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INTRODUCTION
Insufficient sleep impairs physical and psychological devel-

opment, which may negatively affect concentration, perfor-
mance, behavior, emotional well-being, and overall health 
(promotion of chronic disease).1 The precise biological mecha-
nisms are only partially understood, but the autonomic nervous 
system could be a potential pathway linking sleep problems 
with subsequent pathologies such as hypertension, diabetes, 
and cardiovascular disease.2,3

Heart rate variability (HRV) is commonly used as marker 
of the autonomic nervous system activity and its two branches 
because of the sympathetic and vagal parasympathetic innerva-
tions of the heart (SA and PA, respectively).4 HRV is defined 
as the variability of the distance between consecutive R peaks 
of the electrical heartbeat signal as measured by electrocar-
diogram. This variability reflects the heart’s ability to respond 
to physiological and environmental stimuli. Subsequently, a 
reduction of HRV (i.e., reduced PA with or without increased 
SA) leads to increased morbidity and mortality.5

HRV reduction has also been observed in stress-induced 
conditions, since stress may disturb the sympathovagal balance.6 
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Therefore, it is increasingly used as stress biomarker.7 More-
over, sleep deprivation may increase the stress level.8 Because 
of these possible relations of both sleep and stress with HRV, 
it is highly relevant to test whether stress is an intermediate 
pathway or a moderator in the sleep-HRV relationship.

Literature related to sleep effects on HRV in healthy study 
populations is limited and consists mainly of acute, artificially 
induced sleep deprivation. Studies on acute and chronic sleep 
deprivation have shown contradictory effects on both auto-
nomic nervous system branches. A review suggested that low 
sleep duration and quality can increase sympathetic over para-
sympathetic dominance.9 Although acute mild perturbations are 
reported, adverse outcomes can arise when sleep deprivation 
becomes chronic.

It is important that this research field should also focus on chil-
dren, since they are in a period of intense development and at a 
critical time for acquiring healthy sleep habits.10 Even in children, 
a trend toward insufficient sleep duration and sleep problems has 
been reported.10,11 The question remains whether sleep depriva-
tion might influence HRV during childhood, since literature in 
this age group is lacking. To our knowledge, only one paper has 
been published on the relation of sleep duration or quality with 
HRV in children, showing an overall autonomic hypofunction.12 
Previous research also suggests that cardiovascular risk factors 
were increased in a sample of adolescents with high sleep distur-
bance,13 while in a sample of young children, no influence of 
sleep quality or quantity was seen on cardiovascular function.14

This paper aimed to examine the cross-sectional association 
and longitudinal effect of sleep on children’s autonomic nervous 
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system, measured by HRV. In doing this, both sleep quality 
and quantity have been considered. After all, low sleep quality 
(problems falling asleep or frequent awakenings) decreases 
sleep duration, and the body may not spend enough time in crit-
ical sleep phases even if the total sleep duration remains suffi-
cient.10 Moreover, the possible mediating or moderating effect 
of stress in this relation was tested.

METHODS

Participants and General Procedures
Participants were recruited from the Belgian ChiBS study 

(Children’s Body composition and Stress), which examined 
the association between stress and body composition evolution 
over 2 years (2010-2012). Detailed aims, methods, and popula-
tion characteristics have been described elsewhere.15

Data used in this paper were collected in 2 survey periods—
February-June 2010 and February-June 2011—when the chil-
dren were between 5 and 11 years old. The study was conducted 
according to the Declaration of Helsinki, and the project 
protocol was approved by the Ethics Committee of the Ghent 
University Hospital. Witten informed consent was obtained 
from the parents.

Within the ChiBS study, different measurement modules 
(HRV, questionnaires, and sleep quality) were optional: parents 
and children could choose in which modules they wanted to 
participate. Participation numbers for each of the modules are 
shown in Figure 1: the numbers were influenced by the high 
quality data control on HRV, the measurement modules being 
optional, and the limited availability of sleep quality measuring 
devices. No difference in sex, parental education, or physical 
activity of the children was observed between children included 

in these 2 sets of analyses (334 for sleep duration 
and 165 for sleep quality) and those excluded; 
participants were, however, somewhat older 
(mean age 8.2 and 8.3 versus 7.8).

