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Introduction

Sleep deprivation is an overall lack of the necessary amount of
sleep, causing symptoms that interfere with memory, mental
abilities, and emotional mood. Besides these well known ad-
verse effects, recent studies suggest a link between the increas-
ing prevalence of overweight/obesity or insulin resistance /
type 2 diabetes on the one hand and the trend towards a de-
creasing sleep duration on the other hand [1–7]. Advancing
occupational and social demands contributed to the continu-
ous decline in sleep duration from an average of 9.0 h a night
in 1910 to 7.5 h by 1975, and only 6.9 h today [8, 9]. Currently,
a quarter of the total adult population is increasingly sleep-
deprived. In cross-sectional studies an association between a
short habitual sleep duration and a higher prevalence of over-
weight and obesity or a lower body fat mass was found in chil-
dren and adults [for review see 10]. In addition, very short as
well as excessively long habitual sleep durations were both as-
sociated with an increased prevalence of impaired glucose tol-
erance or diabetes [7]. 
Since cross-sectional data do not rule out reverse causation,
chronic sleep loss and impaired quality of sleep may also be a
consequence of overweight and obesity. Despite the well doc-
umented inverse association between sleep duration and body
weight, the influence of partial sleep deprivation on regula-
tion of energy balance has been rarely addressed. Spiegel et al.
[11] observed 18% lower plasma levels of leptin and 24%
higher ghrelin levels in young men following 2 consecutive
nights of 4 h sleep duration when compared to post sleep re-
covery for 2 nights. Consistent with these findings, the subjects
experienced higher rates of hunger and appetite and a favor
for energy-dense foods. Since BMI and gender may influence
appetite and feeding behavior [12, 13], it remains unclear if
the results obtained in lean men can be translated to women
and a population with a larger BMI range.
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Summary
Background: Voluntary sleep restriction is a lifestyle fea-
ture of modern societies that may contribute to obesity
and diabetes. The aim of the study was to investigate the
impact of partial sleep deprivation on the regulation of
energy balance and insulin sensitivity. Subjects and

Methods: In a controlled intervention, 14 healthy women
(age 23–38 years, BMI 20.0–36.6 kg/m2) were investigated
after 2 nights of >8 h sleep/night (T0), after 4 nights of
consecutively increasing sleep curtailment (7 h sleep/
night, 6 h sleep/night, 6 h sleep/night and 4 h sleep/night;
T1) and after 2 nights of sleep recovery (>8 h sleep/night;
T2). Resting and total energy expenditure (REE, TEE),
glucose-induced thermogenesis (GIT), physical activity,
energy intake, glucose tolerance and endocrine parame-
ters were assessed. Results: After a decrease in sleep du-
ration, energy intake (+20%), body weight (+0.4 kg), lep-
tin / fat mass (+29%), free triiodothyronine (+19%), free
thyroxine (+10%) and GIT (+34%) significantly increased
(all p < 0.05). Mean REE, physical activity, TEE, oral glu-
cose tolerance, and ghrelin levels remained unchanged
at T1. The effect of sleep loss on GIT, fT3 and fT4 levels
was inversely related to fat mass. Conclusion: Short-term
sleep deprivation increased energy intake and led to a
net weight gain in women. The effect of sleep restriction
on energy expenditure needs to be specifically ad-
dressed in future studies using reference methods for
total energy expenditure.
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The sleep cycle is closely related to endocrine and metabolic
functioning and sympathovagal balance. Sleep restriction
leads to an increase in cortisol levels, and a higher sympathetic
nervous system (SNS) activity [14]. It may thus augment the
energy needed to keep the organism awake, mentally as well
as physically. To our knowledge, a possible increase in energy
intake as a consequence of impaired anorexigenic and en-
hanced orexigenic stimuli has not been investigated yet. This
may serve as a metabolic adaptation to an increase in energy
requirement. Accordingly, total sleep deprivation in rodents
led to hyperphagia [15] as well as elevated energy expenditure
and ultimately to a reduced body weight [16–18]. In agree-
ment with this observation, patients with insomnia had in-
creased body temperature and heart rate [19] as well as sleep-
ing metabolic rate [20]. Thus, both sides of the energy balance
need to be investigated to assess the impact of sleep depriva-
tion on body weight regulation. 
The aim of the present study was to investigate the impact of
partial sleep deprivation on energy intake as well as all compo-
nents of energy expenditure (resting energy expenditure
(REE), glucose-induced thermogenesis (GIT), physical activity
and total energy expenditure (TEE)) and the neuroendocrine
regulation of energy balance in young healthy normal weight,
overweight and obese women under an ad libitum diet.

