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SUMMARY

This review aimed to provide a comprehensive examination of the effect of sleep restriction on
metabolism-related parameters by synthesizing the emerging, best evidence. A systematic search was
conducted in six electronic databases from inception to January 2018. We identified 41 randomized
controlled trials using sleep restriction intervention. The outcomes included: subjective hunger, appetite-
regulating hormones, changes in brain activity, energy intake and expenditure, weight change, insulin
sensitivity or resistance. Sleep restriction resulted in a significant increase in subjective hunger on a
100 mm scale (mean difference = 13.4, p < 0.001). Participants consumed 252.8 more kcal/d (p = 0.011)
under sleep restriction than under normal sleep. Partial sleep restriction resulted in a 0.34 kg weight gain
(p = 0.003). Sleep restriction also decreased insulin sensitivity (standardized mean difference = —0.70,
p < 0.01). Significant changes in brain activity in response to food stimuli were observed under sleep
restriction, particularly regions related to cognitive control and reward. Overall, we did not find strong
evidence supporting the significant impact of sleep restriction on mean leptin or ghrelin levels or energy
expenditure. Findings from this review enhanced our knowledge about the detrimental effects of sleep
restriction on metabolism and provided novel directions in preventing metabolic diseases including
obesity and diabetes.

Sleep deprivation

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Adequate sleep is essential for the physiological, psychological,
and cognitive wellbeing of an individual [1]. Adults are recom-
mended to have at least 7h sleep [2]. Nevertheless, sleep restriction
is becoming a prevalent public health issue. Modern Americans are
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sleep deprived of about 1.5h sleep per night [3]. Large cohort
studies conducted in the 1990s and 2010s suggested that 41.1% [4]
and 64.3% [5] of adults reported less than 7h nocturnal sleep,
respectively. Over the same period, metabolic diseases are also
becoming more prevalent. More than one-third of U.S. adults have
obesity [6], and 9.4% of adults have diabetes [7]. An increasing body
of literature has suggested that sleep restriction may be a risk factor
for these metabolic diseases [8]. A recent meta-analysis of pro-
spective cohort studies found that short sleep was associated with
an increased risk for obesity [relative risk = 1.38; 95%Confidence
Interval (CI), 1.25—1.53] and diabetes (relative risk = 1.37; 95% CI,
1.22-1.53) [9].

Sleep restriction may increase the risk of metabolic diseases
through multiple behavioral and physiological pathways [10].
Behaviorally, sleep restriction has been associated with increased
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feelings of hunger [11] and food intake [12]. Sleep restriction could
promote reward-driven eating behavior that can lead to overeating
[13]. Sleep restriction may also lead to impaired executive func-
tions, increased reward sensitivity, emotional stress, and impul-
sivity. Those changes could contribute to increased food intake
[14,15]. Physiologically, sleep restriction has resulted in changes
in appetite-regulating hormones (e.g., leptin, ghrelin, and endo-
cannabinoids) [16,17] and glucose metabolism [18].

An increasing number of experimental studies has examined the
impact of sleep restriction on various metabolism-related param-
eters. Al Khatib and colleagues [19] meta-analyzed seven ran-
domized controlled trials (RCTs) and found that sleep restriction
resulted in a 364 kcal increase in energy intake but no significant
impact on energy expenditure. Similarly, Capers et al. [12] meta-
analyzed four RCTs and find an insignificant effect on energy
expenditure. Capers and colleagues also examined the impact of
sleep restriction on other parameters including appetite-regulating
hormones and weight but found insignificant effects. These nega-
tive findings may be due to the limited number of studies. Addi-
tionally, the impact of sleep restriction on glucose metabolism
remains to be examined. Since the publication of the previous re-
views, more clinical trials have been conducted [17,18,20—30].
There is a need to review the emerging, best evidence and provide
an up-to-date, comprehensive examination of the impact of sleep
restriction on metabolism-related factors. An updated review could
provide stronger evidence. Therefore, the aim of this study was to
review RCTs examining the effect of sleep restriction on various
metabolism-related parameters. Findings from this review will
provide insights and new directions in preventing metabolic
diseases, such as obesity and diabetes.

Methods

The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) protocol [31] was developed and regis-
tered in the international prospective register of systematic reviews
(registration# 42018087646). This review was reported in accor-
dance with the PRISMA guideline [32].

Search strategy

A systematic search was conducted in PubMed, Embase, Web of
Science, CINAHL, PsycInfo, and Cochrane from inception to January
2018. No language restriction was applied during the searching
process. Combinations of the following search terms were used: 1)
sleep; 2) eating, energy, food, appetite, leptin, ghrelin, endo-
cannabinoid, calori*, insulin, glucose, brain, and weight. The bibli-
ographies of relevant studies were reviewed to identify additional
studies. ClinicalTrial.gov was searched for potential completed tri-
als. In this review, we did not search for grey literature as it has
been reported representing a very small percentage of included
studies and rarely impacting the results [33].

The inclusion criteria were: 1) RCTs with experimental sleep
restriction; 2) Conducted in healthy adults (aged 18 years or over);
and 3) At least one of the outcomes must be measured: hunger,
appetite-relating hormones (e.g., leptin, ghrelin or endocannabi-
noid), caloric intake, energy expenditure, weight, or changes in
brain activity in response to food stimuli, insulin sensitivity or
resistance. The exclusion criteria were 1) Studies conducted in
people with a diagnosis of chronic disease (e.g., diabetes, metabolic
syndrome, or cardiovascular disease); psychiatric disorder (e.g.,
depression or anxiety); sleep disorder (e.g., insomnia, sleep apnea,
or narcolepsy); eating disorder; 2) Sleep intervention not appro-
priate (e.g., combined interventions where the effects of sleep
restriction cannot be separated from other components or sleep

intervention was not sleep restriction); 3) Studies conducted at
home where compliance with study protocol cannot be closely
monitored; 4) Variables of interest not measured or relationships of
interest not reported; 5) Duplicated report; 6) Other types of paper
(e.g., review, abstract, secondary analysis, or non-English paper).
The PRISMA flowchart [32] was used to guide the study selec-
tion. Initial screening was conducted by one reviewer (BZ) based on
the title/abstract. Full-text of potential studies was independently
reviewed by two reviewers (BZ and CS) based on the inclusion and
exclusion criteria to determine the final inclusion. If more than
one paper was developed from the same trial, only the one with the
most detailed information was included in the final analysis.
However, if the papers provided different information, both were
included. Disagreements were solved by a third reviewer (SR).