One child with a cardiovascular disease was 
excluded. Other diseases reported in our sample 
but not used as exclusion criteria included: allergy/
asthma (N = 80), dermatologic diseases (N = 8), 
rheumatic/skeletal (N = 6), ADHD (N = 5), urinary 
diseases (N = 4), digestion (N = 3), and dyslexia 
(N = 2).

Sleep
Sleep quantity was examined in 2010 with a 

parental questionnaire as the normal amount of 
sleep in hours during the week and during the 
weekend (Friday and Saturday night). A mean 
parental reported sleep duration per day was 
calculated as “(5× week + 2× weekend)/7.” Sleep 
quality was measured in 2010 by an accelerom-
eter (Actigraph) worn on the wrist for 6 nights. 
Registered data for ≥ 3 nights per child was neces-
sary to convert the data to interpretable sleep 
quality parameters.16 Raw accelerometer data were 
converted to sleep parameters with the Actilife 
software of the accelerometer. Movement for 
a certain period of time was scored as “awake,” 

based on the built-in Sadeh scoring algorithm that has previ-
ously been validated against polysomnography.17 The following 
sleep quality parameters were obtained: (1) sleep latency or time 
between time in bed and sleep onset, (2) minutes scored as wake 
after sleep onset (WASO), (3) corrected sleep duration or sleep 
duration without sleep latency and WASO, (4) sleep efficiency 
or the proportion of actual sleep over the total time spent in bed.

Heart Rate Variability
Inter-beat RR-intervals (RRI) were recorded for 10 min in 

supine position with an elastic electrode belt (Polar Wearlink 
31) in 2010 and 2011. This low-cost device has been validated 
against an electrocardiogram device in children.18 The heart 
rate belt was fixed around the chest and measurements started 
when the signal stabilized. To ensure a non-stressful situation, 
measurements were done in a quiet, closed room in a familiar 
building (the local sports park) child by child. Comforting 
music was played and a blindfold was provided if desired. The 
child was encouraged to breathe normally and not to speak 
or move during the measurement. Further data processing 
was performed with the free professional HRV Analysis Soft-
ware of the University of Kuopio, Finland.19 Low-frequency 
(LF) and high-frequency (HF) bands were analyzed between 
0.04-0.15 Hz and 0.15-0.4 Hz as default.4 The RR series were 
detrended using the Smoothness priors method with α = 300, 
and a cubic interpolation was done at the default rate of 4 Hz. 
The middle 5 min were manually checked for quality (no large 
RRI outliers, RRI equidistance, and Gaussian RR distribu-
tion), and if necessary, another appropriate 5-min interval 
was selected. Using spectral autoregression with the forward-
backward linear least squares method, the power of LF and HF 
bands in absolute and normalized units ([nu] LF or HF divided 

ChiBS 2010 (N = 523)

HRV (N = 475)
Sleep duration

(N = 420)
Sleep quality

(N = 252)

Cleaned HRV, 
physical activity & 
stress (N = 334)

Repeated HRV 
in 2011

HRV versus sleep 
duration (N = 334)

HRV versus sleep 
quality (N = 165)

HRV-sleep duration 
longitudinal (N = 293)

HRV-sleep quality 
longitudinal (N = 165)

Figure 1—Flowchart explaining the participants number. HRV, heart rate variability.	
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by “total power minus very low frequency power”*100) and 
the LF/HF ratio were determined. HF reflects the vagal activity 
(PA) and the LF/HF ratio is assumed to represent the sympa-
thovagal balance. More difficult is the interpretation of LF, 
since it contains both parasympathetic and sympathetic contri-
butions. As a result, no analyses were performed on LF. More-
over, the HRV assesses fluctuations in autonomic activity but 
not necessarily in autonomic tone.20

Stress Parameters
Stress arises when the demands of a situation exceed an indi-

vidual’s ability to cope and resolve the problem, resulting in 
emotional and behavioral disturbances.21 Therefore, stress was 
measured by negative emotion and behavior questionnaires.

