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s u m m a r y

Poor sleep habits are associated with increased risk of developing type 2 diabetes. In this review andmeta-
analysis, we aimed to investigate the effects of sleep manipulation on markers of insulin sensitivity from
randomized, controlled trials. Sleep manipulationwas defined as reduction in sleep duration, sleep quality,
and circadian misalignment. A systematic literature search was conducted in three databases and resulted
in 35 eligible articles. The studies included interventions on sleep restriction (26 studies), slow wave sleep
suppression and rapid eye movement sleep disturbance (2 studies), sleep fragmentation (2 studies), and
circadian misalignment (5 studies). The meta-analysis included 21 sleep restriction studies.

Sleep restriction reduced insulin sensitivity assessed by oral or intravenous glucose tolerance test and
homeostatic model assessment of insulin resistance. Whole-body insulin sensitivity was also reduced
after short sleep when measured by the hyperinsulinemic euglycemic clamp, but peripheral insulin
sensitivity was not affected. In addition, circadian misalignment and slow wave sleep suppression
negatively affected insulin sensitivity, while rapid eye movement sleep disturbance and sleep frag-
mentation had no effect.

In summary, the studies indicated that duration, quality, and timing of sleep are essential for metabolic
function and risk of type 2 diabetes.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Proper sleep is essential for cognitive and physiological func-
tions and general wellbeing and is considered of great importance
for preventing noncommunicable diseases, such as type 2 diabetes
[1e3]. However, a growing body of evidence suggests that reduced
sleep duration, poor sleep quality, and circadian misalignment
jeopardize the beneficial effects of sleep [4].

A large proportion of the population seems to sleep less than
recommended. Findings from the National Health Interview Survey
indicate that the proportion of U.S. adults aged 18e84 years sleeping
�6 hours/night increased from 28.6% in 2004 to 33.0% in 2017 [4]. In
arch, Steno Diabetes Center
rlev, Denmark.

r Ltd. This is an open access article
the same period, the proportion of adults sleeping the recom-
mended 7e8 hours/night and �9 hours/night declined from 63.0%
to 59.8% and from 8.5% to 7.3%, respectively [4]. A similar pattern
was reported among children and adolescents [5]. Multiple factors
might explain the decline in sleep duration in recent years. How-
ever, a modern lifestyle characterized by a demandingworkload and
increased usage of technology before bedtime could cause
neglection of optimal sleep and misalignment of the sleep-wake
cycle [6].

A decline in sleep quality has also been reported in terms of a
rising prevalence of insomnia symptoms and sleep disturbances
across age groups from 1993 to 2012 [7]. Sleep quality is more
difficult to define than sleep duration, and thusmore challenging to
measure. In 2017, The National Sleep Foundation concluded that
sleep quality was a matter of sleep continuity and sleep architec-
ture [8]. The optimal sleep architecture for good sleep quality for
adults was agreed to be �5% stage 1 sleep, <81% stage 2 sleep,
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16e20% slow wave sleep (SWS), and 21e30% rapid eye movement
(REM) sleep [8].

During the last decade, the decline in sleep duration occurred in
parallel with increasing type 2 diabetes prevalence [9]. The global
prevalence of diabetes is concerning with growing diabetes inci-
dence rates among children and adults [10]. Short sleep duration,
poor sleep quality, and circadian misalignment have been consid-
ered lifestyle risk factors for type 2 diabetes that are comparable to
traditional risk factors, such as overweight, poor diet and low levels
of physical activity [11e13]. Moreover, shift work is prevalent (10%
among the U.S. working population) and associated with an
increased risk of developing type 2 diabetes [13,14]. Sleep in-
fluences many physiological functions and follows a circadian
rhythm controlled by the suprachiasmatic nucleus in the brain. The
sleep-wake cycle disruption might have adverse effects on the
diurnal rhythm of insulin sensitivity and the underlying mecha-
nisms [15].

Previous reviews and meta-analyses of observational and
interventional studies have investigated short sleep, poor sleep
quality, circadian misalignment, and sleep disorders in relation to
obesity, insulin resistance, type 2 diabetes, and the metabolic
syndrome in children and adults [1,2,16e19]. However, so far, no
systematic review has evaluated the evidence exclusively from
randomized, controlled trials to investigate the potentially varied
effects of different sleep interventions on markers of insulin
sensitivity. Thus, the primary aim of this systematic review and
meta-analysis was to examine the evidence from randomized,
controlled trials on how sleep manipulation affects markers of in-
sulin sensitivity. Sleep manipulation is characterized by reduced
sleep duration, lowered sleep quality by altering the sleep archi-
tecture, or entraining circadian misalignment. Initially, we included
a secondary aim on the potential differential effects of sleep
manipulation in individuals with normoglycemia, prediabetes, and
type 2 diabetes. This aim was not addressed because of a lack of
studies that include individuals with prediabetes and type 2 dia-
betes. Finally, the third aim of this review was to explore the po-
tential underlying mechanisms that may explain effects of sleep
manipulation on changes in insulin sensitivity.

Method

Protocol registration

A protocol was developed based on the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis for Protocols
(PRISMA-P) [20] and was registered May 24th 2020 at PROSPERO
(ID: CRD42020164177). The systematic review and meta-analysis
were conducted according to the PRISMA guidelines and the
Cochrane Handbook for Systematic Reviews of Interventions
[21,22]. The meta-analysis was not part of the original protocol but
was included to estimate the effect sizes of sleep manipulation on
markers of insulin sensitivity.

Search strategy and criteria

A search strategy was designed based on search terms related to
the interventions (sleep manipulation) and the primary outcome of
interest (changes in markers of insulin sensitivity) (see
Supplementary material for detailed search strategy). The search
string was adjusted to match the criteria from the different data-
bases. The literature search was applied to the databases PubMed
(MEDLINE), Web of Science (Clarivate Analytics) and Scopus
(Elsevier, including Embase). The first search was performed on
December 12th 2019, and continuously updated during the review
process. The latest literature search was done on May 18th 2021.
2

Moreover, the reference lists of relevant articles were searched
manually to identify potential studies.

PICOS criteria for eligibility

Population: Participants of all ages without known sleep
disorders.

Intervention: Sleep manipulation, i.e., reduced sleep duration
or quality, circadian misalignment etc., except total sleep depriva-
tion (0 h sleep/night).

Comparison: Normal sleep duration (�7 hours/night), non-
fragmented sleep, circadian alignment, no disruption of sleep
architecture.

Outcomes: Changes in markers of insulin sensitivity assessed
by: hyperinsulinemic-euglycemic or -isoglycemic (HIEG) clamp,
intravenous glucose tolerance test (IVGTT), oral glucose tolerance
test (OGTT), fasting and/or post-load insulin, and indices of insulin
sensitivity or resistance, e.g., homeostatic model assessment for
insulin resistance (HOMA-IR), quantitative insulin sensitivity check
index (QUICKI).

