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Abstract 

Background: The associations between sleep characteristics and adiposity in children 

under three years are not fully understood yet. 

Objective: To examine the cross-sectional and prospective associations between sleep 

characteristics and adiposity in toddlers over a 12-month period. 

Methods: Participants were 202 toddlers from the GET-UP! Study. Sleep duration, 

sleep timing and sleep variability were assessed using 24-h accelerometry for 7 

consecutive days. Height and weight were measured and BMI z-scores were calculated. 

Linear mixed models were performed to examine the cross-sectional and prospective 

associations between sleep characteristics and adiposity, with adjustments for 

clustering effects and demographic factors. 

Results: Total sleep duration was negatively associated with higher adiposity cross-

sectionally (B=-0.12; 95%CI: -0.23,-0.01; p=0.033) but not prospectively (B=0.01; 

95%CI: -0.13,0.10; p=0.843). Nap duration was prospectively associated with higher 

levels of adiposity (B=0.41; 95%CI: 0.14,0.68; p=0.003). Sleep variability and sleep 

timing were not associated with concurrent or subsequent adiposity.  

Conclusion: Although sleep duration is an important factor associated with obesity in 

toddlerhood, the potential effects of different types of sleep duration may vary. While 

longer total sleep duration may protect children from increasing adiposity, longer nap 

duration seems to be risk factor. As evidence in this age group is scarce, more research 

is needed to confirm this finding. 
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1. Introduction 

The obesity epidemic among children has been a major public health concern, as it is 

linked to a number of adverse health (e.g., cardiovascular disease, diabetes and sleep 

apnoea) and socio-emotional consequences (e.g., low self-esteem and low self-

confidence).1 Early childhood is considered a critical period for obesity development, 

as obesity during this period can track into later childhood and even adulthood.2 

Therefore, it is vital to prevent excessive weight gain in the early years, making it 

important to understand the risk factors during this period. 

 

A lack of adequate amount of sleep in school-aged children and adolescents has been 

described to be one contributing factor to obesity.3 A recent systematic review in 

children under five years of age suggested that shorter sleep duration was associated 

with concurrent and later excess of adiposity in 20 (out of 31) studies.4 However, most 

of those studies focused on pre-schoolers (3-5 years), whereas evidence in infancy and 

toddlerhood (prior to 3 years) is scarce and less consistent. In this review only six 

studies had examined the association between sleep duration and adiposity in children 

under three years, with predominantly null findings (in four studies).4 Since total sleep 

duration decreases across the first three years of life,5 understanding the nature of the 

association of sleep in this period would be important for preventing overweight and 

obesity. 

 

Other sleep characteristics beyond sleep duration may also influence adiposity, 

although the associations remain relatively unexplored in children.6 For example, it has 

been suggested that sleep timing (i.e., bedtime and wakeup time) may increase obesity 

risk in adults.7 This is plausible as sleep timing may be related to social and 
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environmental factors that place individuals at greater risk for overweight and obesity 

by increasing opportunities to consume more energy, engage in more sedentary screen 

time, and by reducing opportunities for physical activity.8 Also, abnormal sleep timing 

may alter circadian rhythms, which play an important role in circulating levels of 

nutrients (e.g., glucose, fatty acids and triglycerides) and various hormones (e.g., 

insulin, glucocorticoids and cortisol); as such, the alteration may lead to metabolic 

changes that may contribute to obesity.9 Despite the limited number of studies in 

childhood,5 preliminary evidence suggests that later bedtimes are associated with 

increased adiposity in both school-aged6,10 and preschool-aged children.11 However, 

whether such an association exists in children under the age of three remains unknown.  

 

Sleep variability (i.e., intra-individual, night-to-night variability of sleep duration) is 

another characteristic that may be associated with adiposity. Previous evidence 

suggests that greater sleep variability is associated with higher body mass index (BMI) 

and weight gain in adults.12 Sleep variability may be more common and relevant in 

childhood, due to the rapid growth and development, complex family and peer systems, 

as well as environmental demands during this period. However, its association with 

adiposity in children has not been fully understood yet. While the results from a study 

among 247 American adolescents showed a positive association between sleep 

variability and adiposity,13 other studies with school-aged children14 and in 

adolescents14,15 suggest a null association. At the same time, even less studies have 

evaluated such an association among children under the age of five.16 

 

Measures of sleep characteristics in most of the studies in early childhood have relied 

on parental report, with few providing the psychometric properties of those instruments, 
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making their validity questionable in young children.17 It is also known that parent-

reported sleep duration overestimates actual sleep duration compared with objective 

measures of sleep duration (e.g., actigraphy).18 Therefore, assessing sleep 

characteristics with objective measures would be advantageous for clarifying the nature 

of the sleep-adiposity association in early childhood.5 

 

To address these gaps in the literature, this study aimed (i) to examine the cross-

sectional associations between sleep characteristics (sleep duration, sleep timing and 

sleep variability) and adiposity at baseline; and (ii) the prospective associations 

between these sleep characteristics at baseline and subsequent adiposity at 12-month 

follow-up, in a sample of Australian toddlers, using an objective measure of sleep 

characteristics.  

