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INTRODUCTION
Observational studies have shown an association between 

short sleep duration and impaired glucose metabolism and di-
abetes on both adults1 and adolescents.2-4 These findings have 
been supported by experimental studies in adults showing that 
endocrine glucose allostasis is acutely impaired after acute sleep 
restriction5-9 and poor sleep quality.10 The mechanisms by which 
short sleep duration leads to impaired glucose allostasis are still 
unclear. A decrease in insulin sensitivity11 and increased cor-
tisol and catecholamine levels,5 both of which are proxies for 
endocrine stress, have been proposed by some investigators as 
possible mechanisms. Thus, increased endocrine stress could be 
an underlying mechanism for the impaired glucose metabolism 
observed in response to partial sleep deprivation in humans.

The present study aimed to investigate, for the first time in 
a group of adolescents, the effects of three consecutive nights 
of partial sleep deprivation on markers of glucose allostasis. 
Since knowledge on this relation in teenagers has only been 
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described in cross-sectional studies,2-4 we need to ascertain 
both the temporal sequence of the relation and the possible 
causal relation in this particular age group. Adolescents are in-
teresting not only because of the lack of experimental studies 
addressing this age group, but also because adolescents have 
had decreased sleep duration over the past decade.12 Further-
more, the widespread use of technology, especially among 
teenagers,13 has delayed the onset of sleep, possibly intro-
ducing daytime napping as well. Consequently, this group is 
subjected to disruption of the normal circadian rhythmicity of 
not only sleep but also the hormonal systems involved in the 
regulation of blood glucose. From a long-term health perspec-
tive, this group is also interesting because of the possible risk 
for developing type 2 diabetes in later life. Identifying early 
risk factors for reduced insulin sensitivity is crucial in deter-
mining the root causes of adult type 2 diabetes. Experimental 
evidence determining the causal relation between behavioral 
issues (such as sleep) and impaired glucose metabolism will 
address this issue and provide knowledge about possible spe-
cific countermeasures to the risk of onset of type 2 diabetes at 
an early stage in life. Moreover, women short sleepers have 
previously been found to have lower risk of incident diabetes 
than men14; thus, it is probable that they are more resistant to 
allostatic overload following short sleep than men. Thus, in-
vestigating male subjects is of further interest in relation to the 
risk of type 2 diabetes. We hypothesize that acute partial sleep 
deprivation reduces insulin sensitivity in adolescent boys.
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METHODS
Twenty-one healthy, normal-weight male adolescents with 

body mass index (BMI) < 25 kg/m2 (age adjusted),15 (mean ± 
SD BMI, 21.0 ± 1.8 kg/m2), aged 15 to 19 y (mean ± SD age, 
16.8 ± 1.3 y) were recruited through postings and by word of 
mouth. Volunteers were excluded from participation for any of 
the following reasons: smoking, unstable body weight (± 3 kg) 
during the 6 months preceding testing, regular physical exercise 
(> 3 h/week), excessive intake of alcohol (> 7 drinks/week), 
substance abuse, excessive intake of caffeine (> 300 mg/day), 
metabolic diseases, medication use that could interfere with 
the outcome variables, eating disorders, highly restrained eat-
ing behavior (score ≥ 10 for cognitive dietary restraint on the 
Three-Factor Eating Questionnaire), irregular eating pattern 
(e.g., skipping breakfast), transmeridian travelling in the past 
month, and inability to comply with the protocol. In addition, 
each participant completed the Pittsburgh Sleep Quality Index 
(PSQI) questionnaire,16 a self-rated questionnaire that assesses 
sleep quality and disturbances over the preceding month. A to-
tal score > 5 is associated with poor sleep and thus served as an 
exclusion criterion. All participants (and parents when under 
18 y of age) gave written informed consent to participate. The 
study was approved by the ethical committee of the Capital Re-
gion of Denmark. The study is described in details elsewhere.17

Using a within-subject experimental design, each participant 
was engaged, during 3 consecutive nights, in each of the 2 fol-
lowing conditions in a random order: (1) short sleep (SS, 4 h/
night from 03:00 to 07:00) and (2) long sleep (LS, 9 h/night from 
22:00 to 07:00). Nine hours of sleep per night was chosen be-
cause it is the recommended duration of sleep for this age group 
(US National Sleep Foundation). These 2 experimental condi-
tions were separated by 3-4 weeks. Between the experimental 
conditions the participants were asked to maintain normal activi-
ties and particularly not to change sleeping, eating, or physical 

activity patterns. Vigorous physical activity was not allowed 24 
h before testing and during the test days. This was done to stan-
dardize the subjects and to limit pre-trial interference. Further-
more, a normal sleep schedule had to be respected for 3 d before 
the first testing day in each condition in order to minimize the 
influence of potential pre-trial sleep restriction. Upon arrival the 
subjects were asked questions about their sleeping habits as well 
as mental and physical health in the days preceding the trial.