Study design: Randomized, controlled trials with either a
crossover or parallel design.

Study selection

The search results of the databases were imported into the
software program EndNote X9 (Clarivate Analytics, Philadelphia,
USA) for duplicate removal. A second round of duplicate removal
was done in the web-based software program Covidence (Veritas
Health Innovation, Melbourne, Australia). Covidence was also used
for title and abstract screening, full-text screening, and data
extraction. The screening was done by three independent re-
viewers, NS, JSQ, and ADT. Disagreements were resolved by
consensus.

Data extraction

The data were independently extracted by two researchers, NS
and ADT, into Covidence. NS created the data extraction tables. The
data extracted from the studies included the outcomes of interest
and information on study and population characteristics. A detailed
list of the extracted data and comprehensive tables (Supplementary
Tables S1eS4) containing the sleep stages, insulin sensitivity,
glucose metabolism, and related hormones can be found in the
Supplementarymaterial. If more than one report was written about
the same study, the earliest article was chosen as the primary
source and the data extracted from the other articles were marked
with an asterisk (*) in the tables. In case of missing/incomplete
data, the article authors were contacted with a maximum of two
attempts. The consensus of the extracted data was assessed by NS.
In case of discrepancy in the data extracted, agreement between NS
and ADT was reached.

Risk of bias assessment

The risk of bias tools for crossover and parallel studies by
Cochrane (RoB 2.0, Cochrane Denmark, Odense, Denmark) was
used for bias assessment [22,23], whichwas done independently by
two researchers, NS and ADT. A search for study protocols at
clinicaltrials.gov was performed to assess potential variations from
the trial protocol. The following five domains were used to assess
the overall risk of bias of the studies: 1) Randomization process, 2)
Deviation from intended outcomes, 3) Missing outcome data, 4)
Measurement of the outcome, 5) Selection of the reported result.
Each domain was assessed according to the categories of low risk,

http://clinicaltrials.gov
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some concerns, or high risk of bias. The same two researchers
resolved discrepancies.

Data analyses

Meta-analyses were performed to estimate the effect sizes on
markers of insulin sensitivity following reduced sleep duration
compared to control sleep. The post-intervention values of the
control and intervention conditions were included in the meta-
analyses. For other interventions, studies were considered too
heterogeneous in terms of study design or outcomes to be pooled in
a meta-analysis. Studies that were assessed to have a high risk of
bias were excluded from the meta-analyses. Some studies included
other measurements of glucose metabolism and beta-cell function,
which were not part of our aims, but we have presented meta-
analyses of those outcomes in the Supplementary material.

The software program Cochrane Review Manager (RevMan,
version 5.4.1, The Cochrane Collaboration, Melbourne, Australia)
was used to create forest plots for the meta-analysis. In the ana-
lyses, the random effect generic inverse variance model and the
DerSimonian and Laird method for random effects model were
used [24,25]. If the units of the outcomes varied, they were either
converted to a similar unit, when possible or kept unchanged. The
pooled mean difference was standardized, if the outcome units
varied. The heterogeneity of the studies was assessed with I2 sta-
tistics. The heterogeneity was interpreted as unimportant, moder-
ate, substantial, or considerable, if I2 was between 0e40%, 30e60%,
50e90%, or 75e100%, respectively [24]. A p-value <0.05 was
considered statistically significant.

Results

The literature search resulted in 10,566 records identified in the
three databases (Fig. 1). After the removal of duplicates, 6285 re-
cords were excluded after the title and abstract screening. Thus, out
of 95 studies screened for eligibility, 35 studies published between
2008-2021 ended up being included in the review. Twenty-one of
these studies were also included in the meta-analyses. Overviews
of the study and participant characteristics are presented in
Tables 1e4, and more comprehensive tables of the studies and the
results can be found in Supplementary Tables S1eS4.

Sleep restriction

Study and participant characteristics
Twenty-four studies included a reduced sleep duration inter-

vention; 20 were crossover, and four were parallel-group studies.
The overall study and participant characteristics are presented in
Table 1 and in details in Supplementary Table S1.

Fasting insulin
Of the 24 studies which included a reduced sleep duration

intervention, fasting insulin was measured in 18 studies, of which
12 studies were included in the meta-analysis. The remaining
studies were excluded from the meta-analysis due to lack of
reporting of fasting insulin [26e29] or high risk of bias [30,31]. The
meta-analysis showed no overall effect of sleep restriction and
substantial heterogeneity (Fig. 2).

Insulin sensitivity measured by clamp, IVGTT, OGTT, and indices
Four studies applied the HIEG clamp to assess insulin sensitivity

following sleep restriction [26,32e34]. Whole-body insulin sensi-
tivity assessed by glucose infusion rate with glucose tracers was
reduced in three studies [26,33,34] and unchanged in one study
[32] (Table 1, Supplementary Table S1); however, the meta-analysis
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of three of the studies showed no overall effect on peripheral in-
sulin sensitivity (Fig. 3). Moreover, one study also reported
increased endogenous glucose production during the clamp indi-
cating hepatic insulin resistance [26], while another study found
that endogenous glucose production was unaffected [33].

Four studies used IVGTT to assess insulin sensitivity [31,35e37],
of which one study was excluded from themeta-analysis due to the
high risk of bias. The meta-analysis found a decreased insulin
sensitivity following sleep restriction compared with control sleep
(Fig. 4). There was no overall effect on beta-cell function
(Supplementary Figs. S1 and S2).

The OGTT was applied in 12 studies [27,29,30,33,35e39,41e43].
In the studies that reported the Matsuda index, this was signifi-
cantly reduced after sleep restriction (Fig. 5), meaning that the
participants had become more insulin resistant. The worsening of
insulin sensitivity following sleep restriction was also reflected in
the increased 2-h AUC insulin (Supplementary Fig. S3 and Table S1).
Moreover, the 2-h AUC glucose was greater, suggesting impaired
glucose tolerance after sleep restriction (Supplementary Fig. S4 and
Table S1).

HOMA-IR was calculated in 11 studies [27,28,32,33,38,40e45].
The meta-analysis of HOMA-IR showed a greater HOMA-IR
following sleep restriction compared to the control condition
(Fig. 6), which suggests increased insulin resistance. QUICKI was
calculated in two studies, which both reported unchanged QUICKI
in response to sleep restriction [27,30].

