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Abstract
The purpose of the study was to investigate whether sleep duration during early childhood was
associated with fat mass and bone mineral content (BMC). BMC and fat mass were measured by
dual-energy x-ray absorptiometry (DXA) in children (n=336) ages 4–12 years. Sleep was
quantified according to parental report of hours slept at night and napping. The relationship
between sleep pattern and body composition was tested using ANOVA including confounding
factors. Based on the sample distribution, children were grouped into tertiles of sleep duration.
BMC was greater in children with longer sleep duration (p=0.02). Age was inversely associated
with sleep duration; therefore the sample was analyzed by age category using seven years old as
the cut-point. The relationship remained significant only among younger children. Napping was
positively associated with BMC (p=0.001). Sleep duration was not associated with fat parameters.
Longer sleep duration, may allow for optimal energy resource partitioning in which bone is
favored. Sleep duration of less than 8 hours may impair bone mass accrual, particularly during
periods of rapid growth.
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INTRODUCTION
There is growing evidence that sleep curtailment is an important risk factor for a number of
metabolic diseases (e.g. obesity, diabetes) [1–4], and the impact is apparently greater in
children than adults [5]. The myriad of interrelated metabolic changes during childhood and
the implication of sleep patterning on not only normal development but also on body tissue
compartmentalization (e.g. fat storage vs. bone remodeling) are gaining interest, indicating
an intricate balance between metabolic pathways involved [6]. A recent meta-analysis of 17
studies conducted in the pediatric population suggests a dose-dependent response with each
additional hour of sleep decreasing obesity risk by nearly 10% in young overweight/obese
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children, particularly in boys [7]. Among the primary functions of sleep is conservation of
energy for growth and restoration/maintenance of tissue structure. It is plausible that sleep
deprivation interferes with energy coordination, in which adipogenic pathways are favored
over those associated with greater energetic demand (i.e. osteogenesis). Given the high
energy cost associated with the linear growth, as well as the interplay between adipogenic
and osteogenic pathways [6], the contribution of sleep duration and architecture to these
processes is an intriguing area for investigation.

The increased energy requirements of childhood growth and development may necessitate
increased amounts of sleep for tissue (re)modeling, repair and other biochemical
consequences of waking metabolic activity [8;9]. Although most studies have examined the
contribution of sleep to adiposity parameters, little attention has been paid to how sleep
relates to bone mass accrual. Skeletal remodeling, an energetically more demanding process
relative to fat storage may significantly contribute the association between sleep and energy
balance. To that end, the objective of this study was to investigate whether sleep duration
patterns during early childhood influence bone mineral content (BMC) and if the effect
differs across age or sex groups.

MATERIALS AND METHODS
Participants

Measures on 336 children, aged 4–12 years, were used for current analyses. Participants
required two visits. On the first visit anthropometric and body composition assessments
were taken. On the second visit, indirect calorimetry was performed. All were pubertal stage
≤3 as assessed by the study’s pediatrician (according to Marshall and Tanner [10], healthy,
and not taking medications known to affect body composition. Parents and children
provided consent/assent, respectively, after reviewing the protocol with study personnel. The
protocol was approved by the Institutional Review Board (IRB) for human participants at
the University of Alabama at Birmingham (UAB). All measurements were performed
between 2005 and 2010.

Sleep
Night time sleep duration was assessed by survey undertaken by parents asking “what time
does our child usually go to bed at night and usually wake up in the morning.” In addition,
napping frequency and duration were assessed by asking “how long does your child usually
take a nap,” with the response “my child does not take naps” a choice. These items, adapted
from the Night Eating Questionnaire, were used to compute average hours of night sleeping
and napping, and constituted total sleep. Similar sleep questions have been used with this
age group in various studies [3;5;11;12].

Body Composition Assessment
Body composition measures were assessed by dual energy x-ray absorptiometry (DXA)
using a GE Lunar Prodigy densitometer (GE Lunar Radiation corp., Madison, WI) with
pediatric software (version 1.5e). Participants were scanned in light clothing, lying flat on
their back with arms at their sides. Outcome measures included overall fat and lean mass, as
well as bone mineral content (BMC) and bone mineral density (BMD). DXA has been
reported to be reliable in this population and the coefficient of variation has been reported to
be 4% [13].