Data extraction

A data extraction matrix was developed to tabulate the main
information from each study. Extracted data included study char-
acteristics (e.g., design and sample) and participant characteristics
(e.g., age and gender). Data were independently extracted by two
reviewers (BZ and CS). Discrepancies were resolved by a third
reviewer (XZ).

Variabilities in the timing and frequencies of outcome measures
were anticipated among different studies. For clarity and consis-
tency, we focused on study outcomes that were collected closest to
the end of the intervention. Data were extracted from the graphs if
not presented in the text using WebPlotDigitizer (V4.1) [34]. If data
cannot be extracted from the paper or calculated from available
information, we contacted the authors via email.

Outcome measures

The outcomes included various metabolism-related parameters.
Specifically, subjective hunger, appetite-regulating hormones (e.g.,
leptin, ghrelin, or endocannabinoids), energy intake and expendi-
ture, weight changes, insulin sensitivity or resistance, and changes
in brain activity in response to food stimuli were included.

Risk of bias assessment

Following the Cochrane risk of bias tool [35], we assessed each
study for five areas: selection, performance, detection, attrition,
and reporting bias. We also evaluated additional five areas related
to crossover design following the Cochrane Handbook [36]. Risk of
bias was assessed by two reviewers (BZ and CS). Discrepancies were
resolved by a third reviewer (XZ).

Data analysis

Stata 13.0 (StataCorp LP, College Station, Texas) was used for
statistical analyses. Mean and SD (standard deviation) or standard
error of the mean was extracted. SD was calculated from available
information if not reported. For crossover RCTs, when the data
required to include a paired analysis were not reported, the sum
score was analyzed as if the trial used a parallel-group design. This
approach was conservative, in that studies were under-weighted
rather than over-weighted [36]. For outcomes reported in two or
more studies, the pooled mean difference (MD) with the 95% CI was
calculated for each outcome, using the inverse variance method.
Forest plot was used to present the results of individual studies and
the pooled MD. MD was calculated when the outcome was
measured using the same scale or unit. Otherwise, the standardized
mean difference (SMD) was calculated by the method of Hedge's g,
which can adjust for the overestimation of SMD in studies with
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small samples [37]. In terms of the interpretation of SMD, 0.2
represents a small effect, 0.5 a moderate effect, and 0.8 a large effect
[38]. Heterogeneity among studies was examined by I? value
(1> >50% considered significant) [39]. A fixed-effect model was used
if no significant heterogeneity was detected and a random-effect
model was used otherwise [40]. Statistical significance was set at
p < 0.05. We used qualitative, narrative review if the data could not
be pooled.

Subgroup analysis

Subgroup analyses were conducted based on the type of inter-
vention: total sleep deprivation (TSD) where participants were
completely deprived of any sleep or partial sleep restriction (PSR)
where participants' sleep was reduced relative to a basal amount.
Additional subgroup analysis was conducted based on sex and the
methods of assessment (wherever applicable).

Sensitivity analysis and publication bias

Sensitivity analysis was performed using the leave-one-out
approach to test the robustness of the pooled estimates. The fun-
nel plot was used to examine publication bias. The degree of funnel
plot asymmetry was visually inspected, and asymmetry of the plot
suggests publication bias. Publication bias was also evaluated using
Egger's test [41].

Results

The results of the literature search are shown in Fig. 1. The initial
search resulted in 3449 records and 41 were included in this
review.

Participant and study characteristics

Participant and study characteristics are presented in Table 1.
Individual sample size ranged from 9 [42] to 225 [43]. Mean age
was between 20.5 (SD 1.8) [44]and 44.6 (14.7) [42] years. Most of
the studies screened for sleep apnea using polysomnography,
except in four studies [16,45—47] where the absence of sleep
disturbance was confirmed by sleep diary or actigraphy. Seven
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Fig. 1. PRISMA flowchart for study selection.

studies used a [26,28,43,45,48—50] parallel-group design, among
which two [43,50] were cluster RCT. The remaining studies used a
crossover design. Duration of the intervention ranged from one to
14 days. Most of the studies used PSR (n = 31) where the time in
bed was restricted to between 3.5h and 5.5h. In the control
condition, the prescribed time in bed was between 7h and 10h.

Only one study [46] presented separate mean + SD for both
groups (those receiving PSR first and those receiving normal sleep
first) under different conditions (PSR or normal sleep). However, no
p values or CI were available for the use of paired analysis. There-
fore, data from all studies were analyzed as if the trial used a
parallel-group design. Table S2 shows the effect size for each
outcome.

Effect of sleep restriction on subjective hunger

Subjective hunger was measured in 18 studies, 13 of which used
the visual analog (0—100 mm) (Table 1). Findings from each study
are presented in Table S1. Fifteen studies were included in the
meta-analysis. Overall, sleep restriction resulted in a significant
increase in hunger level (mm): MD = 13.4; 95%Cl, 7.3—19.6;
p < 0.001 (Table S2). Both TSD and PSR had a significant effect on
subjective hunger (Fig. 2). The MD for TSD and PSR were 22.8 (95%
Cl, 9.7-35.9; p = 0.001) and 7.5 (95%Cl, 0.9—14.1; p = 0.027),
respectively.

Effect of sleep restriction on appetite-regulating hormones

Leptin and ghrelin

Table 1 shows the measurement of appetite-regulating hor-
mones. Most of the studies collected one fasting sample and only a
few obtained hourly samples. The fasting value or mean levels
(typically 24h mean) were meta-analyzed. Findings from each
study are presented in Table S1. A total of 13 and 11 studies were
included in the meta-analysis for leptin and ghrelin, respectively.
Neither fasting nor mean level of leptin differed between condi-
tions (Fig. S1a). Subgroup analyses were conducted for ghrelin
based on the type of sleep intervention (PSR vs. TSD) and the
measurements of ghrelin (fasting vs. mean) (Fig. S1b and Fig. S1c).
No significant difference was observed. There was no sex difference
in the impact of sleep restriction on leptin (Fig. S1d) or ghrelin
(Fig. Sle). The pooled MD for leptin was 0.13 ng/ml (95%
Cl, —0.45—-0.71; p = 0.663); the pooled MD for ghrelin was 20.5 pg/
ml (95%Cl, —24.9—65.8; p = 0.376) (Table S2).