Subjects and Methods

Fourteen 23- to 38-year-old women were recruited by notice-board post-
ings in local supermarkets, university, and sports facilities. All participants
were healthy and weight-stable. None had a history of recent illness or en-
docrinopathy. Subjects were non-pregnant, non-lactating, non-smokers
and did not take any medications except oral contraceptives (4 cases). Ex-
aminations were performed during the follicular phase of the menstrual
cycle. Subjects underwent a basal physical examination including blood
pressure and ECG recordings. Habitual sleep duration was reported to
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lay between 7.5 and 9 h. Non of the participants was shift working, com-
plained about sleep disturbances or traveled across time zones less than 
1 month before the study. The study protocol was approved by the local
ethical committee of the Christian-Albrechts-University Kiel. Each sub-
ject provided informed written consent before participation.
Investigations were performed after 2 nights of >8 h sleep/night (T0), after
4 nights of consecutively increasing sleep curtailment (7 h sleep/night, 6 h
sleep/night, 6 h sleep/night and 4 h sleep/night; T1) and after 2 nights of
sleep recovery (>8 h sleep/night; T2). An outline of the study protocol is
given in figure 1. Assessments of body composition, REE, GIT, and blood
sampling were carried out in the morning between 7:00 and 11:00 a.m. All
subjects slept at home, and compliance was checked by 24-hour heart rate
monitoring as described below.

Anthropometric Measurements and Body Composition Analysis
Body weight was measured to the nearest 0.1 kg on an electronic scale
coupled to the BOD-POD® Body Composition System (Life Measure-
ment Instruments, Concord, CA, USA). Height was measured on a sta-
diometer to the nearest 0.5 cm. Waist circumference was measured to the
nearest 0.5 cm midway between the lowest rib and the iliac crest while the
subject was at minimal respiration. Air displacement plethysmography
was performed by the BOD-POD device as described previously [21].
Briefly, subjects were measured in tight fitting underwear and a swimming
cap. Two repeated measurements of body volume were performed and
averaged. Measured thoracic lung volume was subtracted from body vol-
ume. In order to reduce measurement variability caused by repeated lung
volume measurements, thoracic lung volume was only measured at T0,
and this value was subsequently used for body composition analysis at T1
and T2. BOD-POD software was used to calculate body density as body
weight divided by body volume and % fat mass (%FM) using Siri’s equa-
tion (22). Fat free mass (FFM;kg) was calculated accordingly: weight (kg)
– fat mass (kg). The coefficient of variation for repeated measurements 
of %FM was 2.4%.

Parameters of Energy Intake
An experienced dietitian provided detailed instructions to the participants
about recording of all foods consumed. Dietary records were kept for the
whole study period of 10 days. Energy and macronutrient intake was as-
sessed using a software program for data analysis (EBISpro 8.0, Willstätt-
Legelshurst, Germany). Alcohol was not allowed during the study period.
All dietary records were tested for plausibility, and records from two sub-
jects were discarded based on Goldberg’s cut-off [23]. The period from

 

Sun Mon Tue Wed Thu Fri Sat Sun 

                >8 h           >8 h       7 h              6 h             6 h              4 h             >8 h >8 h 

 
  

  Time spent in bed 

T0  T1  T2 

Investigations    X  Body composition      X            X 
   X  Blood sampling       X            X 
   X  OGTT         X 
   X  Indirect calorimetry      X             X 
   X  Glucose-induced thermogenesis    X 
   X  Spiroergometry 
    

9-day dietary record, continuous heart rate monitornig and pedometry 

Fr 

Fig. 1. Overview 
of the experimental 
protocol. OGTT =
Oral glucose
 tolerance test.

