fats, trans fatty acids (FAs) and n-6 FAs, refined carbohydrates and salt,
and reduced intake of n-3 FAs and monounsaturated fatty acids (MUFAs), as well as antiox-
idants, due to the high intake of red meat, dairies and sugars, and low intake of vegetables
and fruits [76,77]. Solid evidence links this diet to the development of metabolic diseases
including obesity and type 2 diabetes, as well as atherosclerosis, neurodegeneration and
cancer, through mechanisms involving the instigation of chronic inflammation, oxidative
stress and alterations in gut microbiota (dysbiosis) [78]. Patients with PsO presented un-
balanced dietary habits resembling the western diet, as testified by their dysmetabolism
clinically manifesting in obesity, metabolic syndrome and dysplipidemia [79]. This dietary
habit was directly associated with the increased cardiometabolic risk profile, inflammatory
markers and clinical severity of PsO [79]. On the contrary, PsO patients showed lower
adherence to the Mediterranean diet, a popular and effective anti-oxidant diet, which was
inversely correlated with inflammatory markers and PsO severity [80]. Since none of the
single food components show to exert specific effects on the pathogenesis of PsO, it is
reasonable to sustain that the biological anti-psoriatic effect is exerted by the food pattern,
in other words, by the diet.

However, single foods in a diet should be carefully chosen in terms of nutrient richness
and quality; for example, dietary lipids are essential to maintain cutaneous homeostasis
and modulate skin immune and endocrine systems [80,81]. The composition of fatty acids
(FAs) in dietary lipids significantly differs among dietary patterns. In the western diet,
there is a very high intake of calories derived from fried products, butter and processed
meat to the disadvantage of fish, nuts, fruits and vegetables. As such, saturated fatty acid
(SFA) intake is elevated through the consumption of meat, butter and palm oil, while the
intake of n-3 PUFAs, such as α-linolenic acid (18:3), eicosapentaenoic acid (EPA; 20:5) and
docosahexaenoic acid (DHA; 22:6), which can be found in fish and nuts, is low. This fatty
acid profile contributes to the negative health outcomes associated with the western diet by
increasing the risk of dyslipidemia, obesity, diabetes or cardiovascular diseases, as well as
total mortality [82].

Dietary SFAs represent a major risk factor for PsO exacerbation, even independently
of obesity. In PsO patients, the serum levels of free FAs were associated with disease
severity [83]. Furthermore, by introducing SFAs in the diet elicited a psoriatic flare in mice,
suggesting the prominent pro-inflammatory role exerted by the western diet [83].

Interestingly, n-3 PUFAs play a key anti-inflammatory role in rodents (i.e., mice and
rats), as well as in humans. Interestingly, PASI inversely correlates with the serum level of
n-3 PUFA, and the SFA/unsaturated FA ratio increases with the duration of the disease [84].

4.1. Effects of Western Diet and Psoriasis on Microbiota

The perturbation of gut and/or skin microbiota may trigger systemic inflammation or
even a flare of a pre-existent inflammatory condition (i.e., PsO) through pathobiont colonies
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increase [18,71,72,85,86]. During cutaneous inflammation, antimicrobial peptide release
becomes less effective, and the interaction between bacteria and immune system, more
frequent, thus acting as inflammatory triggers (i.e., Staphylococcus aureus) [87]. PsO patients
exhibited a depletion of Corynebacterium spp., Lactobacillus spp., Burkholderis spp. and
Propionibacterium acnes in cutaneous microbiota, as well as Faecalibacterium prausnitzii
and Akkermansia muciniphila in gut microbiota. Conversely, Firmicutes and Actinobac-
teria spp. proliferated in the gut mucosa, reducing the pool of microbes capable of pro-
ducing short chain fatty acids (SCFAs) [88–90]. Thus, microbiota represent the living,
dynamic filter of dietetic nutrients, and its unbalance may have pro-inflammatory ef-
fects. This idea received a proof of concept with the clinical study by Deng et al., in
which they described the beneficial role of specific probiotics (Bifidobacterium infantis 35,624
and Lactobacillus pentosus GMNL-77) in decreasing imiquimod(IMQ)-induced psoriasiform
eczema and its systemic inflammation (i.e., TNF-α and IL-6) [91–93].