Nine studies conducted profile analyses of ghrelin using hourly
samples. Findings from these studies were mixed and thus were
summarized. In three studies, the peak of ghrelin typically occurred
around midnight and then the concentration gradually decreased
until the next early morning under both sleep conditions
[23,25,51]. However, in Dzaja et al. study [52], ghrelin only showed
this pattern during normal sleep. In comparison, during TSD,
ghrelin concentration rose steadily to a plateau in the morning and
declined after breakfast. The effect of sleep restriction on ghrelin
levels in response to meals has been conflicting. In one study,
postprandial ghrelin concentrations and post-meal nadir levels
were elevated during PSR as compared with normal sleep [25].
While in another study, ghrelin showed postprandial dips and
rebounds during PSR relative to normal sleep [23]. In addition, two
studies found that higher nocturnal ghrelin levels occurred during
PSR as compared with normal sleep [23,25]. In contrast, another
study reported decreased ghrelin levels during the first half the
night and an opposing pattern during the second half of the night
under TSD as compared with under normal sleep [51]. In the other
four studies, no significant effect on hourly ghrelin was observed
under PSR [53—-56].



Table 1
Study and participant characteristics (n = 41).

Author (year) Participants

Intervention:
Duration (washout),

Outcome measures

N; Male (%) Age (yrs.); BMI(kg/m?) L Hunger Appetite-relating Insulin sensitivity Caloric intake; energy Others
sleep condition . .
hormones or resistance expenditure
Bell et al. (2013) [100] 11; 54.5% 26 +3;235+23 8d (>3wk) Weight
C: 8.5h; E: 5.5h¢
Benedict et al. (2011) [51] 14; 100% 226+3.0;239+19 1d(>4wk) Morning hunger rating” Leptin and ghrelin (24 ¢ buffet (late-afternoon);
C: 8h; E: TSD profile, 15 samples) RMR from indirect
calorimetry
Benedict et al. (2012) [60] 12; 100% 233 +21;225+17 1d(>2wk) Morning hunger rating fMRI
C: 7h; E: TSD (0-9)
Brondel et al. (2010) [46] 12; 100% 220+3.0;223+18 2d(>5d) Morning hunger rating” ¢ eating (all day); TEE from
C: 8h; E: 4h¢ accelerometer
Broussard et al. (2015) [30] 19; 100% 235+3.0;23.1+1.7 4d (>4wk) IVGTT
C: 8.5h; E: 4.5h¢
Broussard et al. (2016) [25] 19; 100% 23.5+3.0;23.1+1.7 4d (>4wk) Leptin and ghrelin (24h ¢ eating (all day) Weight
C: 8.5h; E: 4.5h¢ profile, sampled every 15
—30 min)
Calvin et al. (2013) [49] 17;64.7% 241 +4.5;229 + 1.8 8d(N/A) Leptin and ghrelin (one ¢ eating (all day) Weight
C: usual sleep; fasting sample)
E: 2/3 usual sleep®
Cedernaes et al. (2014) [62] 14; 100% 233+19;234+19 1d(>4wk)C: Morning hunger rating” Cognitive control
8.5h; E: TSD task
Cedernaes & Fanelli 16; 100% 229 +28;239+2.0 3d(>5wk) Hunger rating”, multiple 2AG
et al. (2016) [17] C: 8.5h; E: 4:25h¢ times
Cedernaes & Lampola 16; 100% 229 +28;229 +2.0 3d(>5wk) HOMA-IR
et al. (2016) [24] C: 8.5h; E: 4:25h°
Chapman et al. (2013) [57] 14; 100% 23.0+3.0;234+19 1d (>4wk) Food purchase
C: 8h; E: TSD
Donga et al. (2010) [42] 9; 55.6% 446 + 14.7; 23.8 + 2.4 1d (>3wk) Hyperinsulinemic-
C: 8.5h; E: 4h¢ euglycemic clamp
Dzaja et al. (2004) [52] 9; 100% 28.0+3.1;240+29 1d(>2wk) Ghrelin (24h profile,
C: 8h; E: TSD sampled every 1h)
Eckel et al. (2015) [29] 16; 50% 224 +48;229 +24 5d(none) IVGTT
C: 9h; E: 5h!
Fang et al. (2015) [28] 46; 50% 347 +7.9; 248 + 2.8 1d (N/A) ¢ eating (all day) fMRI
C: 8h; E: TSD
Gonzalez-Ortiz 28; 50% 21.0 +£2.1;22.1 £ 1.3 1d (N/A) Insulin suppression
et al. (2000) [45] C: Normal; E: TSD test
Greer et al. (2013) [44] 23;435% 205+18;23.0+18 1d(>7d) Hunger rating® fMRI
C: 8.2h; E: TSD
Hanlon et al. (2016) [23] 14; 78.6% 234 +3.0;23.9+2.6 4d(>4wk) Hunger rating®, multiple Leptin and ghrelin (24h ¢ buffet (lunch and dinner) Weight
C: 8.5h; E: 4.5h¢ times profile, sampled every 1h)
2AG
Hart et al. (2015) [27] 12; 0% 41.7 +10.3,31.0 + 42 2d(>7d) Hunger rating®, multiple Leptin and ghrelin (one HOMA-IR ¢ buffet (lunch)
C: 9h; E: 5h°® times fasting sample)
Hibi et al. (2017) [21] 9; 100% 23.0+2.0; 222+ 3.0 3d(>2wk) Hunger rating®, multiple Leptin (one fasting sample) TEE from indirect
C: 7h; E: 3.5h°¢ times calorimetry
Hogenkamp et al. (2013) [58] 16; 100% 23.6 +24;23.0+3.6 1d(>4wk) Hunger rating®, multiple Ghrelin (one fasting Portion size task (food
C: 8h; E: TSD times sample) choice)
Markwald et al. (2013) [54] 16; 50% 224 +48;229 +24 5d(none) Hunger rating”, multiple Leptin and ghrelin (24h TEE from whole room Weight
C: 9h; E: 5h¢ times profile, sampled every 1h) calorimetry
McNeil et al. (2016) [22] 18; 66.7%  23.0 +4.0;22.7 + 2.7 1d (>7d) ¢ eating (all day); Weight
C: Normal; TEE from accelerometer