266_273_05007_bosy:266_273_05007_bosy  24.10.2008  10:00 Uhr  Seite 267



days 1 to 4 was averaged as T0; from days 5 to 8 as T1 and from days 9 to
10 as T2. Coefficients of variantion (CVs) for daily caloric intake were
22.8%, 17.4% and 11.9% at T0, T1 and T2, respectively. Analogous rating
scales (ranging from 1 to 10) were used to collect data on hunger and ap-
petite sensation.

Parameters of Energy Expenditure and Physical Activity
REE was measured by indirect calorimetry using the ventilated hood sys-
tem Vmax 29n (SensorMedics®; Sensor Medics Deutschland GmbH,
Höchberg, Germany) for 30 min after resting for 5 min during calibration
of the system in a metabolic ward at constant humidity (55%) and room
temperature (22 °C). A mass flow sensor measured volume and airflow.
Calibration of flow and gas analyzers was done immediately before each
measurement. Flow calibration was performed by a 3-liter calibration sy-
ringe, and gas analyzers were calibrated using 2 standard gas concentra-
tions (16% O2, 4% CO2; 26% O2, room air 20.94%, 0.05% CO2). During
the measurements subjects were awake and lay quietly and motionless.
Data were collected every 20 s. VO2 and VCO2 were converted to REE by
using the abbreviated Weir equation [24]: 

REE(kcal/day) = VO2 (3.941) + VCO2 (1.106). (1).

Respiratory quotient (RQ) was calculated from VCO2/VO2. Data ob-
tained during the first 15 min were omitted. REE was adjusted for differ-
ences in FFM (measured by ADP) according to Ravussin and Bogardus
[25] by using the following equation:

REEadj = REE measured + ((FFM group (mean) – 
FFM measured) × slope*) 2).

* The slope is derived from the regression equation between REE and
FFM.

The CV for repeated REE and VO2max measurements were 5 and 3%,
respectively. A detailed description of the procedure, its accuracy, preci-
sion, and stability is reported elsewhere [26]. Subsequent to the measure-
ment of REE, GIT was assessed over 3 h following an oral glucose toler-
ance test (OGTT; intake of glucose 1 g/kg body weight). During the test
the subjects were allowed to listen to an audiobook or to watch documen-
tary DVD. GIT in kJ was calculated from the area under the energy ex-
penditure vs. time curve (MJ/day/180 min) after subtracting the measure
of REE. GIT was also expressed as the mean increase in REE over 180
min as a percentage of the energy intake from glucose consumed (% en-
ergy intake).
TEE was estimated using continuous 24-hour heart rate monitoring
(Polar S810; Polar, Kempele, Finland; software Polar® Precision Perfor-
mance SW 3.0) during the study period. Calculations of TEE are based on
intraindividual calibrations of VO2 against heart rate using open circuit in-
direct calorimetry (Vmax 29n) and ergometry (bicyle ergometer EM 840;
Siemens, Basel, Switzerland). TEE is derived from the minute-by-minute
recordings of heart rate using the individual regression line for VO2 vs.
heart rate. The ‘FLEX’ method was used as an improvement to discrimi-
nate between resting and exercise heart rate. ‘FLEX’ heart rate is defined
as the mean of the highest heart rate under sedentary conditions (e.g. sit-
ting on the bicycle ergometer without pedaling) and the lowest heart rate
recorded when performing light work on the ergometer [27].
Individual sleep duration was assessed from 24-hour heart rate monitor-
ing as the period below resting heart rate. Sleeping energy expenditure
was derived by multiplication of REE with 0.9. In four subjects continu-
ous data on heart rate could not be obtained because of a loss in signal
transduction from the Polar belt. Data on TEE were omitted in these sub-
jects. To assess the level of physical activity, each subject carried a step
counter throughout the study period (exercise plus cool and fresh tissue,
Kasper and Richter, Germany), and readings were recorded every day.
CVs for TEE and pedometer output were 9.8 and 22.7%, respectively. 