Hormones
The studies measured various hormones associated with insulin

sensitivity (Supplementary Table S1). The effect on cortisol varied
with three studies reporting higher levels [33,46,47], two reporting
lower levels [42,48] and four studies found cortisol to be unaffected
by sleep restriction [26,27,35,36]. Two studies reported that mela-
tonin levels remained elevated after wake-up [37] and that mela-
tonin peaks were delayed [34] in the sleep restriction condition
compared to the control. Glucagon was lower in two studies
[27,48], and not affected in two other studies [26,42]. Adiponectin
[32,44] and growth hormone [36,46] were not affected by sleep
restriction.

The catecholamines metanephrine and normetanephrine were
increased following sleep restriction [33], while noradrenaline was
increased in one study [46] and unaffected in three other studies
[35,36,42]. Measurements of epinephrine in response to sleep re-
striction showed both higher [35] and lower levels [36,42].

Circadian misalignment

Study and participant characteristics
Four studies had a circadian misalignment intervention that

involved adjusting the day duration to 20-, 21- or 27-hour cycles
[49,50] or inverting the circadian rhythm by 12 hours [51,52]. The
study and participant characteristics are presented in Table 2, and
additional information and results can be found in Supplementary
Table S2.

Effects of circadian misalignment on sleep stages and markers of
insulin sensitivity

Circadian misalignment caused by inverting the daily rhythm by
12 hours resulted in significant reductions in total sleep time, stage
1 sleep, stage 2 sleep, and REM sleep, and no changes in SWS [51].
The total sleep time was reduced and increased in the 21 and 27-h
our cycle [49]. In the 21-h our cycle, the proportion of stage 1 sleep,
stage 2 sleep, SWS, and REM sleep were unaffected [49]. While in
the 27-h our cycle, the stage 2 sleep was reduced, REM sleep was
increased, and stage 1 sleep and SWS were unchanged [49].



Fig. 1. PRISMA flow chart of the study selection process. One of the SWS suppression studies also included a condition with REM disturbance. Abbreviations: REM, rapid eye
movement; SWS, slow wave sleep.
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In the study by Qian et al., insulin sensitivity was significantly
reduced in the misalignment condition compared to the alignment
condition, but beta-cell function was not affected (Table 2) [52].
Morris et al. reported no change in fasting insulin levels or early-
phase postprandial insulin levels. However, they reported
increased late-phase postprandial insulin levels and elevated
postprandial glucose levels after meals in the misalignment con-
dition (Supplementary Table S2) [51].

HOMA-IR was higher in the 27-hour cycle compared to the
controlled 24-hour cycle in one study [49]. Moreover, the increased
HOMA-IRwasassociatedwith reductions in total sleep timeandREM
sleep [53]. Fasting insulin levels were increased in the 27-hour cycle
[53], but not in the20-hour cycle compared to the 24-hour cycle [50].

Cortisolwas decreased in the 27-hour cycle, though not in the 20-
or 21-hour cycle [49,50], and increased at the end of thewake-period
in the misalignment condition and right after wake-up in the align-
ment condition [51]. Melatoninwas not affected by the day duration
or misalignment condition [49,51] (Supplementary Table S2).
4

Changes in sleep architecture by SWS suppression and REM
disturbance

Study and participant characteristics
Interventions with SWS suppression were implemented in two

studies [54,55] and REM disturbance was implemented in one
study [55]. The study and participant characteristics are presented
in Table 3 and in Supplementary Table S3. Acoustic stimulation by
tones with varying frequency and intensity was used to alter the
amount of SWS and REM sleep. Sleep was measured with poly-
somnography (PSG) [55] and electroencephalogram (EEG) [54].

Effects of SWS suppression and REM disturbance on sleep stages and
markers of insulin sensitivity

The SWS suppression condition significantly reduced the
amount of SWS, while the amount of stage 2 sleep was increased,
and the amount of stage 1 sleep, REM sleep, and total sleep time
were unchanged [54,55]. The microarousal index was significantly



Table 1
Study and participants characteristics and the results of the sleep restriction studies.

Author Study design Intervention Control Participants Results

HIEG clamp IVGTT OGTT Fasting values Indices

Benedict et al. 2016 [38] Crossover
Laboratory conditions

2 nights:
4.25 h/night

2 nights:
8.5 h/night

n ¼ 9M
Age 23.3 ± 0.6 y
BMI 23.1 ± 0.6 kg/m2

YMatsuda
index

[fasting insulin [HOMA-IR

*Broussard et al. 2012
[31,46,58]

Crossover
Laboratory conditions

4 nights:
4.5 h/night

4 nights:
8.5 h/night

n ¼ 7* (1F, 6M)
Age 23.7 ± 3.8 y
BMI 22.8 ± 1.6 kg/m2

Yinsulin
sensitivity

Cedernaes et al. 2016
[40]

Crossover
Laboratory conditions

1 night:
4.25 h/night

1 night:
8.5 h/night

n ¼ 16M
Age 22.88 ± 0.66 y
BMI 22.88 ± 0.45 kg/m2

[fasting insulin [HOMA-IR

Cros et al. 2019 [39] Crossover
Laboratory and free-
living conditions

5 nights:
4 h/night

5 nights:
8 h/night

n ¼ 10 (5F, 5M)
Age 24 ± 1 y
BMI 21.6 ± 0.5 kg/m2

NS: fasting
insulin

Depner et al. 2019 [34] Parallel
Laboratory conditions

9 nights:
5 h/night

10 nights:
9 h/night

n ¼ 22 (11F,11M)
Age 25.5 ± 4.7 y
BMI 22.4 ± 1.7 kg/m2

YGIR sensitivity
NS: peripheral or
hepatic insulin
sensitivity

Donga et al. 2010 [26] Crossover
Laboratory conditions

1 night:
4 h/night

1 night:
8.5 h/night

n ¼ 9 (4F, 5M)
Age 44.6 ± 4.9 y
BMI 23.8 ± 0.8 kg/m2

YGIR
YGlucose Rd

NS: fasting
insulin

Eckel et al. 2015 [37] Crossover
Laboratory conditions

5 d:
5 h/night

5 d:
9 h/night

n ¼ 24 (8F, 16M)
Age 22.4 ± 4.8 y
BMI 22.9 ± 2.4 kg/m2

Yinsulin
sensitivity

YMatsuda
index

Hart et al. 2015 [45] Crossover
Laboratory conditions

2 nights:
5 h/night

2 nights:
9 h/night

n ¼ 12F
Age 41.7 ± 10.3 y
BMI 31.0 ± 4.2 kg/m2

NS: fasting
insulin

NS: HOMA-IR

Klingenberg et al. 2013
[42]

Crossover
Laboratory and free-
living conditions

3 nights:
4 h/night

3 nights:
9 h/night

n ¼ 21M
Age 16.8 ± 1.3 y
BMI 21.0 ± 1.8 kg/m2

YMatsuda
index

[fasting insulin [HOMA-IR

Nedeltcheva et al. 2009
[35]