Resting Energy Expenditure (REE)
REE was measured in the morning following an overnight fast. A computerized, open-
circuit indirect calorimetry system with a ventilated canopy (Delta Trac II; Sensor Medics,
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Yorba Linda, CA) was used. While lying supine in a quiet, well-ventilated room, the head of
the subject was enclosed in a plexiglass canopy. Participants were instructed not to sleep and
remain quiet and still, breathing normally. One-minute average intervals of oxygen uptake
(VO2) and carbon dioxide production (CO2) were measured continuously for thirty minutes,
in which the last 20 minutes were used to calculate REE. Day to day subject variability for
the Delta Trac is 5% [14].

Anthropometric Measures
Anthropometric measures were obtained by a registered dietitian. Height (Heightronic 235;
Measurement Concepts, Snoqualmie, WA) and weight (Scale-tronix 6702W; Scale-tronix,
Carol Stream IL) were obtained in minimal clothing without shoes. BMI percentile was
calculated using age- and sex-specific growth charts [15].

Pubertal Status
Pubertal progression is associated with characteristic influences on body composition and
energy metabolism. The one-to-five staging of Marshall and Tanner, based on examination
of both breast and pubic hair development, was used for pubertal stage assessment, with one
composite number representing the higher of the two assigned values [10].

Statistical Methods
The mean and standard error of sample characteristics (age, height, weight, pubertal stage,
BMI%, BMI z-score, total fat, percent fat, total BMC, total sleep, night sleep, nap sleep,
REE) were determined for the total sample and stratified by age category (4–7y, 8–12y) and
sex (Table 1). Sleep duration was analyzed to determine the sample distribution.
Subsequently, the group was divided into tertiles based on the observed distribution in the
sample. Two sets of multiple linear regression models were analyzed. In the first models, we
tested contributions of sleep to BMC with fat as a covariate and sleep to fat parameters (total
fat, percent fat, BMI). The models were adjusted for height, age, sex, and race. Both
nighttime sleep duration and day time sleep were evaluated as independent variables.

A second set of multiple regression models were used to evaluate contribution of sleep to
BMC and fat parameters stratified by age category using age seven as a cut-point. We used
this age to ensure pre-pubertal status. Models stratified by age category were adjusted for
height, age, sex, and race.

Models were also analyzed including BMD rather than BMC as the dependent variable.
Similar results, were observed although the associations were not as statistically significant.
It is important to note that when estimating measured area expressed as areal bone mineral
density (aBMD) it is a composite measure of cortical and cancellous bone is derived
utilizing BMC. In addition, DXA measures of aBMD which are influenced by skeletal
growth and bone size and because wider bones are also thicker, DXA overestimates
substantially BMD of larger bones. Accordingly, only BMC results are reported.

To conform to the assumptions of linear regression, all statistical models were evaluated for
residual normality and logarithmic transformations were performed when appropriate. All
data were analyzed using SAS 9.1 software (SAS Institute, Cary, NC).

RESULTS
All sample characteristic parameters were significantly different in the younger children
compared to the older children (p<0.001; Table 1). Girls were reproductively more mature
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(p=0.001), had greater adiposity (total and percent fat) and longer total sleep duration
(p=0.03).

The relationship between sleep duration and BMC for the total sample is depicted in Figure
1A. Individuals in the tertile representing the greatest sleep duration (tertile three) had
significantly greater BMC relative to the other groups. There was no difference in BMC
between individuals in tertiles one (p=0.001) and two (p=0.01). When stratified by age
category, among children seven years and younger, there were no differences in BMC
according to sleep duration; however, among older children, those with greater sleep
duration had marginally greater BMC (p=0.08). When stratified according to sex, the
positive relationship between BMC and sleep duration was only apparent in girls, such that
girls in tertile three had significantly greater BMC than tertiles one and two (p<0.01, both).

Napping was also significant and positively associated with BMC in the total sample
(p=0.001; p<0.05), in both age categories (p<0.001young, p<0.05old) and both sexes
(p<0.05boys, p<0.01girls).

There were no relationships detected between adiposity parameters (total fat, percent fat or
BMI) and sleep duration (Table 2) or nap taking. In addition, no associations were observed
between REE and sleep (night or day) duration (data not shown).

DISCUSSION
Because the biology underpinning childhood growth or more specifically body composition
patterning is readily influenced by sleep, time spent sleeping has become an important
contributor to the foundation of health. Our findings indicate that bone, arguably the most
energy-demanding body composition compartment, is impacted by sleep duration in
childhood. Further, the differential relationship of sleep and bone across age and sex groups
likely reflects the change in metabolic requirements as children approach the pubertal
transition, in which an up-regulation occurs for bone (re)modeling. To our knowledge, this
is the first study to investigate the contribution of sleep to bone mass accrual, particularly
during this critical period of development in which sleep patterns are characteristically
dysregulated [8].