Insulin Sensitivity and Hormone Analyses
Blood samples were obtained from an antecubital vein after a minimum
8-hour fasting. Plasma insulin was measured by RIA showing no cross-re-
activity with C-peptide and only 14% with proinsulin (Adaltis, Rome,
Italy). Plasma glucose was assayed by using a hexokinase enzymatic
method. The homeostasis model assessment [28] was used to calculate in-
sulin resistance by the following formula:

HOMA-IR = fasting insulin (μU/ml) × fasting glucose (mmol/l) / 22.5
(3).

As an index of insulin sensitivity, the Matsuda index takes into account
both fasting glucose and insulin levels, as well as average glucose and in-
sulin levels during an OGTT [29] and was calculated as follows: 

OGTT was performed by ingestion of glucose 1 g /kg body weight in 300
ml water. Venous blood samples were taken at 0, 15, 30, 45, 60 and 90 min. 
Blood samples for determination of leptin and ghrelin were collected into
tubes containing EDTA. They were immediately centrifuged at 10 °C for
20 min at 3,000 rpm, and the plasma stored at –40 °C. RIA test Kits
(LINCO Research, St. Charles, MS, USA) using the double antibody/PEG
technique were used for determination of plasma leptin and total ghrelin.
Analytical sensititvity, intra- and interassay CVs were 0.5 ng/ml, 3–8% and
4–8% for leptin and 93 pg/ml, 3–10% and 14–16% for ghrelin, respective-
ly. All samples of each subject were analyzed in duplicate and in one run.
Plasma levels of leptin showed a high correlation with fat mass (r = 0.89, 
p < 0.001 at T0), and the ratio of plasma leptin divided by fat mass was cal-
culated. Serum concentrations of non-protein-bound triiodothyronine
(fT3), thyroxine (fT4) and cortisol were measured by competitive analo-
gous immunoassay and competitive chemiluminescent enzyme im-
munoassay (Immulite, DPC Diagnostic Products Corporation, Los Ange-
les, CA, USA).

Statistics
Descriptive statistics are given as means ± SD. A p value < 0.05 was con-
sidered statistically significant. Analyses were conducted using SPSS for
Windows software (SPSS Inc., Chicago, IL, USA). Comparisons between
two time points (e.g. glucose-DIT and results from the OGTT at T0 and
T1) were compared by Wilcoxon test. Comparisons between subgroups of
lean and overweight women were performed by Mann-Whitney U test.
Comparisons between three time points (T0, T1, T2) were performed by
repeated measures analysis of variance (MANOVA) using a Turkey-
Kramer multiple comparison post hoc test (calculation with NCSS trial
version, 2006; Kaysville, UT USA). Relationships between variables were
examined using Pearson’s product-moment correlation coefficients. Areas
under the insulin and glucose plasma concentration vs. time curves above
the basal levels and AUCs of GIT above REE were calculated by trape-
zoidal rule. 

Results

Impact of Sleep Loss on Energy Intake and Energy Balance
Basal characteristics of the study population are presented 
in table 1. Eight subjects were normal weight (BMI 18.5–
24 kg/m2), 3 were overweight (BMI 25–29 kg/m2), and another
3 were obese (BMI >30 kg/m2). In table 2, the baseline (T0)
values of nutritional status, energy intake, energy expenditure,
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physical activity, and endocrine profile are compared with fol-
low-up at maximal sleep deprivation (T1) and after sleep re-
covery (T2). When compared with days 1–4 (T0), mean sleep
duration at T1 significantly decreased by ~3 h per night,
whereas it subsequently increased again by 4 h at T2. 
Energy intake increased by +20% during the period of sleep
loss (T1) when compared with day 1–4 (T0). The mean in-