The 3 nights were spent at the department’s laboratory under 
strictly controlled conditions. From midday on day 1 and during 
daytime on day 2, the participants were free to leave the labora-
tory. On day 3 and 4, the subjects stayed in the laboratory. Fig-
ure 1 shows a schematic overview of the study protocol. Trained 
personnel monitored the subjects visually on a regular basis to 
ensure their safety and compliance to the protocol. The person-
nel only interacted with the subjects to ensure that there were no 
protocol violations (e.g., making contact at any sign of sleeping 
during waking hours). Individually adjusted energy balanced di-
ets were provided during the intervention period at the same time 
point in both conditions. Energy requirements were calculated 
using the WHO formula for this age group.18 The diets were iden-
tical and served at the same time points in both conditions.

A 24-h urine collection was done during day 3 for analyses 
of catecholamines (determined by solid phase extraction by ion 
exchange followed by high performance liquid chromatography 
with electrochemical detection [HPLC-EC]). Saliva samples 
were collected using a Salivette (Sarstedt) tube immediately 
after awakening the last morning (sample 1) and 30 min after 
awakening for analysis of cortisol (determined by solid phase 
extraction followed by ultra-high performance liquid chroma-
tography tandem mass spectrometry [LC-MS/MS]).

Blood samples were drawn in the fasting state and every 30 
min for 3 h following a standardized breakfast meal, consisting 
of 25% of the individual daily energy requirement and with an 

Figure 1—Study outline. Hatched areas represent time periods outside the study protocol. The participants spent both sleeping and wake time in the 
laboratory on day 1 and 2 to be accustomed to the facilities. Syringe symbols denote blood samplings (filled syringe denote fasting sample). Meals were 
given at the same time points in both conditions: breakfast at 09:00, lunch at 13:00, snack at 15:30, dinner at 18:00, and snack at 21:00. Meals outside 
the laboratory were provided by our research kitchen staff. In the free living periods, the participants were encouraged to engage in everyday activities, but 
abstain from scheduled physical activity. ad lib., ad libitum meal test; arrival/depart., arrival or departure from the laboratory; laboratory, participants stayed at 
the laboratory, LS, long sleep condition (9 h from 22:00-07:00); meal, breakfast meal, SS, short sleep condition (4 h from 03:00-07:00).
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energy distribution of 11 E% protein, 27 E% fat, and 62 E% 
carbohydrate. Both the amount and distribution of macronutri-
ents correspond to an average Danish breakfast meal. Blood 
samples were analyzed for plasma glucose (measured enzymat-
ically, ABX Pentra 400, Montpellier, France): serum insulin and 
C-peptide (determined by chemiluminescent immunometric as-
say, Immulite, Los Angeles, CA), and plasma glucagon (deter-
mined by competitive RadioImmunoAssay, Euro Diagnosticas, 
Malmö, Sweden). For values under the limit of detection (LOD) 
we used two-thirds of the LOD. The statistical analyses were 
carried out with and without these samples. Homeostasis model 
assessment of insulin resistance (HOMA-IR) was calculated as 
follows: (fasting glucose × fasting insulin)/22.5, while the Mat-
suda index was calculated as follows: 10,000/√((fasting glucose 
× fasting insulin) × (mean glucose0-210 × mean insulin0-210)).

Sleep was monitored by polysomnography (TrackitTM, 
Lifelines Neurodiagnostic Systems Inc., Troy, IL, USA) dur-
ing the whole intervention period (day 1 to 4) in both condi-
tions, and recordings were scored offline according to standard 
criteria (American Academy of Sleep Medicine, 2007). The 
hypnograms were carefully examined for daytime napping. Mi-
nor instances of sleep (5-10 min) during the day were allowed, 
whereas longer periods of sleep were regarded as protocol 
violation and reason for exclusion (evaluated individually for 
each participant). Only one person was excluded on the basis 
of daytime napping. Because of technical difficulties with the 
electrodes, only 13 subjects had complete data in both condi-
tions to evaluate sleep stages. However, we had complete data 
on sleep length.