 

2. Methods 

2.1 Participants 

Secondary analyses of data from the GET UP! Study were performed for this paper. 

The GET UP! Study was a 12-month cluster randomized controlled trial (RCT) 

examining the effects of reducing sitting time on cognitive development and executive 

functions in Australian toddlers. The complete description of this RCT have been 

previously reported.19 Briefly, 30 Early Childhood Education and Care (ECEC) centres 

from the Illawarra region in New South Wales from a low- to medium- socio-economic 

areas were recruited. All children aged 12 to 26 months at baseline without any 

diagnosed medical or psychological impairment were eligible to participate if they 

attended the ECEC services full-time (i.e. >6 h/day) at least twice per week. Baseline 

data were collected from March 2016 and follow-up data were collected one year later. 
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The GET UP! Study included 335 toddlers aged 19.8±4.08 months at baseline; 202 had 

valid accelerometer data (i.e., at least ≥ 3 days of 24-hour periods) and adiposity data 

(i.e., z-BMI) at baseline; of these, 153 had valid adiposity data at the 1-year follow-up. 

As no intervention effect was found for the outcome of interest (adiposity variables, 

please see Table S1), in the current report we considered all children with valid data on 

the variables of interest (i.e. 202 at baseline and 153 at follow-up). Drop off analysis 

showed that there were no significant differences in baseline demographical variables 

(i.e., age, gender and socio-economic status) between children with adiposity data at 

follow-up and those without such data.  

 

This study received approval by the Human Research Ethics Committee at the 

University of Wollongong’s (HE15/236) and was registered in the Australian and New 

Zealand Clinical Trials Registry (ACTRN12616000471482, 11/04/ 2016, 

retrospectively registered). Informed written consents were obtained from the educators 

and children’s parents or guardians. 

 

2.2 Measures 

Dependent variable 

Adiposity 

Body weight and height were measured according to standard procedures.19 body height 

was measured to the nearest 0.1 cm in bare or stocking feet with the child standing 

upright against a portable stadiometer (Seca 254 Hamburg, Germany). Body weight 

was measured to the nearest 0.10 kg, lightly dressed (and without diapers) using a 

portable electronic weight scale (Seca 254 Hamburg, Germany).19 BMI was calculated 

as weight(kg)/height(m2) and then BMI z-scores were then calculated by age and sex 
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using the formula [BMI z-score = (participant’s value – mean value of the 

sample)/standard deviation]. 

 

Independent variables 

Sleep duration, sleep variability and sleep timing 

Sleep was assessed using accelerometery, which is a more objective measure than 

parent-proxy reported sleep behaviours and can be used to determine sleep-wake 

periods from differences in movement and non-movement for extended periods of time 

in a child’s free-living environment. The waist-worn accelerometers (Actigraph 

GT3X+) have been validated and used to measure sleep time in children,20,21 and this 

device has established validity and reliability to measure movement in toddlers.22 

Participants were asked to wear the accelerometer for 7 consecutive 24-hour periods, 

except for water-based activities. In addition, activity logs registered by parents and 

ECEC educators were used as complementary sources for the confirmation of nap(s) 

and nighttime sleep. Accelerometer data were collected using a sampling rate of 30 Hz 

and then integrated into 15-second epochs for analysis.22 Children had to have at least 

three 24-h periods of accelerometer data to be considered valid for analysis. 

 

As previously described,23 accelerometer data were visually inspected minute by 

minute, in consultation with the activity logs, in order to identify nap(s), 

bedtimes(night) and wake-up times (morning). Nap onset/bedtime was initially located 

when a change in the accelerometer output from the sitting or standing position to the 

lying or off position was detected,21 which should roughly agree with the nap 

onsets/bedtimes registered in the activity logs. Nap onset/bedtime was then identified 

as the first minute followed by at least 10 consecutive minutes with a vector magnitude 
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of 0 in the accelerometer data files. Nap offset/wake-up time was first located when a 

change in the inclinometer output from the lying or off position to the sitting or standing 

position was detected, which should roughly agree with the nap offsets/wake-up times 

registered in the activity logs. Nap offset/wake-up time was then identified as the first 

minute of at least 10 consecutive minutes with a vector magnitude of >0.  