crease was +415 ± 471 kcal/day, ranging from +1,172 to –461
kcal/day at unchanged relative macronutrient intake. Con-
comitantly mean body weight increased from T0 to T1 (+400
± 619 g ranging from +1.7 to –0.4 kg). The increase in body
weight correlated with the increase in energy intake (r = 0.82,
p < 0,.001) (fig. 2a) and the decrease in sleep duration (r =
0.69; p < 0.05). Basal plasma leptin (+24%) and leptin / fat
mass (+29%) also increased with sleep loss (table 2). When
compared with T0, leptin levels at T1 were also higher 45 
and 90 min following an OGTT (p < 0.05 for both time points)
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Table 1. Basal characteristics of the study population (14 women)

Means ± SD Range

Age, years 27.5 ± 5.3 23–38
Height, cm 169.5 ± 6.7 161–182
Weight, kg 73.5 ± 14.3 59.8–98.3
BMI, kg/m2 25.8 ± 5.8 20.0–36.6
Waist circumference, cm 87.3 ± 14.7 70.0–115.0
BPsys, mm Hg 119 ± 8 110–130
BPdias, mm Hg 79 ± 6 70–85
VO2 peak, l/min 2.74 ± 0.33 2.15–3.18

BPsys = systolic blood pressure; BPdias = diastolic blood pressure; VO2

peak = peak exercise oxygen uptake during ergometry.

Table 2. Parameters of nutritional status, energy intake, energy expendi-
ture, physical activity and endocrine profile at baseline (T0), during follow
up at maximal sleep deprivation (T1) and after sleep recovery (T2) 

T0 T1 T2

Sleep duration, h/nighta 9.02 ± 0.96 5.49 ± 0.59* 9.35 ± 0.84†

Weight, kg 73.5 ± 14.3 73.9 ± 14.3* 73.4 ± 14.3
Fat mass,% 30.4 ± 9.2 29.8 ± 9.2 31.0 ± 9.4
FFM, kg 50.2 ± 6.1 50.9 ± 5.6 49.6 ± 5.4
Energy intake, MJ/day 8.83 ± 1.07 10.57 ± 2.12* 9.08 ± 1.62

(n = 12)a

Carbohydrates, E% 52.5 ± 7.5 55.0 ± 9.2 50.7 ± 9.0
(n = 12)a

Fat, E% (n = 12)a 34.3 ± 6.2 31.8 ± 7.9 35.3 ± 8.2
Protein, E% (n = 12)a 12.8 ± 1.8 13.0 ± 3.5 13.3 ± 2.7
Appetite, scorea 5.2 (2.9–6.5) 5.3 (4.3–7.3) 5.3 (3.9–8.1)
Hunger, scorea 4.5 (2.3–6.0) 4.3 (1.3–6.3) 4.7 (2.9–7.6)
REE, MJ/day 6.29 ± 0.51 6.41 ± 0.59 6.25 ± 0.64
REEadj, MJ/day 6.32 ± 0.57 6.37 ± 0.60 6.33 ± 0.47
TEE, MJ/day (n = 10) 10.21 ± 2.15 11.43 ± 3.46 10.41 ± 3.03
Physical activity, stepsa 7,187 ± 3,896 8,949 ± 4,371 7,293 ± 4,468
Leptin, ng/ml 17.55 ± 19.55 21.79 ± 21.70* 18.75 ± 17.73
Leptin / fat mass, ng/ml 0.63 ± 0.37 0.81 ± 0.44* 0.71 ± 0.35

× kg–1

Ghrelin, pg/ml 801.2 ± 332.6 798.4 ± 356.7 875.7 ± 333.4
fT3, pg/ml 3.05 ± 0.61 3.64 ± 0.79* 3.11 ± 0.46†

fT4, ng/dl 1.13 ± 0.13 1.23 ± 0.12* 1.15 ± 0.13†

Cortisol, μg/dl 16.89 ± 6.48 18.86 ± 6.91 17.79 ± 6.79

*Significantly different from T0; p< 0.05. 
†Significantly different from T1, p< 0.05, MANOVA.
aThe period from days 1–4 is averaged as T0; from days 5–8 as T1, and
from days 9–10 as T2.