Several studies suggested the influence of environmental factors such as dietary com-
position and, in particular, the western diet on microbial community and function [94–96].
The western diet was associated with intestinal barrier disruption and gut dysbiosis with
an altered profile of bacterially produced metabolites, resulting in metabolic endotoxemia,
immune system deregulation and systemic inflammation [78,97].

Since the IL-17/Il-23 pathway represents a bridge between innate and adaptive immu-
nity against microbes, its modulation by nutrients is of particular interest. With specific
regards to psoriasis, in a recent study in an IL-23–mediated model of PsO and PsA, Shi et al.
revealed that a short-term western diet intake exacerbated both intestinal dysbiosis as well
as psoriasis-like skin and joint inflammation [18]. Assuming that diet and inflammation
may influence gut dysbiosis, they proved that, by switching from the western to a normal
diet or even treating with broad spectrum antibiotics, IL-23-induced skin and joint inflam-
mation mitigated. Furthermore, fecal microbiota transplantation from western-diet-fed
donors into mice pretreated with broad-spectrum antibiotics revealed that gut microbiota
triggered γδ T-cell infiltration into the dermis. Thus, microbiota modulation may be the
key to also improve drug response in psoriatic patients.

The high-fat diet (HFD), as well as the western diet, was associated with lower
microbial production of SCFAs, including butyrate, propionate and acetate, which are
fermentation products of dietary fibers produced in the colon and are able to exert systemic
effects, including at the skin level. Interestingly, SCFAs can be also produced by commensal
bacteria in the skin [97]. A protective role of SCFAs against PsO was shown by several lines
of evidence. SCFAs are able to (1) promote T-reg differentiation, activation and function;
(2) inhibit the intestinal dendritic-cell production of IL-23 while inducing the expression of
anti-inflammatory genes; (3) reduce skin inflammation in a mouse model of PsO, as well
as downregulate IL-17 expression, and induce IL-10 and Foxp3 expression in animal and
human psoriatic skin lesions [98].

4.2. How Lipids Influence Immune System Responses
4.2.1. Inflammasomes

Several studies demonstrated that macronutrients typical of the western diet, includ-
ing SFAs, are able to induce and/or amplify pro-inflammatory responses involved in PsO
development and progression [99–101]. Interestingly, IMQ-treated mice subjected to a
HFD presented more severe clinical and histological (micro-abscesses and scaling) PsO
than the ones following a regular diet. The HFD was responsible for the pathological
activation of the nucleotide-binding domain, leucine-rich repeats containing family, pyrin
domain-containing-3 (NLRP3) inflammasome. Inflammasomes are cytoplasmic multipro-
tein complexes for intracellular signaling that activate IL-1β via caspase-1, in response
to different triggers (i.e., trauma or infections). Inflammasome activation was linked to
the pathogenesis of metabolic and cardiovascular disease and is genetically associated
with PsO [102]. Recent findings reported evidence of NLRP3 inflammasome activation
in peripheral blood cells in PsO patients, in parallel with increased caspase-1 reactivity
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and serum levels of inflammasome-generated IL-1β and IL-18 [103]. TNF-α inhibitors are
capable to turn off the inflammasome, as testified by the decreased plasmatic levels of
IL-1β [103], thus suggesting a role of TNF-α-mediated NLRP3 inflammasome activation in
patients with PsO and its contribution to systemic inflammation. In IMQ mice, the HFD,
but not the regular diet, increased the expression of activated caspase-1 and IL-1β in the
skin. The HFD is also a strong activator of the IL-17 pathway, as testified by higher levels
of IL-17A in both the dermis and serum of IMQ-treated mice. Concordantly, SFAs were re-
ported to activate inflammasomes and subsequent IL-1β release in macrophages [104], thus
possibly mediating the exacerbation of psoriatic dermatitis. In addition, SFAs are powerful
activators of myeloid residential cells (i.e., plasmacytoid dendritic cells) capable of further
activating keratinocytes by boosting the psoriasis-related inflammation signal [83]. This
suggest that dietary lipids are involved in the development and progression of psoriasis
via systemic inflammation and inflammasome activation.