E:50% restriction’

(continued on next page)
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Table 1 (continued )

Author (year)

Participants

Intervention:
Duration (washout),

Outcome measures

N; Male (%) Age (yrs.); BMI(kg/m?) L Hunger Appetite-relating Insulin sensitivity Caloric intake; energy Others
sleep condition . !
hormones or resistance expenditure
McNeil et al. (2017) [20] 18; 66.7%  23.0 +4.0;22.7 + 2.7 1d (>7d) Hunger rating”, fasting ¢ buffet (lunch)
C: Normal; and post-meal
E:50% restriction
Nedeltcheva & Kessler 11;545% 39.0 +5.0; 25,5+ 1.5 14d (>3mo) IVGTT
et al. (2009) [101] C: 8.5h; E: 5.5h¢
Nedeltcheva & Kilkus 11;545% 39.0+5.0;255+ 1.5 14d (>3mo) Leptin and ghrelin (24h ¢ eating (all day); Weight
et al. (2009) [55] C: 8.5h; E: 5.5h¢ profile, sampled every TEE and RMR from indirect
30min) calorimetry
Rao et al. (2015) [18] 14;57.1% 27 £5; 241 + 4.1 5d (4—10wk) Hyperinsulinemic- RMR from indirect
C: 8h; E: 4h euglycemic clamp calorimetry
Schmid et al. (2007) [102] 10; 100% 253 +44;238 +1.6 1day (>2wk) Hunger rating (0-9),
C: 7h; E: TSD multiple times
Schmid et al. (2008) [65] 9; 100% 242 +3.0,23.8+1.8 1d(>2wk) Morning hunger Leptin and ghrelin (average
C: 7h; E: 4.5h" rating (0—9) of two fasting samples
collected at 7am and
7:30am)
Schmid & Jauch-Chara 10; 100% 253 +44;238 +1.6 1d(>2wk) HOMA-IR
et al. (2009) [64] C: 7h; E: 4.5h"
Schmid & Hallschmid 15; 100% 229 +1.2;27.1 £5.0 2d(>6wk)C: Hunger rating (0—9), Leptin and ghrelin (15h ¢ eating (all day)
et al. (2009) [53] 8h; E: 4h¢ multiple times profile, sampled every 1h)
Schmid et al. (2011) [63] 15; 100% 229+ 1.2;271+50 2d(>6wk) Glucose metabolism in
C: 8h; E: 4h¢ response to breakfast
Shechter et al. (2014) [47] 10; 0% 28.0+73,260+ 15 3d(4wk) RMR from indirect
C: 8h; E: 4h¢ calorimetry
Simpson et al. (2010)" [50] 145; 52.2% 30.4; 24.7 5d (N/A) Leptin (one fasting sample)
C: 10h; E: 4h°
Spaeth et al. (2013)" [43] 225; 55% 31.3+7.9; 248 +33 5d(N/A) ¢ eating (all day) Weight
C: 10h; E: 4h®
Spaeth et al. (2015) [26] 47;55.6% 33.8+9.2;24.8 +3.1 5d(N/A) ¢ eating (all day); Weight
C: 10h; E: 4h® RMR from indirect
calorimetry
Spiegel et al. (2004) [16] 12; 100% 22.0+2.0;23.6 +2.0 2d(>6wk) Hunger rating”, Leptin and ghrelin (12h
C:10h; E: 4h¢ multiple times profile, sampled every 1h)
St-Onge et al. (2011) [59] 27;51.9% 353 +£5.2;236+ 1.0 5d(>3wk) Hunger rating” ¢ eating (all day);
C: 9h; E: 4h¢ TEE by doubly labeled
water and RMR by indirect
calorimetry
St-Onge & McReynolds 26;53.8% 35.1+5.1;23.6+13 5d(>3wk) fMRI
et al. (2012) [61] C: 9h; E: 4h¢
St-Onge & O'Keeffe 27;51.9% 353 +5.2;236+1.0 5d(>3wk) Leptin and ghrelin (5 daily HOMA-IR Weight
et al. (2012) [56] C: 9h; E: 4h¢ fasting samples and 24
profile, 15 samples)
van Leeuwen et al. (2010) [48] 23; 100% 23.1+25;233+2.7 5d(N/A) Morning hunger Leptin (one fasting sample) Insulin/glucose ratio
C: 8h; E: 4h° rating (1-5)

Notes. C, control condition; E: experimental condition; HOMA-IR, homeostatic model assessment-insulin resistance; N/A, not applicable; IVGTT, intravenous glucose tolerance test; RMR, resting metabolic rate; TEE, total energy

expenditure; TSD; total sleep deprivation; 2-AG, 2-arachidonoylglycerol.
2 Cluster randomization was used, one cluster consisted of 4—5 participants.
b 0—100 mm visual analog was used.

c

ad libitum eating.

4 Sleep restriction was achieved by moving the bedtime and wake time proportionally closer together.

€ Sleep restriction was achieved by delaying the bedtime without changing the wake time.

f Sleep restriction was achieved by advancing the wake time without changing the bedtime.
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Study N, mean N, mean %