y = 30.057x + 7.9194
R2 = 0.75
p < 0.001
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Fig. 2. Relationships between a the sleep restriction induced increase in
energy intake and body weight from T0 to T1 and b the difference in en-
ergy intake and body weight during sleep recovery (T1-T2). ● Normal
weight women, ■ overweight women,▲ obese women.
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(fig. 3a). All indicators of a positive energy balance (body
weight, energy intake, plasma leptin and leptin / fat mass) re-
turned to baseline levels after sleep recovery at T2. However,
there was no significant correlation between the decrease in
body weight and the difference in energy intake during sleep
recovery (T1 to T2) (fig. 2b), but the increase in sleep correlat-
ed with a decrease in weight from T1 to T2 (r = 0.67, p < 0.05).
Mean basal ghrelin levels and ghrelin levels following an oral
glucose load (fig. 3b) remained unchanged during interven-
tion. Ratings of hunger and appetite were also unchanged dur-
ing sleep deprivation and showed no association with energy
intake, leptin and ghrelin levels. 

Impact of Sleep Loss on Energy Expenditure Thyroid 
Hormone and Cortisol Levels
There were no significant changes in REE, REEadj, physical
activity, TEE, or plasma cortisol levels induced by sleep loss
although levels of fT3 and fT4 significantly rose from T0 to T1
(table 2). By contrast, the individual changes in REE after a
glucose load significantly increased after sleep loss (+34%)
(table 3, fig. 4a). There was no relation between REEadj and
energy intake at any study phase.

Impact of Sleep Loss on Insulin Sensitivity and Glucose 
Tolerance
Sleep deprivation did not affect basal levels of insulin and glu-
cose as well as insulin sensitivity by HOMA-IR (table 3). Mean
insulin secretion in response to an oral glucose load and insulin
sensitivity assessed by Matsuda index also remained un-
changed after sleep loss. However, the change in REE after the
period of sleep loss was associated with a concurrent change in
Matsuda index (r = 0.74, p < 0.01) and insulin AUC (r = –0.58,
p < 0.05). An increase in REE was therefore related to a de-
crease in insulin sensitivity and a higher insulin secretion.

Impact of Weight Status on the Effects of Sleep Loss
Weight gain or increases in calorie intake in response to sleep
deprivation were not related to initial BMI, %FM, or waist
circumference. By contrast, increases in plasma leptin from T0
to T1 tended to be related to initial %FM (r = 0.53, p = 0.051).
Dividing the study group into 8 women with normal fat mass 
< 30% and 6 women with elevated body fat mass > 30% re-
vealed some difference in hormone levels. In normal fat sub-
jects, ghrelin levels were 904.0 ± 302.6 pg/ml at T0, 953.3 ±
363.4 pg/ml at T1 and 1,032.0 ± 306.7 pg/ml at T2, whereas in
women with elevated fat mass plasma ghrelin was significantly
lower with 664.2 ± 346.5, 592.0 ± 237.6 and 667.3 ± 257.2 pg/ml
at To, T1 and T2, respectively (p < 0.05 for all time points).
Leptin / fat mass showed a significant difference between
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Fig. 3. Basal and post-OGTT a leptin and b ghrelin levels before (T0)
and after a period of chronic sleep deprivation (T1). Error bars = SD; *p <
0.05.