Sympathovagal balance (low frequency to high frequency 
ratio, LF/HF-ratio) was assessed using an ActiHeart device 
(Camntech, Cambridge, UK) as described elsewhere.19

Pairwise comparisons were done using a multiple linear re-
gression model with robust estimation of variance (Huber-White 
estimation model), with order of treatment as fixed explanatory 
variable. Differences in repeated measurements of substrates 
were tested using a random coefficient model. For statistical 
evaluation, Stata version 11 (StataCorp, College Station, Texas, 

USA) was used. Data are presented as means ± SEM unless oth-
erwise specified. A P-value < 0.05 was considered significant.

RESULTS
The participants slept on average 506 ± 42 and 243 ± 15 min 

during the LS and SS conditions, respectively. The duration of 
slow wave sleep (SWS) in the subpopulation was preserved in 
the SS condition (SS, 132.2 ± 22.2 min and LS, 140.5 ± 37.7 
min, P = 0.20), whereas REM sleep (REMS) was reduced in the 
SS condition (SS, 46.6 ± 19.7 min and LS, 124.7 ± 24.0 min, 
P < 0.001). Number of state transitions per hour did not differ 
between conditions (SS, 8.7 ± 3.1 and LS; 7.1 ± 2.8, P = 0.18), 
while the number of awakenings per hour tended to be higher 
in the SS condition but did not reach statistical significance (SS, 
2.0 ± 1.4 and 1.4 ± 0.7, P = 0.080).

Baseline values and area under/over the curve (AUC/AOC, 
trapezoid method) calculations for plasma glucose, insulin, C-
peptide, and glucagon are presented in Table 1, and profiles are 
depicted in Figure 2. Overall, HOMA-IR was higher in the SS 
condition than the LS condition, and the Matsuda index was 
lower in the SS condition. Insulin was higher in the fasted state, 
while C-peptide was higher both in the fasting state and using 
the AUC in the SS compared to the LS condition.

Cortisol at awakening was 26% lower in the SS condition 
(SS, 6.8 ± 5.0 nmol/L and LS, 8.6 ± 4.5 nmol/L, P = 0.030), 
but there was no difference at 30 min (SS, 13.5 ± 5.3 nmol/L 
and LS, 13.9 ± 4.8 nmol/L, P = 0.74). Likewise, the response 
in saliva cortisol between awakening and 30 min later was not 
different (SS, 6.7 ± 4.2 nmol/L and LS, 5.4 ± 5.8 nmol/L, P 
= 0.41). For 24-h urine catecholamine values, only epineph-
rine differed between conditions, with a lower value in the SS 
condition (SS, 0.055 ± 0.006 μmol/L and LS, 0.068 ± 0.007 
μmol/L, P = 0.013), while norepinephrine was unaltered by 
sleep condition (SS, 0.23 ± 0.017 μmol/L and LS, 0.22 ± 0.018 
μmol/L, P = 0.42).

Sympathovagal balance was higher in the SS condition than 
the LS condition during the night time period (22:00-03:00), 
where the subjects were either awake (SS condition) or sleep-

Table 1—Fasting values, AUC/AOC calculations, and glucose metabolism indexes for the short and long sleep conditions

Short sleepa Long sleepa Differenceb P-values
Fasting values
 Glucose (mmol/L) 5.32 ± 0.06 5.31 ± 0.07 -0.01 (-0.08, 0.06) 0.82
 Insulin (pmol/L) 24.4 ± 4.8 15.3 ± 3.1 -9.1 (-14.0, -4.2)* 0.0010
 Glucagon (pmol/L) 42.0 ± 1.1 41.2 ± 0.7 -0.8 (-1.1, 2.7) 0.39
 C-peptide (pmol/L) 514.4 ± 37.0 414.8 ± 30.4 -99.7 (-146.1, -53.2)  < 0.001