ID WMD (95% ClI) (SD), E (SD);C  Weight

TSD i

Benedict, 2011 | ——————  34.00(19.92, 48.08) 14,57 (19) 14,23 (19) 6.90

Benedict & Brooks, 2012 : + 21.00 (-10.44, 52.44) 12, 74 (48) 12, 53 (28) 2.81

Cedernaes, 2014 ) 36.00 (20.77, 51.23) 14,63 (22) 14,27 (19) 6.49

Greer, 2013 - 7.00 (3.53,10.47) 23,47 (6) 23,40(6) 10.49

Hogenkamp, 2013 - 15.00 (-3.07, 33.07) 16,76 (28) 16, 61(24) 5.58

Schmid, 2007 —_— 26.00 (12.97, 39.03) 10,41 (19) 10,15(9) 7.28

Subtotal (I-squared = 84.1%, p = 0.000) — e 22.77 (9.68, 35.86) 89 89 39.55
1

PSD |

Brondel, 2010 - * 23.00 (2.50, 43.50) 12,57 (23) 12,34 (28) 4.90

Cedernaes & Fanelli, 2016 — 13.00 (-1.13, 27.13) 16, 64 (16) 16, 51 (24) 6.88

Hanlon, 2016 ! -6.00 (22.44, 10.44) 14, 45 (27) 14, 51 (16) 6.09

Hart, 2015 1 . -1.00 (-21.60, 19.60) 12, 50 (22) 12, 51 (29) 4.87

Markwald, 2013 —_— ' -1.00 (-8.65, 6.65) 16, 27 (10) 16, 28 (12) 9.28

McNeil, 2017 —;E— 12.00 (0.87, 23.13) 18,77 (16) 18, 65 (18) 7.99

Schmid, 2008 —_— 5.00 (-6.43,16.43) 9,22(15) 9,17(9) 7.88

Schmid & Hallschmid, 2009 ~ " 3.00 (-12.10, 18.10) 15,47 (19) 15, 44 (23) 6.54

Spiegel, 2004 : ~+ 27.00 (10.36, 43.64) 12, 71 (17) 12, 44 (24) 6.02

Subtotal (-squared =52.1%, p=0.033) |~z 7.49(0.85, 14.13) 124 124 60.45
1

Overall (I-squared = 72.8%, p = 0.000) <:'_'T"_:> 13.43 (7.30, 19.55) 213 213 100.00

NOTE: Weights are from random effects analysis E

T T
-52.4 0 524

Fig. 2. Forest plots for subjective hunger level (mm): subgroup analysis based on the type of sleep intervention (n = 15). Notes. TSD, total sleep deprivation: MD = 22.8, z = 341,
p = 0.001. PSR, partial sleep restriction: MD = 7.5, z = 2.21, p = 0.027. Overall: MD = 134, z = 4.3, p < 0.001.

Similarly, eight studies conducted profile analyses of leptin us-
ing hourly samples. Most of the studies did not find a significant
effect of sleep restriction on hourly profiles of leptin [25,51,53—56].
Only two studies, a blunted amplitude [23] and consistent
reductions in daytime leptin were reported [16]. Two studies
[16,23] reported an increased ratio of ghrelin to leptin under PSR.

Endocannabinoids (2-arachidonoylglycerol: 2AG)

Two studies evaluated the effect of sleep restriction on 2AG. One
study [17] found that PSR resulted in a higher level of 2AG. In another
study [23], although the 24h mean level of 2AG did not differ
between conditions, PSR resulted in a higher amplitude and peak.

Effect of sleep restriction on energy balance and weight

Caloric intake

A total of 17 studies examined the effect of sleep restriction on
caloric intake (Table 1). All studies measured actual ad libitum caloric
intake, except in two where indirect caloric intake was measured
during food purchase [57] or portion size tasks [58]. Findings from
these two studies were excluded from the analysis and 11 studies
were included in the meta-analysis. Separate analyses were per-
formed for studies that measured caloric intake over one meal (n = 3)
and over a day (n = 8, all used PSR). Findings from each study are
presented in Table S1. Based on Fig. 3 and Table S2, participants under
sleep restriction consumed 95.9 (95%Cl, —299.8—108.0; p = 0.36) less
kcal than under normal sleep over one meal. In contrast, participants
under PSR consumed 252.8 (95%Cl, 59.1—446.5; p = 0.011) more kcal
than under normal sleep over a day.

Several studies examined the impact of sleep restriction on the
macronutrient breakdown of the food, with mixed findings. Sleep
restriction resulted in higher proportions of carbohydrates con-
sumption in two studies [25,54], fat consumption in three studies
[46,53,59], and protein consumption in one study [27]. Sleep
restriction did not exert significant impacts on macronutrient
consumption in other studies [20,22,23,26,51,55]. Interestingly,

sleep restriction induced more caloric intake from snacks with an
increased carbohydrates consumption [23,25,54,55].

Energy expenditure

Six studies assessed resting metabolic rate using indirect calo-
rimetry (Table 1). Based on the forest plot (Fig. S2) and Table S2,
there was no significant effect of sleep restriction on resting
metabolic rate (MD = —27.3 kcal/d; 95%CI, —83.4—28.9; p = 0.341).

Six studies assessed total energy expenditure using the accel-
erometer, calorimetry, or doubly labeled water. Due to the large
variability in the assessment methods, findings were not meta-
analyzed. None of the studies reported a significant effect of sleep
restriction on total energy expenditure (Table S1).

Weight

Ten studies (all used PSR) evaluated the effect of sleep restric-
tion on weight. The duration of the intervention ranged from 1 to 14
days, and six studies used a 4d or 5d intervention. Weight change in
one study [49] was expressed as median and thus was excluded
from the meta-analysis. Weight change from baseline to post-
intervention was not reported in two studies [22,25], and there-
fore the post-intervention value was used. Based on Table S2 and
Fig. 4, PSR resulted in a significant weight gain (MD = 0.34 kg; 95%
Cl, 0.11-0.57; p = 0.003).

Effect of sleep restriction on changes in brain activity in response to
food stimuli

Five studies assessed the effect of sleep restriction on changes in
brain activity in response to food stimuli (Table S1). TSD was
associated with greater activation in the right anterior cingulate
cortex [60]. After TSD, participants exhibited increased brain con-
nectivity in the salience network, which was involved in reward
[28]. The overall neuronal activity in response to food stimuli was
greater after restricted sleep than after habitual sleep, and a relative
increase in brain activity in areas associated with reward was also
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|
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|
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Schmid & Hallschmid, 2009 —o-—;— -101.00 (-854.10, 652.10) 15, 3969 (999) 15, 4070 (1103)  6.62
I
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Fig. 3. a) Forest plot for caloric intake (kcal) over one meal (n = 3). Notes. MD = —95.9, z = 0.92, p = 0.357. b) Forest plot for caloric intake (kcal) over a day (n = 8). Notes.

MD = 252.8, z = 2.56, p = 0.011.

observed [61]. Another study [62] reported less cognitive control
over food stimuli under sleep restriction. Sleep restriction also
reduced activity in cortical regions, which resulted in the selection
of foods most capable of triggering weight-gain [44].

Effect of sleep restriction on insulin sensitivity/resistance

Five studies (all used PSR) reported the impact of sleep restric-
tion on insulin sensitivity. Intravenous glucose tolerance test
(n = 3) and hyperinsulinemic-euglycemic clamp (n = 2) were used
(Table 1). Therefore, subgroup analysis based on the methods was
conducted. PSR resulted in a significant decrease in insulin
sensitivity (overall SMD = —0.70; 95%CI, —1.05 to —0.35; p < 0.001)
(Table S2 and Fig. 5). When intravenous glucose tolerance test was
used, the SMD was —0.80 (p < 0.001).