Crossover
Laboratory conditions

14 d:
5.5 h/night

14 d:
8.5 h/night

n ¼ 11 (5F, 6M)
Age 39 ± 5 y
BMI 26.5 ± 2.5 kg/m2

Yinsulin
sensitivity

NS: fasting
insulin

Nedeltcheva et al. 2012
[36]

Crossover
Laboratory conditions

14 d:
5.5 h/night

14 days:
8.5 h/night

n ¼ 10 (3F, 7M)
Age 41 ± 5 y
BMI 27.4 ± 2.0 kg/m2

Yinsulin
sensitivity

Y fasting
insulin

Radcliffe et al. 2021 [60] Crossover
Laboratory conditions

3 nights:
2 h/night

3 nights:
7e9 h/night

n ¼ 18M
Age 20 ± 2 y
BMI 24.4 ± 2.3 kg/m2

NS: fasting
insulin

Rao et al. 2015 [33] Crossover
Laboratory conditions

5 nights:
4 h/night

5 nights:
8 h/night

n ¼ 14 (6F,8M)
Age 27 ± 5 y
BMI 24.1 ± 4.1 kg/m2

HOMA-IR 2.0 ± 0.6

Ywhole-body insulin
sensitivity
Yperipheral insulin
sensitivity
NS: hepatic insulin
sensitivity

NS: fasting
insulin

Robertson et al. 2013
[32]

Parallel
Free-living conditions

3 weeks:
Habitual sleep
reduced by 1.5 h

3 weeks:
Habitual sleep

n ¼ 19M
SR:
Age 22.5 ± 1.0 y
BMI 23.4 ± 0.7 kg/m2

S.I. 10.13 ± 2.12 mg
glucose/kg/min
HOMA-IR 1.9 ± 0.5
CON:
Age 22 ± 0.9 y
BMI 22.0 ± 1.0 kg/m2

Habitual sleep 7 h

NS: insulin sensitivity NS: HOMA-IR

(continued on next page)
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Table 1 (continued )

Author Study design Intervention Control Participants Results

HIEG clamp IVGTT OGTT Fasting values Indices

51 ± 51 min
S.I. 10.33 ± 3.14 mg
glucose/kg/min
HOMA-IR 1.9 ± 0.5

St-Onge et al. 2012 [44] Crossover
Laboratory conditions

3 nights:
4 h/night

3 nights:
9 h/night

n ¼ 27 (13F, 14M)
Age 35.3 ± 1.0 y
BMI 23.6 ± 0.2 kg/m2

NS: fasting
insulin

NS: HOMA-IR

Sweeney et al. 2017
[29]

Crossover
Free-living conditions

2 nights:
Habitual sleep
reduced by 50%

2 nights:
7.37 h ± 78 min/
night

n ¼ 10M
Age 23 ± 4 y
BMI 24.9 ± 2.1 kg/m2

YMatsuda
index

Sweeney et al. 2020
[41]

Crossover
Free-living conditions

1 night:
4 h/night

1 night:
8 h/night

n ¼ 19M
Age 25 ± 8 y

YMatsuda
index

[HOMA-IR

Sweeney et al. 2021
[43]

Crossover
Laboratory and free-
living conditions

4 nights:
4 h/night

4 nights:
8 h/night

n ¼ 10 (5F, 5M)
Age 26 ± 5 y
BMI 24 ± 2.2 kg/m2

NS: Matsuda
index

NS: HOMA2-IR

Tajiri et al. 2018 [47] Crossover
Laboratory conditions

3 nights:
4 h/night

3 nights:
7 h/night

n ¼ 16F
Age 21.6 ± 0.5 y
SR: BMI 20.4 ± 2.1 kg/
m2

CON: BMI 20.4 ± 2.0 kg/
m2

[fasting insulin

van Leeuwen et al. 2010
[59]

Parallel
Laboratory conditions

5 nights:
4 h/night

8 nights:
8 h/night

n ¼ 23M
Age 23.1 ± 2.5 y
EXP:
BMI 23.25 ± 2.70 kg/m2

CON:
BMI 23.24 ± 2.39 kg/m2

[fasting insulin

Wang et al. 2016 [27] Crossover
Free-living conditions

3 days:
Habitual sleep
reduced by 1e3 h

3 days:
Ad libitum sleep

n ¼ 15 (8F, 7M)
Age 20.6 ± 1.3 y
BMI 24.5 ± 3.4 kg/m2

YMatsuda
index

[fasting insulin NS: HOMA-IR,
QUICKI

Wilms et al. 2019 [48] Crossover
Laboratory conditions

SR1: 4 h sleep the
1st half of the night
SR2: 4 h sleep the
2nd half of the
night

1 night:
8 h/night

n ¼ 15M
Age 24.6 ± 7 y
BMI 20.0 ± 24.9 kg/m2

Yinsulin
sensitivity

NS: fasting
insulin

Wilms et al. 2019 [28] Crossover
Laboratory conditions

3 nights:
4 h/night

3 nights:
8 h/night

n ¼ 15M
Age 24.0 ± 0.9 y
BMI 22.9 ± 0.4 kg/m2

NS: fasting
insulin

NS: HOMA-IR

Zielinski et al. 2008 [30] Parallel
Laboratory conditions

8 wk:
Habitual sleep
reduced 1.5 h

8 wk:
Sleep based on
individual habits

n ¼ 40 (28F, 12M)
SR:
Age 59.95 ± 5.49 y
BMI 24.65 ± 3.00 kg/m2

CON:
Age 69.89 ± 5.07 y
BMI 26.58 ± 3.43 kg/m2

NS: fasting
insulin

NS: QUICKI

*Broussard et al. [31] is the primary reference, but data from the 2015 and 2016 articles was also extracted [46,58].
Abbreviations: BMI, body mass index, CON, control; F, female; GIR, glucose infusion rate; HOMA-IR, homeostatic model assessment of insulin resistance; M, male, NS, not significant; OGTT, oral glucose tolerance test; Rd, rate of
glucose disappearance; Sg, glucose effectiveness at basal insulin concentration; S.I., insulin sensitivity; SR, sleep restriction.
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Table 2
Study and participants characteristics and the results of the circadian misalignment studies.