AUC/AOC values
 Glucosec (mmol/L/min) 6.47 ± 0.09 6.42 ± 0.12 -0.05 (-0.23, 0.14) 0.48
 Insulinc (pmol/L/min) 215.1 ± 15.8 198.6 ± 14.8 -16.5 (-34.4, 1.5) 0.070
 Glucagond (pmol/L/min) 60.0 ± 0.7 59.8 ± 0.7 -0.4 (-0.7, 1.7) 0.45
 C-peptidec (pmol/L/min) 1,954.9 ± 94.3 1,758.3 ± 96.3 -196.6 (-354.8, -38.4)* 0.018

Indexes
 HOMA-IR 0.76 ± 0.18 0.46 ± 0.11 -0.24 (-0.50, -0.11)* 0.002
 Matsuda index 38.8 ± 6.0 49.5 ± 7.0 10.7 (2.9, 19.9)* 0.007

AUC, area under the curve (trapezoid method). AOC, area over the curve (trapezoid method). HOMA-IR, homeostasis model assessment of insulin resistance. 
aValues are mean ± SEM. bValues are mean (confidence interval). cAUC, dAOC, *significantly different between conditions (Huber-White estimation model 
with order of intervention as explanatory variable).
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ing (LS condition). The LF/HF ratio was 1.79 ± 0.67 and 1.31 ± 
0.53 (P = 0.006) for the SS and LS conditions, respectively. The 
opposite was seen during sleep (03:00-07:00), where the sym-
pathovagal balance was 1.27 ± 0.66 and 1.58 ± 0.81 (P = 0.049) 
for the SS and LS conditions, respectively. However, neither 
daytime (P = 0.78) nor 24-h (P = 0.64) sympathovagal balance 
differed between conditions.

DISCUSSION
The present study suggests that, despite maintained SWS, 

three nights of moderate sleep restriction acutely decreases in-
sulin sensitivity in healthy, lean adolescent boys. The indica-
tion of an increased post-prandial inhibition of glucagon further 
substantiates this finding. These results are in line with previous 
observational studies on adolescents,2-4 and thus underline the 
temporal sequence of the relation found in the cross-sectional 
studies. Furthermore, our results are in agreement with adult ex-

perimental studies using clamp technique,11 intravenous glucose 
tolerance test,8 and ad libitum meal setting.20 The combination 
of elevated insulin levels (preprandially), elevated C-peptide 
levels (pre- and postprandially), and unchanged glucose levels 
(pre- and postprandial) indicates a reduced sensitivity to insu-
lin. These changes may be just transient effects of acute sleep 
restriction. If sustained, however, this may ultimately increase 
the risk of developing type 2 diabetes.

In our study, SWS was maintained despite considerable re-
stricted sleep in the SS condition but with a substantial reduction 
in REMS. Previous studies have established that the amount of 
SWS can indeed be preserved in a sleep restricted situation,9,21 
and that curtailment of SWS only is associated with insulin re-
sistance.10 However, in spite of no significant change in SWS 
in our teenagers, a marked reduction in insulin sensitivity was 
observed, suggesting that total sleep time and not only SWS af-
fects the mechanisms involved in glucose metabolism.

Figure 2—Profiles of glucose (A), insulin (B), C-peptide (C), and glucagon (D) before and after the standardized meal challenge in the morning after 3 
consecutive nights of either short sleep (4 h/night) or long sleep (9h/night). Significant higher fasting levels in the SS condition for insulin and C-peptide as 
well as area under the curve (trapezoid rule) for C-peptide (Huber-White estimation model with order of intervention as explanatory variable). No time × 
condition effect in a random coefficient model (P = 0.71, 0.68, 0.60, and 0.47 for glucose, insulin, C-peptide, and glucagon, respectively). Panel E: *Significant 
difference between conditions in sample 1 (Huber-White estimation model with order of intervention as explanatory variable). Values are mean ± SEM.
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In contrast to our expectations, we did not observe an effect 
of sleep restriction on the 30 min response in saliva cortisol in 
the morning. In fact a lower cortisol concentration at awakening 
in the SS condition was observed. Similar results on morning 
cortisol levels as a result of sleep restriction have been reported 
earlier.22,23 Whereas morning levels of cortisol can be affected by 
the means of awakening (e.g., spontaneous or by the staff), it has 
also been suggested that a lower cortisol level upon awakening 
reflects a blunting of the normal circadian pulse of cortisol.23 The 
lower fasting cortisol level could, however, simply be an effect 
of an altered mid-sleep time point (05:00 in SS vs. 02:30 in LS), 
which could shift the circadian cortisol curve somewhat for-
ward.24 Other studies have reported a higher than normal increase 
of cortisol in the evening resulting from sleep deprivation.5,22 It 
can be speculated that these observations reflect an impairment 
of the negative-feedback control of the hypothalamic-pituitary-
adrenal axis,25 which can be an underlying mechanism to the de-
creased insulin sensitivity.26 We did not measure cortisol levels in 
the evening; thus, additional disturbances in the circadian rhyth-
micity of cortisol in our teenagers are still a possible mechanism 
involved in the decreased insulin sensitivity observed.27