To prove the concept, Christ and colleagues fed LDLR−/− mice with the western
diet and then shifted to a chow diet (pelleted obesogenic diet), finding that the western
diet increased systemic inflammation and promoted a pro-inflammatory imprinting on
granulocyte monocyte precursor cells (GMPs); the effects were mitigated when mice
abandoned the western diet in favor of the chow diet [105]. In addition, the western
diet caused dysregulation in bile acids synthesis and release, further amplifying lipid
dysmetabolism [105].

4.2.2. Adipokines, Cytokines and Chemokines

Adipose tissue (AT) dysfunction is currently regarded as a trigger for several inflam-
matory conditions, both local and systemic, such as PsO, and can be further amplified in
obese patients. AT is still regarded as an endocrine organ secreting FAs and a panel of cy-
tokines/chemokines and adipokines, such as leptin, resistin and adiponectin. In conditions
of obesity or under chronic inflammation, dysfunctional adipocytes change their secretory
profile toward a more pro-inflammatory state that induces the cutaneous infiltration and
pro-inflammatory activation of immune cells (e.g. macrophages, neutrophils, lymphocytes).
The resulting low-grade inflammation state in obesity is a central pathogenetic moment is
PsO development [106]. Several studies [6,107,108] observed that the serum level of leptin
is particularly elevated in obese individuals and associated with leptin resistance [109].

Leptin displays a pleiotropic function, spacing from appetite modulation to acting as
a pro-inflammatory mediator capable of sustaining Th-1 differentiation and T-reg inhibi-
tion [110]. Therefore, PsO patients subjected to high-fat diets have a higher risk of obesity
and to display higher levels of leptin [111].

Conversely, Lihn et al. revealed that adiponectin exerted an anti-inflammatory effect
opposed to leptin capable of inactivating the psoriatic microenvironment, restoring cuta-
neous homeostasis [112,113]. Since the blood adiponectin levels resulted low in both obese
people and PsO patients, adiponectin regulation is a potential mechanism mediating the
relationship between PsO and AT [113].

Remarkably, antimicrobial peptides (AMPs) may also enter in the adipokines, since
during adipogenesis, as well as injuries, they are produced and released [114]. Among
AMPs, there is also cathelicidin antimicrobial peptide LL-37, capable of binding double-
strained DNA filaments both exogenously and endogenously, creating the dangerous
contact between self-DNA and immune system, thus starting PsO [115]. Cytokines IL-17A
and IL-22 seem to play a crucial role in the development of PsO. Kanemaru et al. examined
the mRNA expression of these cytokines in an obese mouse model with IMQ-induced
psoriasiform dermatitis, finding five times more mRNA related to these cytokines than in
the controls, suggesting a prominent AT-triggered activation of the IL-17 pathway. Addi-
tionally, it is interesting to note that food intake restriction partially decreased cytokine
production in obese mice. Furthermore, a high-fat dietary pattern and IMQ treatment to-
gether stimulated the production of Reg3γ (regenerating islet-derived 3γ), an antimicrobial
protein critical in psoriatic epidermal hyperplasia, since it is able to activate phosphatidyli-
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nositol 3-kinase (PI3K) in keratinocytes [116]. In particular, AT also releases palmitic acid,
which is capable of influencing in vivo and in vitro Th-17 differentiation, infiltration and
migration to lymph nodes [117]. Interestingly, a HFD further enforced palmitic acid release
and this fact may explain the harmful effect of a HFD on PsO patients [118].