Though the mechanisms have not been identified, we hypothesize on potential mediators
focusing on the relationship between sleep and bone mass accrual may be similar to those
relating sleep to adipogenesis, although in the opposing direction. The interplay between fat
and bone mass is plausibly divergently impacted by altered reproductive hormone signaling
secondary to sleep insufficiency. While the link between energy availability and sex
hormone patterns, as well hormones related to growth, appetite and stress (each dynamic
during growth and sensitive to sleep time/quality) is well established [3;8;16], the actual
physiologic linking signals and the degree of influence by sleep are less clear, warranting
further exploration.

Beyond changes in nighttime sleep duration, napping frequency and duration both decline
with age. Although evidence suggests that napping doesn’t substitute for nighttime sleep in
terms of body composition outcomes [11;17], across both age and sex groups, we observed
that napping was associated with greater BMC, likely attributable the positive relationship
between contemporaneous total sleep duration and napping.

Our data showed a moderating effect by both age and sex, suggesting the potential for a
temporal window of vulnerability of bone acquisition to shortened sleep duration. Older
children had shorter sleep duration, despite on-going (and potentially increasing) need.
Indeed, sleep duration decrease in adolescence [11] can have profound effects on body
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composition parameters, particularly bone acquisition. Sleep requirement for bone
acquisition may truly differ between girls and boys as our data suggests or may reflect a
closer proximity to puberty experienced by girls in our cohort. It is possible that during
linear growth with rapid bone modeling sleep is essential, whereas, boys, who mature later
than girls, are less impacted at this age. The relatively rapid rate of mineral gain coupled
with the puberty-related metabolic perturbations when approaching the pubertal transition
offers the possibility of profound interactions between the skeleton and energy homeostasis
at this stage of life.

Although our findings are in concordance with some but not all studies, [18–21],
[2;3;11;22;23], we did not find a relationship between adiposity and sleep (nighttime or
daytime) duration, nor did we observe a sex difference in sleep and adiposity parameters.
The disconcordance may be the result of using a relatively lean sample (average BMI
percentile), while others are inclusive of a wider range of body habitus. Bayer and
colleagues report that the relationship between sleep and adiposity parameters may be
greater in those children whole body fat is already elevated [24]. Interestingly, Lytle et al
has reported a weaker association between adiposity and sleep in girls relative to boys. They
speculate that girls may be evolutionarily more resilient and able to cope with reduced sleep
without health compromise [2]. Given that studies in girls included a significantly older
cohort (and reproductively more mature) than ours suggest a non-monotonic relationship
may exist over the reproductive maturation process and differ in the timing and tempo
between boys and girls.

Sleep has also been associated with lower resting energy expenditure (REE), typically the
greatest contributor to total energy expenditure in most individuals [19]. Although we did
not detect a difference in REE between sleep tertiles, sleep duration alone may not be
sufficient to alter homeostatic mechanisms that promote energy imbalance, but subtle
differences could result in changes over time.

Although our study yields valuable insight into sleep biology and health, there are some
important limitations to this research. We examined the relationship cross-sectionally, but
we believe that poor sleep patterns are risk factors for the development of impairments in
bone modeling processes. Also in the analysis, we control for relevant covariates rather than
study their effects in a causal pathway. Although it is a limitation often inherent in
population-based research, sleep duration was obtained from parental interview. The use of
actigraphy may improve methodology by incorporating data of an objective nature.
Although causation cannot be inferred based on the results of this study, adequate sleep
would likely benefit energy-dependent somatic responses throughout adolescence and into
adulthood.

The contribution of sleep to energy metabolism is particularly pertinent during childhood, as
several growth-related alterations in resource partitioning have been linked to sleep. The
relative importance of sleep duration on body tissue compartmentalization, the pathways by
which interactions occur, and the moderation on energy utilization mechanisms remain to be
fully elucidated. During early childhood and throughout adolescent transitioning, a time
when body composition trajectories are established, sleep patterns appear to undergo
significant reorganization (e.g., later bedtimes, decreases in non-REM sleep). Sleep duration
may represent an underlying pathophysiological change associated with the maturation
process, if left unchecked, could certainly influence body composition trajectory and future
disease risk. Accordingly, targeting an ‘optimal’ amount of sleep duration during growth
and development would enhance capacity for energy homeostasis and optimize resource
partitioning.
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Figure 1.
Association between tertile sleep duration and bone mineral content (BMC) in A) the total
sample B) children <7 (dark gray bars) and >7 (light gray bars) C) boys (dark gray bars) and
girls (light gray bars).
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