Table 3. Results of basal and post load glucose metabolism and GIT to a
3h OGTT

T0 T1

Basal
Glucose, mmol/l 4.90 ± 0.36 5.13 ± 0.62
Insulin, μU/ml 12.52 ± 7.08 12.15 ± 6.63
HOMA-IR 2.74 ± 1.65 2.88 ± 1.54

Postprandial
Glucose, AUC (mg/dl × 180 min–1) 229.4 ± 23.9 247.6 ± 42.4
Insulin, AUC (μU/ml × 180 min–1) 80.8 ± 48.5 82.9 ± 40.5
Matsuda index 0.93 ± 0.39 0.90 ± 0.42

GIT, AUC (MJ/day × 180 min–1) 60.2 ± 25.8 81.0 ± 33.5*

GIT, % energy intake 33.1 (7.9–52.2) 47.5 (18.6–75.0)*

*p < 0.01 for difference between T0 and T1 paired samples t-test.
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women with normal and elevated fat mass. In normal fat sub-
jects leptin / fat mass was 0.46 ± 0.16 ng/ml × kg–1 at T0, 0.65 ±
0.39 ng/ml × kg–1 at T1 and 0.61 ±0 .35 ng/ml × kg–1 at T2,
whereas in women with elevated fat mass leptin / fat mass was
higher (0.85 ± 0.46 ng/ml × kg–1 at T0, 1.03 ± 0.44 ng/ml × kg–1

at T1, and 0.84 ± 0.34 ng/ml × kg–1), with significant group dif-
ferences at T1 only (p < 0.05). A higher %FM at T0 correlated
with higher T0 to T1 increases in carbohydrate intake (r =
–0.64; p < 0.01).
Basal cortisol levels were significantly higher in lean women
compared with women with elevated fat mass (20.28 ±4.25 vs.
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12.37 ±6.41 μg/dl; p < 0.05). With regard to energy expenditure
and stress response, a higher basal %FM was related to a
lower increase in fT3 (r = 0.56; p < 0.05) and cortisol levels 
(r = 0.70, p < 0.01) from T0 to T1. A higher initial waist cir-
cumference and a higher %FM were also related to a lower
increase in GIT (r = –0.55, p < 0.05 for waist circumference
and r = -0.60, p < 0.05, for %FM), (fig. 4b). 

Discussion

To our knowledge this is the first controlled study that investi-
gates the consequences of partial sleep deprivation on energy
balance under an ad libitum diet. After a period of 4 days with
consecutive sleep curtailment, a approximately 20% increase
of mean daily energy intake was reported, and a significant
weight gain occurred (table 2). Unfortunately, the mean
weight gain of 0.4 kg (table 2) was beyond the precision of
body composition analysis by ADP so that the change in FFM
and fat mass may not be interpreted. 
In young normal weight men, sleep deprivation led to in-
creased ghrelin and lower leptin levels [11, 14]. Ghrelin, an
orexigenic signal from the stomach, increases appetite [13],
whereas the adipocytokine leptin confers an anorexigenic, sa-
tiating signal to the hypothalamic centers of appetite control
[12, 30]. In the present study the finding of increased plasma
leptin and unchanged ghrelin levels after partial sleep depri-
vation (table 2) might be a consequence of a positive energy
balance. Since overfeeding for 3 days was shown to increase
leptin levels [31], plasma leptin levels reflect both energy
stores (adipose tissue) and recent food intake. Hence we may
speculate that the spontaneous compensation of increased ap-
petite led to a higher energy intake under an ad libitum diet,
and consequently plasma levels of leptin increased, whereas
ghrelin levels remained unchanged.
It is a limitation of our study that the small number in the sub-
groups of normal weight, overweight and obese women does
not allow separate analyses by weight status. However, in-
terindividual susceptibility to sleep loss-induced weight gain
varied in our subjects (fig. 2a). Two women even slightly de-
creased their daily energy intake in response to sleep curtail-
ment. The underlying mechanisms by which sleep debt causes
endocrine dysregulation of energy balance remain unknown.
Secretion of leptin has been shown to be inhibited by SNS ac-
tivity [32]. An increase in sympathovagal balance has been re-
ported in healthy subjects after 6 days of partial sleep restric-
tion [13], whereas others did not confirm these findings [33].
An increase in sympathovagal balance may also be caused by
a decrease in vagal tone since some studies showed an in-
hibitory effect of parasympathetic activity on ghrelin produc-
tion [13, 34, 35]. 
Mean morning levels of cortisol tended to increase after sleep
loss, but the difference did not reach statistical significance
due to a high variance (table 2). There was also no significant
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Fig. 4. a Sleep loss lead to an increase in GIT that was b dependent on
body fat mass. Error bars = SD; fat massADP T0, percentage of fat mass
measured by air displacement plethysmography at T0.
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effect of sleep loss intervention on basal and post OGTT in-
sulin levels in our subjects, suggesting the absence of insulin
resistance (table 3). Although mean sleep loss-induced
changes in REE and insulin sensitivity were not significant
(tables 2, 3), a high interindividual variance was observed, and
an increase in REE was related to a decrease in insulin sensi-
tivity or a higher insulin secretion. Insulin resistance and hy-
perinsulinemia may lead to a higher REE by increasing pro-
tein turnover, futile cycling, gluconeogenesis and the activity
of the sympathetic nervous system [for review see 36]. Insulin
resistance may thus be seen as a compensatory mechanism
preventing weight gain [37, 38].
In contrast to cortisol and insulin, basal levels of fT3 and fT4
significantly increased from T0 to T1 which may add to an in-
crease in metabolic rate. However, we found no significant ef-
fect of sleep loss on REE, TEE ,and physical activity. By con-
trast, GIT significantly increased (+34%, fig. 4, table 3). The
stimulating effect of sleep loss on GIT depended on %FM
(fig. 4) and was higher in women with normal fat mass than in
those with elevated fat mass. Accordingly, a higher %FM was
related to a lower increase in fT3 and morning cortisol levels
during sleep loss. The lack of any effect of sleep loss on TEE
may be due to the imprecision of heart rate monitoring tech-
nique. Although at the group level heart rate monitoring pro-
vides an estimation of TEE close to that assessed by the dou-
bly labelled water (2H2