4.2.3. n-6 PUFA-Derived Prostanoids and Leukotrienes

Prostanoids and leukotrienes (LTs) are two well-known pro-inflammatory n-6 long-
chain PUFAs (20:4) derived, produced and released during traumas or in response to
inflammatory cytokines. They also contribute to create and maintain the inflammatory
microenvironment in PsO, but their potential pathogenetic role is far from being fully eluci-
dated [119]. Ueharaguchi and colleagues performed a targeted lipidomics on IMQ-treated
mouse skin, finding that thromboxane (Tx) A2 synthase was consistently upregulated;
so, lipid mediator TxA2 increased in parallel with dermatitis [120]. Moreover, they used
TXA-receptor-deficient mice and treated them with IMQ, observing a significant decrease in
cutaneous infiltrating γδ Th17. The treatment of wild-type mice with an inhibitor for TXA2
synthase was also effective in reducing IL-17 production and disease severity. Prostaglandin
(PG) E2 is another prostanoid that seems to be able to increase psoriatic dermatitis via the
regulation of the IL-23/IL-17 pathway. Since Schirmer et al. demonstrated in vitro that
dendritic cells may increase IL-23 production upon the fibroblastic release of PGE2 [121],
Lee et al. showed in vivo and in vitro that Th-17 cells used PGE2 as an autocrine pro-
proliferative mediator to maintain the pro-inflammatory microenvironment typical of the
psoriasis plaque [122]. Since nonsteroidal anti-inflammatory drugs inhibit COX activity,
increasing the production of LTs and inducing the progression of PsO, LTs are supposed to
be additional disease-promoting factors in PsO. In particular, Sumida et al. described the
importance of LTB4-BLT1 (LTB4 high affinity-receptor) signaling in a IMQ-induced PsO
model. In fact, the inhibition of LTB4 synthesis or the genetic deficiency of BLT1 attenuated
neutrophil infiltration in the skin and improved the symptoms of psoriasis [123]. Despite
dedicated clinical trials with leukotrien inhibitors did not sort any significant anti-psoriatic
effects, in vitro leukotriens instructed and increased neutrophils infiltration via LTB4–BLT1
signaling [124].

4.2.4. EPAs and DHAs (n-3 PUFAs)

Surprisingly, n-3 long-chain PUFAs may also exert a significant anti-inflammatory
role in the pathogenesis of PsO, and obviously, they are regarded as anti-psoriatic drugs in
line with conventional and biological therapies. For this reason, the anti-psoriatic effects of
n-3 PUFAs are being studied, and the specific mechanisms by which they are involved are
now to be well defined. n-3 PUFAs display a biological anti-inflammatory action directly
by competing for the arachidonic acid present in the membrane and indirectly with its
metabolites, which contribute globally to inactivate the inflammatory microenvironment
typical of psoriasis [125]. Interestingly, Qin et al. utilized fat-1 transgenic mice that had
the characteristic to convert n-6 PUFAs into n-3 PUFAs and compared them with the wild
type after IMQ cream treatment. Fat-1 mice displayed less Th-17 and a lower rate of
Th17/T-reg in the spleen, demonstrating the crucial role of n-3 PUFAs in modulating the
Il-17 pathway [126]. Similarly, the relative systemic cytokine spill over was also limited.
Allen et al. suggested that EPA contributes to increase IL-6 receptors on the CD4+ T-cell
surface via STAT3 [127]. Kong et al. in their study revealed that DHA-treated dendritic cells
showed a reduced ability to induce Th17 differentiation and proliferation [128]. Moreover,
recent evidence found that resolvin E1 (RvE1), a DHA metabolite, inhibited Leukotriene B4
receptor 1 (BLT1) and modulated the dendritic-cell capability to present antigens and γδ

T-cell pro-inflammatory effects [129–131]. Likewise, resolvin D1, another DHA metabolite,
reduced IMQ-induced PsO by acting on Nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB), a prominent inflammatory pathway involved in PsO initiation
and maintenance [132].
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5. Sleep and Dietary Patterns: An Integrated View