Author Study design Intervention Control Participants Results

*Gonnissen et al. 2012 [49,53] Crossover
Laboratory conditions

Phase advance:
3� 21 h, with 7 h sleep/
night
Phase delay: 3 � 27 h,
with 9 h sleep/night

24-h cycle, with 8 h
sleep/night

n ¼ 13 (6F, 7M)
Age 24.3 ± 2.5 y
BMI 23.6 ± 1.7 kg/m2

Phase advance:
[HOMA-IR on day 1
compared to day 3

Morris et al. 2016 [51] Crossover
Laboratory conditions

3.5 d: circadian
misalignment, sleep
opportunity between
11:00 AMe07:00 PM

3 d: circadian
alignment, sleep
opportunity between
11:00 PMe07:00 AM

n ¼ 9 (6F, 3M)
Age 37 ± 7 y
BMI 24.4 ± 3.1 kg/m2

Shift workers

NS: fasting insulin

McHill et al. 2018 [50] Parallel
Single-blinded
Laboratory conditions

24 � 20-h cycles, with
1:3.3 sleep:wake ratio
(4.67 h sleep/20 h)

1:2 sleep-wake ratio,
6.67 h sleep/20 h

n ¼ 15 (8F, 7M)
Age 26.7 ± 4.4 y
BMI 23.6 ± 3.7 kg/m2

NS: fasting insulin

Qian et al. 2018 [52] Crossover
Laboratory conditions

4 d: circadian
misalignment (12-h
inverted cycle)

4 d: circadian
alignment

n ¼ 14 (6F, 8M)
Age 28 ± 9 y
BMI 25.4 ± 2.6 kg/m2

HbA1c 5.38 ± 0.26%

Yinsulin sensitivity
(oral minimal model)

*Gonnissen 2012 [49] is the primary reference, but the article from 2013 [53] was also included.
Abbreviations: BMI, body mass index, F, female; HbA1c, hemoglobin A1C; HOMA-IR, homeostatic model assessment of insulin resistance; M, male, NS, not significant; OGTT,
oral glucose tolerance test.

Table 3
Study and participants characteristics and the results of the SWS suppression and REM disturbance studies.

Author Study design Intervention Control Participants Results

IVGTT OGTT

Tasali et al. 2008 [54] Crossover
Laboratory conditions

3 nights: SWS suppression 2 nights: 8 h/night n ¼ 9 (4F, 5M)
Age 20e31 y
BMI 19e24 kg/m2

Sleep 7.5e8.5 h/night

Yinsulin sensitivity

Herzog et al. 2013 [55] Crossover
Laboratory conditions

1 night: SWS suppression
1 night: REM disturbance

1 night: 8 h/night n ¼ 16M
Age 22.1 ± 0.8 y
BMI 23.3 ± 0.3 kg/m2

SWS suppression:
YMatsuda index
REM disturbance:
NS: Matsuda index

Abbreviations: BMI, body mass index, F, female; HOMA-IR, homeostatic model assessment of insulin resistance; IVGTT, intravenous glucose tolerance test; M, male, NS, not
significant; OGTT, oral glucose tolerance test; REM, rapid eye movement; SWS, slow wave sleep.

Table 4
Study and participants characteristics and the results of the sleep fragmentation studies.

Author Study design Intervention Control Participants Results

OGTT Blood samples Indices

Gonnissen et al. 2013
[56]

Crossover
Laboratory
conditions

1 night: fragmented
sleep

1 night: 8 h/night n ¼ 12M
Age 23 ± 4 y
BMI 24.4 ± 1.9 kg/m2

NS: fasting
insulin

Smith et al. 2020 [57] Crossover
Free-living
conditions

1 night: fragmented
sleep

1 night: 8 h/night n ¼ 29 (13F, 16M)
Age 21 ± 1 y
BMI 24.4 ± 3.3 kg/m2

NS: Matsuda
index

NS: fasting
insulin

NS: HOMA2-IR

Abbreviations: BMI, bodymass index, F, female; HOMA2-IR, homeostatic model assessment of insulin resistance; M,male, NS, not significant; OGTT, oral glucose tolerance test.
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higher in both SWS suppression studies. The REM disturbance
resulted in a significantly reduced amount of REM sleep and SWS,
while the stage 1 sleep was reduced. The total sleep time and stage
2 sleep were not affected, but the microarousal index was also
higher [55].

The IVGTT following SWS suppression showed reductions in
insulin sensitivity [54,55], glucose tolerance and beta-cell function
[54] (Supplementary Table S3). The disturbance of REM sleep did
not affect the Matsuda index or glucose tolerance [55].

Sleep fragmentation

Study and participant characteristics
Sleep was fragmented by alarms with intervals of one hour or

90 min during sleep in two crossover studies, either in laboratory
[56] or in free-living conditions [57]. The study and participant
7

characteristics are presented in Table 4 and in Supplementary
Table S4. Gonnissen et al. measured sleep with PSG [56], while
Smith et al. used visual analogue scales for the participants to rate
sleep fragmentation [57].

Effects of sleep fragmentation on sleep stages and markers of insulin
sensitivity

Sleep fragmentation resulted in a significantly increased
amount of stage 2 sleep and reduced REM sleep in the study by
Gonnissen et al. [56]. The total sleep time, sleep stage 1, SWS, sleep
latency, and wake time at night were not different after sleep
fragmentation compared to the unfragmented condition [56,57].

The OGTT following sleep fragmentation showed unchanged
Matsuda index and HOMA2-IR, but increased 2-h glucose concen-
tration [57] (Supplementary Table S4). The postprandial rise in in-
sulin was significantly reduced after breakfast and increased after



Fig. 2. Mean difference in fasting insulin after sleep restriction compared to control sleep condition. Increased fasting insulin values indicate reduced insulin sensitivity after sleep
restriction. The two summary statistics from Wilms et al. [48] are from the same study, but from two different interventions: A ¼ late-night sleep loss (sleep 10:30 PM-03:00 AM),
B ¼ early night sleep loss (02:15e06:45 AM).

Fig. 3. Standardized mean difference in peripheral insulin sensitivity assessed with hyperinsulinemic euglycemic clamp following sleep restriction compared to control sleep
condition. A negative standardized mean difference indicates a reduction in peripheral insulin sensitivity after sleep restriction.

Fig. 4. Standardized mean difference of insulin sensitivity assessed with intravenous glucose tolerance test after short sleep compared to control sleep condition. A negative value
indicates reduced insulin sensitivity following sleep restriction.

Fig. 5. Standardized mean difference of the Matsuda index after short sleep and control sleep condition. Reduction of Matsuda index indicates decreased insulin sensitivity
following sleep restriction.
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dinner in response to sleep fragmentation, but fasting insulin was
not affected [56].