It is not clear to us why the subjects experience a lower nega-
tive sympathovagal balance during sleep in the SS condition 
than the LS condition. However, this is at least partly supported 
by the finding of a lower 24-h epinephrine level in the SS con-
dition. If SWS is crucial in maintaining allostasis, and SWS is 
maintained, short sleep per se might not impose an allostatic 
overload beyond the decreased insulin sensitivity in these teen-
agers. However, a better understanding of the rhythmicity of 
both sympathovagal balance and hormonal stress markers in 
teenagers are needed to further elucidate this.

There are some limitations in this study that deserve atten-
tion. We did not assess sleep duration in the days before each 
trial. It is possible that sleep varied between subjects and be-
tween conditions. Since blood samples were performed on the 
morning of day 4, the subjects were standardized in the previous 
three days, limiting the possible confounding effect of any pre-
trial variations in sleep. Furthermore, 9 h of sleep per night in 
the LS condition might not maximize the amount of sleep for all 
participants in this age group. Thus, some participants are poten-
tially kept in a very mild sleep deprived state in this condition. 
Subjective data on sleepiness (data published elsewhere17), how-
ever, revealed that the participants on average felt rested in the 
LS condition, suggesting a negligible impact on the outcome. 
Blood glucose levels and the hormones responsible for the al-
lostatic regulation thereof are subjected to circadian control re-
gardless of the sleep/wake cycle.28 A continuous measurement 
over 24 h would elucidate any effect on the circadian rhythmic-
ity besides what is caused by sleep restriction. This is particu-
larly of relevance in studies where mid-sleep time point is not 
synchronized as in the present one. In studies where mid-sleep 
time point has been synchronized to maintain normal circadian 
rhythm, evidence of reduced insulin sensitivity is, however, also 
present.5,8,11 Moreover, misaligning the circadian rhythmicity by 
either delaying or advancing the sleep/wake cycle has also been 
shown to cause disturbance of the glucose-insulin metabolism.29 
Thus, allostatic overload on the glucose regulatory system is 
probably caused by both disturbances in the circadian rhythmic-
ity and sleep duration. In that sense, the results from the pres-

ent study can potentially be a result of circadian disturbances as 
well as sleep restriction. In order to mimic the sleep restriction 
behavior in teenagers, however, we chose to synchronize wake-
up time. Additionally, we measured the hormonal response to a 
test meal. More robust methodologies (e.g., clamp techniques) 
would provide a way to quantifying β-cell sensitivity to a glu-
cose load (hyperglycemic clamp) and of the tissue sensitivity to 
insulin (euglycemic insulin clamp).30 However, these techniques 
are rather invasive, and we found them not feasible in our popu-
lation of young teenagers.

In summary, short sleep induces signs of decreased insulin 
sensitivity, despite maintained SWS and in the absence of signs 
of a global metabolic stress. However, glucose allostasis was 
maintained, due to compensatory increased insulin secretion. It 
could be speculated that our subjects because of their young age 
and normal weight status have a more efficient regulatory abil-
ity. Future work is needed to confirm our observations in this 
young population and to determine whether the reported effects 
associated with partial sleep deprivation are maintained on a 
chronic basis also with a more moderate restriction of sleep.

ABBREVIATIONS
BMI, body mass index
SS, short sleep
LS, long sleep
LOD, limit of detection
LF/HF ratio, low frequency to high frequency ratio
SWS, slow wave sleep
REMS, rapid eye movement sleep
AUC, area under the curve
AOC, area over the curve
HOMA-IR, homeostasis model assessment of insulin resistance 
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