 

Nap(s) duration were defined as time between nap onset and nap offset. Nighttime sleep 

duration were defined as time between bedtime and wake-up time. Total sleep duration 

was calculated as the sum of the nighttime sleep duration and nap(s) duration. For the 

calculation of sleep duration, wake after sleep onset (WASO) was not included. Sleep 

variability was identified as the intra-subject standard deviation of the nighttime sleep 

duration over the days with valid data. 

 

Following similar procedures in previous studies with children,10,23 sleep timing 

(bedtime/wake-up time) was calculated as the mean over days with valid data. Using 

the median split for bedtime (19:54:26) of the sample at baseline, participants were 

classified into two groups: early bedtime group (below median) and late bedtime group 

(above median). Similarly, participants were also classified as either an early wake-up 

time group or late wake-up time group, according to the median value of the sample 

(06:52:55).  

 

Covariates 

Child age and gender 

Child date of birth and gender were assessed by parental questionnaires. 
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Socio-economic status 

Family socio-economic status of the children was assessed using postcode of residence 

and allocating from the corresponding value from the Australian Socio-Economic 

Indexes for Areas 2011 (SEIFA-Index of Relative Socio-Economic Disadvantage).24 

Using this index, deciles of deprivation ranging from 1 to 10 (higher decile indicates 

relatively less socio-economic disadvantages) are derived.24 For description purpose, 

participants were categorized in three groups: low socio-economic status (deciles=1-

3); middle socio-economic status (deciles=4-6); and high socio-economic status 

(deciles=7-10). 

 

2.3 Statistical analysis 

Descriptive characteristics of the sample at baseline and at follow-up were presented as 

means and standard deviations, median or percentages. The differences in sleep 

duration, sleep variability and sleep timing between baseline and follow up were 

examined using linear mixed models, with adjusted for time sequence, clustering 

effects, baseline age, gender and socio-economic status.  

 

As the GET UP! Study was an RCT, the intervention effects on z-BMI were examined 

using linear regression models, and no intervention effects were found (Table S1), 

Therefore, we decided to perform the analyses with the whole sample to increase 

statistical power. We also performed a sensitivity analysis, considering only the control 

group, and the results remained the same (Table S2) 

 

Linear mixed models were performed to examine the cross-sectional associations 

between the independent variables (i.e., total sleep duration, nightime sleep duration, 
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nap(s) duration, sleep timing or sleep variability) and the outcome (i.e., z-BMI) at 

baseline, with adjustments for centre-level clustering effects (modelled as a random 

intercept). Baseline age, gender and socio-economic status were subsequently included 

as covariates in the fully adjusted models. Linear mixed models were also performed 

to examine the prospective associations between sleep characteristics at baseline and 

adiposity at follow-up, accounting for centre-level clustering effects (modelled as 

random intercept). Baseline age, gender, socio-economic status and z-BMI were then 

included as covariates in the fully adjusted models.  

 

Data were analysed using SPSS software (Version 24.0, IBM, USA). A P value < 0.05 

was set as the significance level. 

 

3. Results 

The descriptive characteristics of the cross-sectional and prospective samples are 

presented in Table 1. Children’s BMI and sleep duration (nap, nighttime sleep and total 

sleep duration) decreased over one year. Children’s bedtime was almost 30 minutes 

later while they woke up around 20 minutes earlier at 12-month follow-up compared 

with baseline. 

 

Insert Table 1 here 

 

Cross-sectional associations between sleep characteristics and adiposity at baseline are 

reported in Table 2. In the fully adjusted model, total sleep duration was inversely 

associated with z-BMI. That is, an increase of 1-hour total sleep duration was associated 

with a decrease of 0.12 units of z-BMI (95% CI: -0.23, -0.01; p=0.033). Nap duration, 
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nightime sleep duration, sleep variability, bedtime or wakeup time were not associated 

with z-BMI. 

 

Insert Table 2 here 

 

Table 3 presents the prospective associations between sleep characteristics and 

adiposity. Nap duration at baseline was positively associated with z-BMI at 12-month 

follow-up even after accounting for centre-level clustering, baseline age, gender, socio-

economic status and baseline z-BMI: an increase of 1-hour nap duration was associated 

with a gain of 0.41 unit of z-BMI (95%CI: 0.14, 0.68; p=0.003). There was no 

significant association between other sleep characteristics and z-BMI.  