Eight studies (seven used PSR) reported the impact of sleep
restriction on insulin resistance. Table 1 shows the measure-
ments, which varied significantly between studies (e.g.,

homeostatic model assessment of insulin resistance and insulin
suppression test). Thus, findings were qualitatively summarized
here. Sleep restriction resulted in a significant increase in insulin
resistance in five studies [24,42,45,48,63] but not in the other
three [27,56,64]. Findings from each study are presented in
Table S1.

Sensitivity analysis and publication bias

Three sensitivity analyses (Fig. S3) were conducted for weight
change. When the study [43] using cluster RCT design was
excluded, the pooled MD was 0.28 kg (p = 0.019). Excluding the two
studies reporting post-intervention weight did not change the
overall effect (MD = 0.34 kg; p = 0.003). Excluding the study using
a 1l4-day intervention did not change the overall effect
(MD = 0.35 kg, p = 0.003). Egger's tests revealed no apparent
publication bias (Table S2). Visual inspection also suggested a high
degree of funnel plot asymmetry.
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Study N, mean %
ID WMD (95% CI) N, mean (SD); E (SD); C Weight
Bell, 2013 0.11 (-0.35,0.57) 11,.01(.6) 11,-1(5)  24.04
Broussard, 2016* . 0.60 (-6.21,7.41) 19,756 (105) 19,75(10.9) 0.11
Hanlon, 2016 {q -0.23 (-0.92, 0.46) 14,-.26 (.72) 14,-.03 (1.1) 10.80
Markwald, 2013 tj 0.60(0.14, 1.06) 16, .9 (.5) 16, .3 (.8) 2397
McNeil, 2016* _-— 0.20 (-5.84,6.24) 18,69.4 (9.3) 18,69.2(9.2) 0.14
Nedeltcheva & Kilkus, 2009 —El-l— -0.20 (-1.76, 1.36) 11, 1.9 (1.6) 11,2.1(21) 210
Spaeth, 2015 \‘]J 0.70 (-0.16, 1.56) 36, 1.3 (1.2) 11,6(1.3) 689
Spaeth, 2013 J:’ 0.86 (0.13,1.59) 198, .97 (1.43)  27,.11(1.85) 9.73
St-Onge & O'Keeffe, 2012 { - ’ 0.30 (-0.18, 0.78) 27,-.8 (.9) 27,-11(9) 2222
Overall (l-squared = 0.0%, p = 0440)7 3 0.34 (0.11,057) 350 154 100.00
T I: T
-1.41 0 7.41

Fig. 4. Forest plot for weight change (kg) (n = 9). Notes. MD = 0.34, z = 2.95, p = 0.003; *post-intervention value was used.

Risk of bias assessment

Table S3 presents the generic risk of bias. Only one study
mentioned the use of allocation concealment [49]. Although
blinding of participants was not possible, several studies indicated
that participants were unaware of the conditions they were
assigned to until the beginning of the intervention. Therefore, the
risk of performance bias was considered low for these studies.
Detection bias was not clear, but it was considered low in studies
that included only objective measures. In one study [27], all
measures were blinded except for hunger ratings. No apparent
attrition and selective bias were detected.

Table S3 also shows the risk of bias related to crossover design.
Only one study [65] explicitly stated the rationales for crossover
design. All studies included data from both periods. However, only
a couple evaluated or mentioned the assessment of carry-over
effect. Almost all studies presented data as if they arose from a
parallel-group design, except one [46].

Discussion
The aim of this systematic review was to provide an up-to-

date, comprehensive examination of the effects of sleep re-
striction on metabolism-related parameters. We found that

Study N, mean %
ID SMD (95% Cl) N, mean (SD); E (SD); C Weight
Intravenous glucose tolerance test E
Broussard, 2015 (—3—;— -1.05 (-1.73, -0.37) 19,4.2(.9) 19,54 (1.3) 26.10
Eckel, 2015 —SI— -0.73 (-1.45, -0.01) 16,3.2(1.2) 16,4.1(1.2) 2357
Nedeltcheva & Kessler, 2009 —E*—— -0.49(-1.34, 0.36) 11,3.3(1.1) 11,4 (1.6) 16.82
Subtotal (I-squared = 0.0%, p = 0.588<:> -0.80 (-1.22, -0.37) 46 46 66.49

i
Hyperinsulinemic-euglycemic clamp '
Donga, 2012 —:0—— -0.59 (-1.54, 0.36) 9, 32.5 (10.8) 9, 40.7 (15.3) 13.51
Rao, 2015 —i—o—— -0.45(-1.23,0.33) 13,6.88(2.88) 13, 9.2(6.38) 20.00
Subtotal (l-squared = 0.0%, p = 0.829)4<Ir‘>- -0.51(-1.11,0.09) 22 22 33.51

i
Heterogeneity between groups: p = 0.447 !
Overall (l-squared = 0.0%, p = 0.793) <> -0.70 (-1.05, -0.35) 68 68 100.00

|

I

T : T
-1.73 0 1.73

Fig. 5. Forest plot for insulin sensitivity: subgroup analysis based on methods of assessment (n = 5). Notes. Intravenous glucose tolerance test: SMD = —0.80, z = 3.64, p < 0.001
Hyperinsulinemic-euglycemic clamp: SMD = —0.51, z = 1.65, p = 0.098. Overall, SMD = —0.70, z = 3.93, p < 0.001.
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sleep restriction resulted in significant increases in subjective
hunger, caloric intake, and weight gain, but a decrease in insulin
sensitivity. Sleep restriction also elicited changes in brain
activities involving reward and cognitive control in response to
eating. However, we did not find significant impacts of sleep
restriction on total appetite-regulating hormones and energy
expenditure. These findings contributed to our knowledge of the
impact of sleep restriction on metabolism and provided novel
directions in preventing metabolic diseases including obesity
and diabetes.