The morning and evening plasma concentrations of cortisol
were significantly higher after sleep fragmentation compared to
the control condition, but melatonin was not affected [56]
(Supplementary Table S4).
8

Risk of bias of the included studies

The overall quality of the included studies was good/high.
Only three studies were assessed to have a high risk of bias
[30,31,49]. Ten studies had a medium risk of bias
[26,32,37e39,44,45,52,55,59], and the remaining 19 studies



Fig. 6. Mean difference of homeostatic model assessment for insulin resistance after short sleep and control sleep condition. Increased mean difference indicates increased insulin
resistance in response to sleep restriction.
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were assessed to have a low risk of bias [27e29,33,35,36,
40e44,47,48,50,51,54,56,57,60] (Fig. 7). The generally low risk of
bias could be attributed to the controlled laboratory environment
and the use of objective measurements of sleep and insulin
sensitivity.
Domain 1: Randomization process
In domain 1, the concerns reducing the quality of the studies

were mostly due to lack of information about randomization of the
participants or time of information about allocation. Since most of
the studies were crossover studies, baseline imbalance was not an
issue.
Domain 2: Deviation from intended outcomes
The concerns addressed in domain 2 were the main reasons for

the overall bias arising across the studies. Issues with the studies
included technical difficulties with outcome measurements, the
participants not sleeping the intended duration, or not adhering to
the protocol by napping during the daytime.
Domain 3: Missing outcome data
The risk of bias in domain 3 was low in all studies, except one

study. Some studies had challenges with drop-outs or technical
issues with obtaining samples, resulting in exclusion of participants
from the analyses. These participants were not included in the final
analyses, thus not considered a major cause for the overall bias.
Domain 4: Measurement of the outcome
The risk of bias in domain 4 was overall low. The concerns in the

study by Eckel et al. in this domain was due to missing information
on a wash-out period [37]. The high risk of bias in the study by
Broussard et al. was due to technical issues with the IVGTT, which
caused some of the participants to have the IVGTT repeated on
separate days after both the control and sleep restricted condition
[31,46].
Domain 5: Selection of the reported results
The risk of bias in domain 5 was low for most of the studies and

medium for the remaining studies. The concerns that caused the
medium risk of bias were lack of information about an existing
protocol and a plan for statistical analysis. Furthermore, multiple
tests performed without correction analysis and not reporting
insignificant results also contributed to the concerns. Missing in-
formation about an existing protocol was a general problem for the
studies with only nine protocols being mentioned in the article or
being able to be tracked at clincaltrials.org. However, we did not
search for study protocols in other databases and cannot exclude
protocols registered elsewhere.
9

Discussion

The randomized controlled studies included in this systematic
review andmeta-analysis show that sleep manipulation in terms of
restricted sleep duration, reduced sleep quality, and circadian
misalignment, has a detrimental effect on markers of insulin
sensitivity.

Effects of sleep restriction on markers of insulin sensitivity

Reduced sleep duration had overall detrimental effects on
whole-body, peripheral and hepatic insulin sensitivity. Insulin
sensitivity assessed by the Matsuda index and the IVGTT was
significantly reduced following sleep restriction compared with
control sleep conditions. The Matsuda index reflects whole-body
insulin sensitivity (i.e., both hepatic and peripheral insulin sensi-
tivity), which was significantly reduced in response to sleep re-
striction (Fig. 5). In contrast, HOMA-IR mainly reflects hepatic
insulin resistance, which was also increased together with an in-
crease of endogenous glucose production during the clamp (Fig. 6
and Supplementary Table S1). Whole body insulin sensitivity
measured by the gold standard HIEG clamp with use of glucose
tracers was reduced follwing sleep restriction, but the meta-anal-
ysis of preripheral insulin sensitivity found no overall effect of sleep
restriction, which may partly be due to the limited number of
studies using this method (Fig. 3).

The influence of the extent and duration of the sleep restriction
on insulin sensitivity is uncertain. On the one hand, only studies with
a sleep duration between 4-4.25 hours found an increase in fasting
insulin values after sleep restriction [39,40,42,47,59]. On the other
hand, lower fasting insulin was reported in response to sleep being
restricted to both 4 h ours and 5e5.5 h ours [33,35,36,44,45,48].
Moreover, the studies that had only one night of sleep restriction
reported significant reductions in insulin sensitivity [26,40,41,48],
suggesting that one night is enough to have an acute negative effect
on insulin sensitivity. However, Robertson et al. found no change in
insulin sensitivity after three weeks of sleep restriction [32]. The lack
of effect could be because the effect on insulin sensitivity is acute, or
the sleep restrictionwas toomild to affect insulin sensitivity. It is also
possible that the participants’ sleep architecture changed over time
with increasing proportions of SWS during the sleep restriction
condition [61]. Unfortunately, the study did not measure sleep with
PSG, so the potential changes in sleep stages were not explored.

Mechanisms that may explain the effects of sleep restriction on
insulin sensitivity

The underlying mechanisms explaining the effects of sleep re-
striction on insulin sensitivity might be found in the endocrine
system, and changes in the insulin signaling pathway. Sleep re-
striction causes a physiological stress, evident from the increased

http://clincaltrials.org


Fig. 7. Risk of bias assessment of the studies.
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cortisol concentrations [33,46,47] (Supplementary Table S1), and
can enhance lipolysis and reduce hepatic insulin sensitivity. How-
ever, Klingenberg et al. [42] andWilms et al. [48] observed reduced
cortisol levels, possibly explained by the timing of sampling and the
diurnal fluctuation in cortisol levels [62]. The cortisol levels express
the activation of the hypothalamus-pituitary axis in response to
both sleep restriction and SWS suppression [63]. The stressed state
following sleep restriction could also activate the sympathetic
nervous system, resulting in increased levels of catecholamines and
10
growth hormone, leading to increased lipolysis and reduced he-
patic and peripheral insulin sensitivity [33,35,46]. The activation of
lipolysis results in increased levels of nonesterified fatty acids and
free fatty acids, decreasing the hepatic insulin sensitivity and pe-
ripheral glucose uptake [26,46,64]. The participants' sedentary
behavior during the experimental settings might attenuate the
activation of the sympathetic nervous system, resulting in a
diminished endocrine response [35,36]. Glucose uptake might be
further compromised by the downregulation of protein kinase B in
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the insulin-signaling pathway [29,31], which indicate that sleep
restriction might have detrimental effects on a cellular level.
Finally, sleep restriction might also affect circadian clock genes that
regulate metabolic processes. The study by Wilms et al. [28] found
that sleep restriction had aminor effect on regulation of clock genes
expressed in adipose tissue. Cedernaes et al. have reported more
pronounced effects on clock genes following complete sleep loss
[65,66]. Acute sleep loss resulted in desynchrony of circadian clock
genes, but the alterations differed depending on the tissue. In ad-
ipose tissue, hypermethylation of clock genes was found following
acute sleep loss, while in skeletal muscle tissue reduced tran-
scription of core clock genes was measured [66]. Desynchrony
could potentially cause adverse metabolic effects; however, these
results have only been reported in studies with total sleep restric-
tion (zero hours of sleep), while partial sleep restriction has shown
minor effects on circadian clock genes, so far.
Effects of changes in sleep quality on markers of insulin sensitivity