 

Insert Table 3 here 

 

4. Discussion 

4.1 Overall discussion 

The present study shows that sleep duration was associated with adiposity in our sample 

of toddlers, although the associations between different types of sleep duration and 

adiposity varied. Total sleep duration was negatively associated with adiposity in cross-

sectional analyses. Nap duration was prospectively but not cross-sectionally positively 

associated with adiposity. Sleep variability and sleep timing were not associated with 

concurrent or subsequent adiposity. 

 

Our results suggest that shorter total sleep duration was cross-sectionally associated 

with higher adiposity in toddlers, which is consistent with a number of cross-sectional 
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findings in preschoolers11,25,26 and in toddlers.27,28 Indeed, short sleep duration has been 

suggested to influence the energy balance process through several biological and 

behavioural mechanisms, which in turn may increase adiposity.5 Laboratory studies in 

adults have shown that short sleep duration could affect appetite regulation through 

relevant hormonal change, specifically leptin and ghrelin.29 This may cause excessive 

food intake and eventually increase energy intake,30 which has been found in 

epidemiological studies in both school-aged10,31 and preschool-aged children.16 On the 

other hand, short total sleep duration may also contribute to increased adiposity by 

reducing energy expenditure.32 Evidence in adults suggests that total sleep deprivation 

could lead to lower resting and postprandial energy expenditure,33 while chronic partial 

sleep deprivation could cause the feeling of fatigue,34 which in turn may reduce physical 

activity and increase sedentary behaviour.35 It has been reported in children that short 

sleep duration is associated with decreased physical activity27,36 and increased screen 

time.37  

 

Although longitudinal studies in preschool-aged children have predominantly 

suggested that total sleep duration is negatively associated with weight gain overtime 

or later adiposity,11,17,25 in our study, there was no prospective association between total 

sleep duration and adiposity after 12 months. Our null-association finding is consistent 

with other two longitudinal studies in Australian (n=7,701)38 and Danish toddlers 

(n=311).39 A possible reason for the inconsistent findings between toddlers and pre-

schoolers may be related to the developmental differences.17 Since adiposity usually 

declines after the first year of life,40 the potential effect of short sleep over time on 

adiposity in toddlerhood might be covered by this declining trend. It may be more likely 

to observe the potential effect in preschool-aged children as during this period the 
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decline in adiposity gradually becomes smaller before the adiposity rebound at around 

5-7 years.40 Moreover, it has been suggested that the adverse effect of short sleep 

duration on adiposity may be moderate during early childhood,25 which is likely to 

manifest over time if the short sleep duration is prolonged. In that case, it may not be 

easily observed in a younger and healthier population like our sample.4 Since pre-

schoolers who have short sleep duration may also sleep less in their toddlerhood and 

infancy,41 there may be stronger accumulative effects on adiposity and it may be easier 

to find significant associations, compared to toddlers. Therefore, future perspective 

studies with longer follow-up period are needed to examine the association between 

short sleep duration and adiposity in children under three years. 

 

In our study, nap duration was prospectively associated with adiposity 12-month later 

in toddlers, indicating that the potential effects of nap(s) on adiposity may be different 

from that of total sleep duration. Our cross-sectional findings of no association between 

nap duration and adiposity in toddlers is consistent with previous studies in early 

childhood using cross-sectional designs.42,43 In contrast to other prospective studies in 

young children,44,45 we found a positive association between nap duration and 

adiposity. The differences in the measure of nap duration between those studies (by 

parental report) and our study (by accelerometry) may be one reason to explain the 

contrasting findings. Our results are consistent with studies examining nap time in 

adults with accelerometry, in which nap duration was associated with higher 

adiposity.46,47 One underlying mechanism for the positive association between nap 

duration and adiposity could be the role that cortisol levels plays in obesity 

development. It is known in adults that sleep duration could influence cortisol levels, 

and an increased cortisol level may be associated with obesity.48 Since evidence 
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suggested that toddler-aged children who have shorter nap duration tend to exhibit a 

matured cortisol pattern,49 this may explain why longer nap duration was associated 

with higher subsequent adiposity in our study.  

 

An alternative explanation for the prospective association between longer nap duration 

and higher adiposity may be the mediating effects of nighttime sleep. Previous evidence 

has suggested negative associations between nap duration and nighttime sleep duration 

in young children,50 it is likely, therefore, that toddlers in our study who had longer nap 

duration would have shorter nighttime sleep duration. This may lead to an increase in 

adiposity, as it has been found that children with shortened nighttime sleep duration 

have higher subsequent adiposity.44 While we did not find any prospective association 

between nighttime sleep duration and adiposity in our study, the cross-sectional 

association is close to significant (p=0.05). Therefore, nighttime sleep duration may be 

a mediator in the association between nap duration and adiposity in toddlers, which 

should be explored in future studies.  