We found strong evidence supporting the detrimental effect of
sleep restriction on hunger, and TSD exerted a larger effect than
PSR. Hunger level was higher in severe compared with moderate
sleep restriction conditions, suggesting that the impact of sleep
restriction on hunger may be dose-dependent [66]. This increase
in subjective hunger coincided with the increase in calories
measured during a portion size task [58] and supermarket pur-
chase test [57]. The mechanisms underlying the relationship be-
tween sleep restriction and hunger have not been fully
understood. One night of sleep deprivation decreased waking
glucose metabolism in multiple regions [67]. According to the
Glucostatic Theory of Food Intake Control, reduced glucose utili-
zation in important brain regions may result in increased
perception of hunger [68]. Additionally, hunger can be concep-
tualized from homeostatic and hedonic perspectives. Homeostatic
hunger has traditionally been used to describe a biological or
subjective state of acute energy depletion. The use of a fasting
period (e.g., 8h sleep) creates a state of homeostatic hunger. In
contrast, hedonic hunger depends much on the immediate food
environment (e.g., palatability of the food) [69]. Despite these
distinctions, there are functional and anatomical overlaps
between homeostatic and hedonic eating systems. These two
systems are likely both activated during all eating situations. In
this review, we used hunger levels upon awakening and during
fasting. The hunger presented may largely reflect the homeostatic
state. Yet, hedonic hunger is also likely involved as supported by
the increased consumption of snacks (particularly carbohydrates)
[23,25,54,55].

Although sleep restriction resulted in increased hunger,
no corresponding changes in overall leptin and ghrelin were
observed, which was similar to a previous review [12]. Variability
and timing of blood sampling may account for the negative find-
ings. In this review, most studies only had one fasting sample.
Rising ghrelin in concert with falling leptin may serve as a critical
signal to induce hunger during fasting [70], thus the ratio of the
two hormones may be more important than the levels of each
alone. Compared to sleep extension, a 2d PSR was associated with
an 18% decrease in leptin and a 20% increase in ghrelin in healthy
men; the increase in hunger was related to the increase in the
ghrelin-to-leptin ratio (r = 0.87). Almost 70% of the variance in
increased hunger was accounted for by the increase in the ghrelin-
to-leptin ratio [16]. The impact of sleep restriction on these hor-
mones likely shows circadian variations. When the 24-hour profile
of these hormones was explored, changes were observed during
sleep restriction. Hanlon et al. described an increase in the ratio of
ghrelin and leptin peak, indicating a shift towards more hunger
[23]. Another study found that the nocturnal increase in ghrelin
was blunted by TSD and ghrelin levels increased steadily to a
plateau in the early morning without a decrease until breakfast.
Additionally, the lack of significant changes in leptin may be due to
the inert nature of its release, and the duration of sleep restriction
may not be sufficient to elicit the slow and gradual decrease in
leptin [65].

It worth mentioning that several factors may account for
differences between studies in results related to leptin and ghrelin,

including sex, diet, and energy balance. Females had significantly
higher circulating leptin level, plasma ghrelin level, and leptin-to-
ghrelin than males [71,72]. The impact of sleep restriction on
leptin and ghrelin may differ for females and males. In this review,
we performed subgroup analyses based on sex. Nonetheless, no
significant effect was observed possibly due to the limited number
of studies that recruited exclusively females (n = 2). In those
studies that assessed sex difference, it was reported that PSR
increased ghrelin levels in males but not females [56]. Within the
PSR condition, females had a greater increase in fasting leptin levels
from baseline to PSR than males [50]. Diet may also explain the
inconsistent findings between studies. In this review, all proced-
ures were conducted in the controlled laboratory. Although
participants received standardized mixed meals, diet composition
varied slightly. Dietary composition can induce leptin resistance
even without increasing the circulating leptin [73]. In contrast,
changes in dietary composition in mixed meals had little effect on
ghrelin [74]. Energy balance has been closely related to the change
of leptin and ghrelin. Energy deficit typically causes an increase in
ghrelin and a decrease in leptin [75]. In this review, participants
remained sedentary in the laboratory. They were provided with
meals that met their energy need to maintain energy balance.
It seems that energy balance status may not have exerted much
influence on these hormones.

Significant changes in brain activity in response to food stimuli
were observed under sleep restriction, particularly regions related
to cognitive control and reward. Previous evidence also found that
sleep restriction resulted in a global decrease in brain activity, with
larger decreases in the regions mediating higher-order cognitive
processes, such as decision-making [76]. Additionally, sleep re-
striction has resulted in increased activations in food-sensitive
regions in the brain [77]. A review [78] suggested that hedonic
factors may be more likely to contribute to increased food intake
rather than appetite-regulating hormones under sleep restriction.
Changes in those brain regions may explain the decreased inhibition
over eating and increased hedonic drive to overeat. Recently, Rihm
and colleagues [79] found that TSD selectively resulted in an in-
crease in the amygdala, hypothalamus activity, and functional
connectivity between these two regions in response to food rewards
compared with nonfood rewards. In contrast, no significant changes
in hormones were observed. These findings further support that
hedonic pathways may be involved in the impact of sleep restriction
on food reward.

In this review, we did not observe a significant impact of sleep
restriction on total energy expenditure or resting metabolic rate, in
line with previous evidence [12,19]. This insignificant finding needs
to be interpreted with caution. Sleep loss may not influence energy
expenditure in the same magnitude and direction [80]. In addition,
despite including more RCTs, the current pooled sample size
remained small. Energy metabolism is closely coupled with the
circadian system to meet the energy requirement during the bio-
logical day and night. Sleep restriction could affect caloric intake in
a circadian manner [81]. It could be argued that the effect of sleep
restriction on energy expenditure may also exhibit circadian vari-
ations. In this review, only a summary of energy expenditure was
obtained, which may have masked the significant relationship.
Nonetheless, no apparent circadian pattern was observed in pre-
vious studies that included 24h hourly assessment of energy
expenditure in a metabolic chamber [54,82,83].

When caloric intake over a day was obtained, sleep restriction
resulted in a 252.8 kcal increase (p = 0.011). This finding is in line
with a previous report of a 364 kcal in caloric intake after sleep
restriction [19]. In contrast, when caloric intake was measured over
one meal, participants under sleep restriction consumed 95.9
(p = 0.36) less kcal than under normal sleep. Caloric intake largely
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depends on the amount of food available [84]. Therefore, the
accumulated effect of sleep restriction on ad libitum food con-
sumption would be larger over a day than over one meal. In addi-
tion, sleep restriction may not acutely increase caloric intake [53],
and one meal is unlikely to capture important eating behaviors that
operate over longer periods (e.g., delayed compensation) [85].
Indeed, we found that sleep restriction increased compensatory
caloric intake from snacks in this review.