Reduced sleep quality in terms of SWS suppression negatively
affected insulin sensitivity as assessed by the Matsuda index [55]
and IVGTT [54]. Moreover, the disposition index was reduced,
which indicate impaired beta-cell function following SWS sup-
pression [54] (Supplementary Table S3). The disturbance of REM
sleep did not show the same effects on insulin sensitivity as SWS
suppression [55], which might be explained by the metabolic
restorative role of SWS. The proportion of the sleep stages, espe-
cially SWS, seems to be essential for metabolic function. The
negative metabolic effects of SWS suppression could also be due to
the reduction in certain brain waves (hippocampal sharp wave-
ripples), which are present in the non-REM sleep stages and
regulate peripheral glucose metabolism [67]. Moreover, the timing
of the experimental sleep condition might also influence insulin
sensitivity since SWS is more predominant in the early part of the
night. In contrast, REM sleep is more present in the latter part [30].
Wilms et al. found that the proportion of SWS was higher in the
early night sleeping condition (mean (SD): 35.4 (3.6) %), but not
significantly different from control (21.2 (6.0) %) or the other sleep
loss condition (33.3 (1.9) %) [48]. However, the late-night sleep loss
condition resulted in a more minor reduction in insulin sensitivity
compared to the early night sleep loss condition [48]. Adverse
changes in sleep architecture are often found among people with
obstructive sleep apnea, which can have detrimental metabolic
effects if the sleep disorder is not properly treated [68].
Effects of circadian misalignment on markers of insulin sensitivity

Circadian misalignment caused by inverting the daily rhythm by
12 h ours resulted in decreased glucose tolerance and insulin
sensitivity as indicated by increased postprandial glucose and late-
phase postprandial insulin levels [54] (Supplementary Table S2).
Moreover, the studies explored the isolated effects of behavioral and
biological rhythms of circadian misalignment. Glucose tolerance
showed a biological rhythm with lower glucose tolerance in the
evening than in the morning independent of misalignment [51],
which is in line with previous observations [69]. Insulin sensitivity,
beta-cell function, and insulin levels also showed a biological rhythm
with higher levels in the morning than in the evening in the align-
ment condition and this was not affected by misalignment [50,52]
(Supplementary Table S2). In the long term, misalignment of the
sleep-wake rhythm might impair glucose tolerance and insulin
sensitivity, partly explaining the increased risk of type 2 diabetes in
shift workers [12,13]. The participants in the study by Morris et al.
were shift workers [51], and it is possible that the effects of circadian
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misalignment on glucose tolerance might be restrained, since par-
ticipants might have adapted to these conditions.
Effects of standardization of the study conditions

Standardization of the participants' behavior before andduring the
study is important to minimize the risk of both intra- and inter-indi-
vidual variability. The majority of the studies standardized the par-
ticipants' sleep before starting the study [26,28e31,34,37e42,
45,48e51,54e56,59] and some of them included acclimation nights in
the laboratory to adapt the participants to the surroundings and the
equipment [26,28,31,33e36,38e40,45,48,59]. Somestudies tookplace
athome,whichmightbemoreoptimal for theparticipants' sleep,since
theyare likelymore relaxed.However, inahomeenvironment, sleep is
often measured with actigraphy, which does not measure sleep ar-
chitecture. PSG is considered the gold standard for objective mea-
surement of sleep, but using it is laborious. In addition, it can be
difficult for the participants to get accustomed to sleeping with it,
whichmight influence the participants' sleep. Studies should consider
the pros and cons of different methods for sleep measurements, and
the objective of the study, when choosing the sleep methodology.

Sleep intervention studies should be careful when timing the
participants' sleep, both in the control and the experimental condi-
tion. If the sleep timing does not alignwith the participants' habitual
sleep timing, unintentional minor circadian misalignment might be
present. Toavoid this, standardizationof theparticipants' sleepbefore
the study or timing the sleep based on individual sleep timing might
minimize this problem. However, people have individual needs and
preferences for sleep timing and duration, which is an obstacle for
standardization and also for the generalizability of the results.

The energy balance before and during the study could poten-
tially affect markers of insulin sensitivity. Prior to the study, some
studies standardized energy intake and physical activity to mini-
mize the risk of intra- and inter-individual variability. [26,34,
37e39,42,49,54,56,57,60]. Most of the studies kept participants in
energy balance during the study. However, participants in three
studies [34,39,47] gained weight which might have had an adverse
effect on insulin sensitivity [70]; whereas weight loss during the
study as observed by St-Onge et al. [44] and Robertson et al. [32]
might diminish the effect of sleep manipulation on insulin sensi-
tivity. Participants' physical activity was generally restricted and
reduced to sedentary activities to reduce its influence on glucose
uptake in skeletal muscle [71]. However, in the study by Tajiri et al.,
in which participants slept at home, they found increased physical
activity levels in the sleep restricted condition compared to the
control condition [47]. Studies should consider the greater meta-
bolic cost of being awake compared to sleeping, resulting in a small
negative energy balance during the sleep restriction condition
compared to the control [62]. On the other hand, lack of sleep is
associated with increased appetite and energy intake and promotes
reward-driven eating behavior [63,72e74], which can have a
negative impact on insulin sensitivity under conditions with ad
libitum food intake. The detrimental effects on insulin sensitivity
following sleep manipulation could be counteracted by exercise
[75], which should be further explored as a potential therapeutic
strategy to prevent type 2 diabetes among individuals with unfa-
vorable sleep patterns, e.g., shift workers.
Effects of participants characteristics

Based on the results of several studies, neither BMI or age up to a
certain age seemed to influence themagnitude of the effect of sleep
manipulation on markers of insulin sensitivity [29,35e37,43], but
the effect might depend on the sex of the participants.
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Klingenberg et al. [42] included the youngest participants (mean
(SEM): 16.8 (1.3) y). However, the changes in fasting insulin (Fig. 2)
or Matsuda index (Fig. 5) were not different from the effects
observed in the studies including older participants. The higher age
of the participants in the study by Donga et al. [26] (44.6 (4.9) y)
might explain the greater reduction in peripheral insulin sensitivity
compared to the studies by Depner et al. [34] and Rao et al. [33] in
which participants were younger (mean (SD): 25.5 (4.7) and 27
(5) y) (Fig. 3). The age dependent effect could be due to a combined
effect of worsening of sleep quality and insulin sensitivity with
increasing age [9].

Two studies included only female participants [45,47] and one
study investigated the potential different responses to sleep re-
striction between female and male participants [44]. The studies
with only female participants reported no change in insulin
sensitivity following sleep restriction [45] or significantly increased
fasting insulin levels [47]. The effect on fasting insulin levels was
greater compared to similar studies with only male participants
[38,40], which indicates a worse metabolic response to sleep
manipulation in women compared to men. However, St-Onge et al.
found no significant differences in insulin sensitivity between fe-
male and male participants, but ghrelin levels were higher in men
after sleep restriction [44]. Low levels of ghrelin and GLP-1 have
been reported to decrease insulin sensitivity [76]. Thus, since men
might have higher ghrelin and GLP-1 levels after sleep restriction
thanwomen [44], this might attenuate the adverse effect on insulin
sensitivity in men compared to women.