 

In spite of the positive association between nap duration and adiposity over time found 

in our study, we caution interpreting this as evidence to support limiting nap duration 

in toddlers, especially because nap(s) may be beneficial to other health and 

development outcomes, such as reduced stress levels,51 improved motor skill learning52 

and better cognitive function.53 Therefore, it may also be important for future studies 

to identify the ideal nap duration in young children for optimal health, growth and 

developmental outcomes.  
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In this study, the sleep variability in toddlers (around one hour at baseline) was much 

larger than the findings in a sample of 368 Danish pre-schoolers (around 0.5 hour),16 

which is most likely because children’s sleep/wake system gradually mature with age.54 

Neither our study nor the Danish study found a significant association between sleep 

variability and adiposity, which agrees with most findings in children and 

adolecents.14,15 Since the evidence is still limited, it may be premature to draw 

conclusions regarding this association. Previous studies suggest that greater sleep 

variability is independently associated with higher energy intake in preschool-aged 

children16 and older children.10,15 These findings indicate an underlying mechanism for 

a potential positive association between sleep variability and adiposity in children, 

which warrants examination in further epidemiologic studies.  

 

In the current study, sleep timing (i.e., bedtime before around 8 pm or wakeup time 

before around 7 am) was not associated with concurrent or subsequent adiposity in 

toddlers. This finding is inconsistent with a recent study conducted of 8,950 American 

pre-schoolers, in which children who had later bedtimes (after 9 pm) were more likely 

to be obese and to gain weight over one year, compared with those who had earlier 

bedtimes (before 8 pm).11 Despite the limited number of studies, sleep timing, 

especially late bedtime, has also been associated with obesity, independent of sleep 

duration, in school-aged children and adolescents.6,10 A possible reasons for the 

inconsistency between our study and others may be due to our smaller sample size, the 

different stages of development and the difference in the measurement of sleep timing 

(objectively vs subjectively). Sleep timing was assessed by parental report in these 

studies, which may reduce accuracy.16 Nevertheless, the association between sleep 

timing and adiposity in early childhood is feasible as evidence suggests that later 
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bedtimes are independently associated with higher energy intake at this age, which 

seems to be similar to the potential mechanism linking sleep variability with 

adiposity.16 It is also likely that sleep timing could interact with sleep duration, which 

may contribute to the biological change linked with obesity risk.5 In this light, findings 

in toddlers may need to be replicated in future studies to draw definitive conclusions. 

 

4.2. Strengths and limitations  

The current study, to the best of our knowledge, is the first to examine the prospective 

associations between objectively measured sleep duration, sleep timing and sleep 

variability and adiposity in toddlers. The prospective design of our study, the objective 

measurements of sleep variables and the ability to adjust for clustering effects and 

potential confounders related to demographics should be considered strengths of this 

study.  

 

This study has several limitations. First, the Actigraph has not been validated directly 

against polysomnography in the assessment of sleep parameters in toddlers and there 

are currently no valid algorithms for sleep scoring available in this age group. To 

overcome this limitation, we identified sleep periods by visual inspection of the raw 

data, in consultation with the activity logs provided by the parents/educators. It has 

been shown that manually scoring wrist-worn accelerometer data with use of a sleep 

diary/log provided improved agreement with a polysomnography sleep-wake 

estimation55. Secondly, there may be rare cases when children’s naps occurred with 

externally induced movements (e.g., nap occurring in a moving vehicle), and parents 

may not have accurately record these cases. This may have result in incorrect 

identification of a nap as another movement behaviour. Thirdly, there were several 
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factors that have confounded the relationship between sleep characteristics and 

adiposity and which we were unable to be adjusted in the statistical models, due to the 

availability of the data (e.g., dietary intake; nighttime awakenings) or the potential 

collinear issues (e.g., physical activity and sedentary behaviour). Finally, our relatively 

small sample size and only one follow-up point may limit the observations of true 

associations between sleep characteristics and adiposity in young children.  

 

5. Conclusions  

In this study, total sleep duration was negatively associated with higher concurrent 

adiposity but not subsequent adiposity in toddlers, whereas nap duration was positively 

associated with subsequent adiposity but not current adiposity. This indicates that the 

potential effects of total sleep duration may be different from that of nap duration at 

this age. Since sleep duration is modifiable, targeting this sleep characteristic may be 

an effective strategy to prevent overweight and obesity among young children. At the 

same time, sleep variability or sleep timing was not associated with concurrent or 

subsequent adiposity in our study. However, since relevant evidence in toddlerhood is 

still scarce, more research should to be replicated to confirm this finding. 
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