We also found that sleep restriction resulted in a significant
weight gain (0.34 kg). In a previous review, sleep restriction
resulted in a non-significant weight gain (0.68 kg, 95%
Cl, —0.09—1.44) [12], which may be explained by the compara-
tively small sample size. In this review, participants remained in
the laboratory and did not engage in physical activity. There was a
non-significant change in energy expenditure but a significant
increase in energy intake, leading to a positive energy balance.
Noteworthily, it is likely that the duration of the intervention in
most studies was not long enough to produce larger weight
change. Although the amount of weight gain was modest, this
change could contribute to increased adiposity over a long period
as has been observed previously [86]. On a molecular level, TSD
altered genome-wide DNA methylation in adipose tissues to
promote adiposity but induced a molecular catabolic signature
in skeletal muscle. These changes may favor weight gain [87].
Interestingly, females had a larger increase in energy intake
during PSR relative to normal sleep than men [59]. Weight gain
under sleep restriction was only observed in females but not
males [54]. We observed a significant weight gain despite most
participants being males.

Sleep restriction exerted a moderate effect on insulin sensitivity.
Multiple pathways underlying the relationship between sleep re-
striction and glucose metabolism have been summarized. These
include decreased brain glucose utilization, increased inflamma-
tion, sympathovagal imbalance, and changes in cortisol/growth
hormone release under sleep restriction [88]. Studies examining
the underlying molecular pathways are also increasing. PSR caused
an insulin-resistant state in human peripheral adipocytes [89].
Recently, it was reported that sleep restriction dramatically
disrupted the circadian regulation of white adipose tissue tran-
scriptome, resulting in an impairment in carbohydrates meta-
bolism and glucose homeostasis [90]. Building upon previous
evidence, we quantified the effect of sleep restriction on insulin
sensitivity. The effect size was moderate, interpreted using Cohen's
recommendation. To put in comparison, a previous review [91]
found a moderate effect of supervised physical activity on insulin
sensitivity among healthy adults. Thus, the magnitude of the effect
of inadequate sleep on insulin sensitivity seemed similar to that of
physical activity, suggesting that this impact is clinically significant.
The results are also in agreement with a previous meta-analysis of
longitudinal studies demonstrating that the risk of incident
diabetes as a result of inadequate sleep was comparable to that of
physical inactivity [92].

Overall, our findings support that adequate sleep should be
highly recommended by healthcare professionals during patient
education and clinical visits, particularly to those at risks for obesity
and diabetes. An increasing number of studies has investigated the
effect of sleep extension. Tasali et al. [93] found that a two-week
sleep extension in the free-living setting resulted in significant
decreases in appetite and desire for high-calorie foods. Both in-lab
and at-home sleep extension has resulted in improved insulin
sensitivity in healthy participants [94,95]. These findings supported
the feasibility of sleep extension interventions. Future studies are
needed to shed more lights on the effect of sleep extension on
various metabolism-related parameters, such as hunger percep-
tion, energy intake, and weight.

This review has several strengths and limitations. The causality
inference was enhanced by including only RCTs. Sleep intervention
was delivered in the closely monitored environment, which
improved the fidelity of the intervention. We provided a more
comprehensive review by including both types of sleep restriction
(i.e., TSD/PSR). Nonetheless, a number of limitations need to be
addressed in future studies. In this review, the sum score from both
sleep conditions was analyzed as if the trial used a parallel-group
design because data required to include a paired analysis were
rarely reported. This type of analysis has limitations, such as too
wide confidence intervals and too little weight of each trial, which
may disguise clinically important heterogeneity. In this review, 10
studies used TSD. Among the 31 studies using PSR, 18 achieved PSR
without shifts in circadian phase by moving the usual bedtime and
wake time proportionally closer together. The others either delayed
the bedtime without changing the wake time (n = 9) or advanced
the wake time without changing the bedtime (n = 4). In the above
cases, altered circadian timing may have occurred, as was reported
by Markwald et al. [54]. Thus, it is possible that the circadian
change resulting from sleep restriction might affect the outcomes
of interest. In addition, food intake has been related to the circadian
system. However, few studies have partitioned them, precluding us
from examining whether sleep restriction affects food intake in a
circadian manner. Findings from this review may only be general-
ized to young, healthy adults, particularly males. Sleep restriction
may disrupt metabolism through separate pathways in males
and females [96]. Age may moderate the relationship between
sleep and metabolic health [97]. Future studies consisting of more
representative samples are needed.

In summary, building upon previous evidence, we demon-
strated the detrimental effects of sleep restriction on various
metabolism-related parameters. Sleep restriction resulted in a
significant increase in subjective hunger, caloric intake, and weight
gain, but a decrease in insulin sensitivity. Sleep restriction may also
affect the rewarding system and cognitive control over eating.
These findings may provide novel directions in preventing meta-
bolic diseases including obesity and diabetes. In the meanwhile,
more studies are warranted to further unveil the impact of sleep
restriction on metabolism-related factors including brain re-
sponses to eating and appetite-regulation hormones from the
circadian perspective. In addition, future research is needed to
shed more lights on the underlying mechanistic pathways
involved in the effect of sleep restriction on metabolic health. For
instance, sleep restriction may promote metabolic diseases by
disrupting the gut microbiome community, though current find-
ings have been mixed [98,99]. Sleep restriction has induced
molecular changes in adipose tissues and skeletal muscle [87]
and disrupted the circadian regulation of white adipose tissue
transcriptome [90]. This emerging evidence offers new insight into
the underlying mechanisms.

Practice points

1) Inadequate sleep causes an increased sense of hunger.

2) Inadequate sleep increases daily caloric intake without
changing energy expenditure, leading to overall weight
gain.

3) Inadequate sleep impairs insulin sensitivity.

4) Inadequate sleep may cause brain activity changes in
regions involving reward and cognitive control over
eating.
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Research agenda
1) Larger trials using a more representative sample and

2) More studies are needed to examine the effect of sleep

3) Future research is warranted to examine whether sleep

longer intervention are warranted to confirm the findings.

optimization on metabolic health and mechanistic path-
ways involved.

loss affects metabolism-related outcomes in a circadian
manner, including appetite-regulating hormones and
brain response to food stimuli.
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