Results from animal studies

Findings from animal studies indicate that the relationship be-
tween sleep manipulation and reduced insulin sensitivity could be
due to stress and changes in gene expression. Animal studies have
reported both increased [77] and reduced insulin levels [78]
following sleep restriction. The lower insulin levels might be
caused by the reduction in body mass and the increased physical
activity of the animals during sleep restriction [78,79]. The
decreased body mass could also be a sign of stress as a response to
sleep restriction. The stress response has been reflected in
increased levels of adrenocorticotropic hormone and corticoste-
rone [79]. The increased corticosterone levels might cause the
higher glucose levels while also reflecting the hypothalamic-pitu-
itary-adrenal axis activity [78]. Moreover, increased levels of the
proinflammatory markers resistin, tumor necrosis factor alpha, and
interleukin 6 following sleep restriction might also add to the
increased risk of insulin resistance and type 2 diabetes [77].

Disruption of the sleep-wake cycle has also been found to alter
the central clock rhythms in the brain and peripheral clocks in the
liver and pancreas [15]. The suprachiasmatic nucleus controls the
physiological circadian rhythm and gene expression, and might be
important for the link between sleep manipulation and reduced
insulin sensitivity. The alterations of gene expression of the central
clock genes could be potential mechanisms for developing type 2
diabetes [80]. The clock genes are central for metabolic function
and could link between disruption of circadian rhythms and
reduced insulin sensitivity [81].

Strengths and limitations of the systematic review and meta-
analysis

A strength of this systematic review and meta-analysis is that it
only includedrandomized, controlled trials, ofwhichthemajoritywas
conducted in a laboratory environment. This reduces the risk that
other factors e.g., energy intake and physical activity would affect the
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outcomes of interest. It is also a strength that the studies included in
this review used objective methods tomeasure sleep. The systematic
approach of this review is a great strength of this review. The protocol
for the review was registered, and a strategy for a comprehensive
literature search in three different databases was performed. More-
over, the review process followed the Cochrane guidelines, and the
screening, data extraction and risk of bias assessment were done
independently by two researchers. The addition of a meta-analysis to
estimate the effects of sleep restriction is also considered a strength.

A limitation of the review is that none of the studies identified
included vulnerable individuals e.g., with prediabetes or type 2
diabetes. Therefore, wewere unable to answer our second research
question and investigate whether the effects on markers of insulin
sensitivity depend on glycemic status. It is likely that individuals
with type 2 diabetes using antidiabetic drugs would not experience
the same clinical effect of sleep loss as those without diabetes, as
suggested previously [82]. Moreover, the short duration of the
studies makes it impossible to assess the effects of sleep manipu-
lation on insulin sensitivity in the long term. The studies applied
different methods to assess insulin sensitivity, making it difficult to
compare the effects of sleep manipulation across studies. The HIEG
clamp is considered the gold standard for determining peripheral
insulin sensitivity and thus might better capture the effects of sleep
manipulation compared to surrogate markers. However, the HIEG
clamp was only used in a few studies.

Although most studies were crossover studies, they were
limited by the small sample sizes. In addition, only a few studies
reported power calculations; accordingly, some of the studies
might be underpowered to detect an effect of the sleep intervention
on some of the outcomes of interest, which could result in an un-
derpowered meta-analysis [83]. Only published studies were
included which might lead to publication bias; however, since the
studies included in the present review and meta-analysis showed
both significant and insignificant results, we expect publication
bias to be of limited relevance in this review. Most of the studies
were of good quality, but the five studies with high risk of bias
decrease the overall quality of the studies. We excluded these
studies from the meta-analyses and could also have excluded them
from the review. However, we wanted the review to reflect the
evidence within this research area and therefore we kept the
studies in the review. Moreover, some studies did not clearly state
which outcomes were primary or secondary, making it difficult to
evaluate whether the study was designed and dimensioned to
investigate the effects on insulin sensitivity.

In this systematic review, we did not include sleep extension in
our definition of sleep manipulation or in our search strategy,
which means we may have overlooked some studies. Although,
sleep extension studies might be more relevant for people with
sleep disorders, short sleep is common inmodern society, and sleep
extension studies among individuals with habitual short sleep
duration are therefore warranted.

Conclusions

The results of the included studies indicate that proper meta-
bolic function is dependent on the duration, quality, and timing of
sleep, and that neglecting sleep can have detrimental effects on
insulin sensitivity.

The effects of sleep manipulation on markers of insulin sensi-
tivity differed depending on the type of manipulation and the
method for estimating insulin sensitivity. Sleep restriction reduced
insulin sensitivity, when assessed by OGTT, IVGTT, and HOMA-IR.
The studies that used HIEG clamp found reduced whole-body in-
sulin sensitivity as estimated by use of glucose tracers after short
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sleep, but no effect on peripheral insulin sensitivity. The effects on
fasting insulin were inconsistent. Insulin sensitivity was negatively
affected by circadian misalignment and SWS suppression, but un-
affected by REM disturbance and fragmented sleep.

The majority of the studies investigated the effects of sleep re-
striction and showed a negative effect on insulin sensitivity. More
studies are needed to confirm the results of the studies that
included interventions of circadian misalignment and altered sleep
architecture. Moreover, future studies should investigate whether
sleep extension and a regular sleep pattern among metabolically
vulnerable individuals with habitual short or irregular sleep pat-
terns can positively affect markers of insulin sensitivity.
Practice points

- The quantity, quality and timing of sleep is essential for

optimal sleep and insulin sensitivity.

- The sleep restriction studies found adverse effects on

markers of insulin sensitivity, butmore studies are needed

to further establish the effects of circadian misalignment

and disturbance of sleep architecture.

- Based on the findings in healthy individuals in the present

review and findings on disease risk in observational

studies, we recommend that healthy individuals and in-

dividuals who are metabolically challenged get adequate

amounts of sleep in a regular pattern to prevent devel-

opment and progression of life-style related diseases.

Research agenda

Future research within this field should consider:

- Developing studies including participants with prediabe-

tes or type 2 diabetes to investigate if sleep manipulation

shows differential effects among these groups.

- Investigating the long-term effects of sleep extension and

a regular sleep pattern in free-living conditions among

metabolically vulnerable individuals with habitual short

or irregular sleep.

- The diurnal variability in insulin sensitivity, when plan-

ning the timing of the measurement of insulin sensitivity.
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