A bidirectional relationship does exist between diet and sleep/sleep disorders [133]. In
particular, sleep disorders or mistimed sleep are linked to increased body mass index (BMI),
overfeeding and irregular eating patterns, as well as unhealthy eating behaviors [134–137].
Indeed, both single nutrients and food patterns influence the gut-associated lymphoid
tissue (GALT) and melatoninergic ones. These changes in hormone levels may increase ap-
petite and thus influence dietary intake, predisposing to weight gain and obesity [138–140].
Moreover, the fatigue and excessive daytime sleepiness associated with poor quality sleep
restrict the possibility of physical activity and also lead to a compensatory rise in caloric
intake [141]. Interestingly, patients with sleep disorders displayed central obesity, but the
insomnia/OSA group showed higher adherence to the western diet [142–145]. On the other
hand, unhealthy diets such as the western diet negatively influence sleep parameters, thus
leading to sleep disturbances or disorders [146,147], through potential mechanisms includ-
ing body weight gain and overweight/obesity, related metabolic and vascular diseases,
pro-inflammatory and pro-oxidant action, decreased synthesis of melatonin, induction of
gut dysbiosis and altered pattern of bacterially produced metabolites, which can include
sleep regulators such as SCFAs, GABAs, glutamate and serotonin [148]. Interestingly,
the perturbation of the circadian rhythm, which modulates both sleep and appetite, with
intermittent circadian fasting (Ramadan fasting) displayed surprising anti-inflammatory
effects in both dermatological [149–151] and rheumatic diseases [152], included PsO [153].

Contrarily, a healthy diet (i.e., Mediterranean one) was associated with a correct
sleep behavior (quality and quantity), through mechanisms going beyond the recognized
benefit of weight reduction [154]. Campanini and colleagues affirmed that the adherence
to the Mediterranean diet is protective in terms of both preventing and improving sleep
disorders [136,137].

Nowadays, literature records seem to claim a link between sleep disorders and inflam-
mation, so sleep may benefit anti-inflammatory therapies in patients with IMIDs. At the
same time, pharmacological interventions should be provided in synergy with a healthy
lifestyle (i.e., Mediterranean diet) to maximize their efficacy. In fact, the Mediterranean diet
has a recognized anti-inflammatory effect related to food compounds (i.e., MUFAs and n-3
PUFAs, resveratrol and other polyphenols) and food quality/quantity. The Mediterranean
diet (i.e., lemons and tomatoes) contains melatonin, which further implements the endoge-
nously produced one and contributes to maintaining and regulating sleep. Furthermore,
melatonin is currently also supplemented for sleep disorders but has never been tested
as a complementary therapy in PsO. Thus, a health dietary pattern can be helpful in the
management of sleep disorders, but more clinical studies are necessary to validate this
hypothesis [155,156]. Sleep disorders and the western diet are bidirectionally linked and
synergically promote systemic inflammation by de-programming human lipid metabolism,
potentially triggering also PsO [12]. Further human studies are warranted to specifically
evaluate the presence of sleep disturbances and the diet in PsO patients, and their relative
and cumulative contribution to PsO development and clinical course.

6. Conclusions

Sleep disorders and an unhealthy lifestyle, such as the western dietary pattern, nega-
tively impinge on skin homeostasis and regulate or exacerbate the development, clinical
course and outcomes of PsO [157,158]. Indeed, both factors and PsO disease have in
common an alteration of immune-mediated responses and chronic inflammatory condi-
tions [159,160]. Remarkably, exposure to other factors, such as alcohol, infections, vac-
cines, pollution and smoking, may also influence the patient course and modulate sleep
quality, so together with the diet, clinicians should advocate a change in the patient’s
lifestyle [161–166]. As such, it is important for dermatologists and practitioners to consider
a screening for both sleep disturbances and lifestyle factors such as the diet, which are
tightly intertwined, often disregarded and never considered simultaneously, in the manage-
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ment of PsO disease. These considerations could be useful for ameliorating the standard
clinical care for PsO patients [167].
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