18O, DLW) method, the degree of
agreement between the two methods is considerably lower at
the individual level [39, 40]. Therefore, the effect of sleep loss
on 24-hour energy expenditure deserves further investigation
using more advanced reference methods, e.g. a calorimetric
chamber.
Sleep deprivation in healthy young men has been found to re-
sult in disturbances of glucose metabolism [14]. In addition,
sleep disturbances were found to be a risk factor for the devel-
opment of diabetes in a retrospective analysis of the Nurses
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Health Study [5] and in prospective investigations in middle-
aged Swedish men [6]. Experimental investigations suggest the
activation of neuroendocrine pathways as potential mecha-
nisms by which sleep curtailment may predispose to metabolic
disorders. Sleep deprivation was also shown to stimulate the
hypothalamo-pituitary adrenal (HPA) axis [41]. Chronic sleep
loss may thus mimic the metabolic effects of stress via activa-
tion of the SNS and HPA axis. The sympatho-adreno-
medullary system is involved in the metabolic response to car-
bohydrate intake. In young adults, postprandial epinephrine
levels follow a biphasic pattern that is inversely related to that
of glucose and insulin [42]. Since the effects of sleep loss on
carbohydrate metabolism and endocrine function are similar
to those observed in normal aging, sleep debt was suggested to
increase the severity of age-related chronic disorders [43].
However, our short time sleep curtailment intervention in
healthy women had no effect on basal and post OGTT glucose
metabolism (table 3). This does not rule out any longtime ad-
verse effect of chronic sleep loss in habitual sleep restriction
on insulin sensitivity and glucose metabolism. 
In conclusion, we have shown that sleep loss effects energy in-
take and leads to a net weight gain. Because GIT and thyroid
hormone levels (fT3 and fT4) also increased during sleep loss,
it can be suggested that energy expenditure might also be in-
fluenced by sleep restriction. Therefore, the effect of sleep loss
on energy expenditure needs to be specifically addressed in
future studies using reference methods for TEE such as a
caloric chamber. The stimulating effects of sleep loss on GIT,
fT3, and fT4 levels were inversely related to body fat mass
suggesting that a higher fat mass inhibits the increase in ther-
mogenesis, thus favoring weight gain.
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