Basic Emotions (Child-Reported)
Children were asked to report on their general feelings of 

anger, anxiety, sadness, and happiness on a 0- to 10-point 
Likert-scale (0 “not at all” to 10 “very strong”), analogous to a 
study of Zimmer-Gembeck.22 For this paper, only the negative 
emotions anger, anxiety, and sadness were used. These basic 
emotions are already understandable during infancy, and can as 
such uncomplicatedly be used in our age group.23

Problem Behavior (Parent-Reported)
Parents were asked to complete the Strengths and Difficulties 

Questionnaire,24 reporting children’s behavioral and emotional 
problems over the past 6 months. For each of the 20 statements, 
parents could answer: “not true” (0), “somewhat true” (1), and 
“certainly true” (2). The following subscales were used for 
this paper: peer problems, conduct problems, and emotional 
problems. This questionnaire has shown good validity when 
compared to the Child Behavior Checklist (CBCL) and the 
Rutter questionnaire.25

Physical Activity and Socioeconomic Status
Physical activity was studied as parent-reported hours of 

physical activity per week (sporting in a club and sporting or 
playing outdoors) and was used as confounder of HRV. Parental 
education was used as proxy variable for the socioeconomic 
status using the classification by the International Standard 
Classification of Education (ISCED). Further categorization 
was done into 2 groups: low (up to secondary education) and 
high (tertiary education) status.

Statistical Analysis
Analyses were performed using PASW Statistical Program 

version 19.0 (SPSS Inc, IBM, IL, USA). The 2-sided level of 
significance was set at P < 0.05. Logarithmic transformation 
was used for parameters with a skewed distribution. A stress 
z-score was calculated as follows: “z-score negative emotions 
+ z-score problem behavior.” Paired sample t-tests were used to 
analyze the evolution of HRV over the 2 measurement times.

A first set of regressions tested the cross-sectional relation 
between sleep (duration and quality) and HRV, corrected for 
age, sex, physical activity, and parental education. A second 
set of regressions was done with an extra correction for stress 
to test the sleep-HRV relation independent from stress and to 
examine the mediating role of stress in this sleep-HRV relation. 

Mediation is defined as a variable carrying the influence of 
a predictor to a given outcome, and thus accounting for the 
observed relationship. According to Baron and Kenny,26 media-
tion is only present when all 4 conditions are met: (1) the inde-
pendent variable significantly predicts the dependent variable, 
(2) the independent variable significantly predicts the mediator, 
(3) the mediator significantly predicts the dependent variable, 
and (4) the relationship between the independent variable and 
the dependent variable is significantly reduced after controlling 
for the mediator. To test this non-parametrically, the published 
syntax of Preacher and Hayes was used.27 In addition to the 
stress z-score sum, the separate concepts “negative emotions” 
and “problem behavior” were also tested, but results were the 
same as for the z-score sum.

A third set of regressions tested moderation (i.e., a third 
variable affecting the direction and/or strength of the relation-
ship between a predictor and outcome variable) by stress in the 
sleep-HRV relation. This moderation was tested by including an 
interaction factor.28 In those regressions, continuous parameters 
were transformed in z-scores and the categorical sex variable was 
effect coded (-1 and 1). If significant, the moderation effect was 
further interpreted visually and statistically. Visual representation 
was done by plotting predicted outcome values (HRV parame-
ters) in relation to the predictor (sleep duration or sleep quality 
parameter) for 3 representative groups of the moderator (stress 
parameters): those at the mean, at 1 SD below the mean, and 1 SD 
above the mean. Statistical interpretation was done by testing the 
significance of the sleep predictor for 2 groups of the moderator 
based on a median split. If the predictor was significant in a 
certain subgroup, the beta and significance values were given.

In a fourth set of regressions corrected for age, sex, physical 
activity, parental education, and stress, the sleep-HRV relation-
ship was tested using sleep duration data in 3 categories by 
applying tertiles.

Finally, a longitudinal regression analysis was performed: 
the impact of baseline sleep (duration or quality) on HRV 
repeated measures (change between 2010 and 2011) was tested 
using SPSS mixed models corrected for the same confounders 
(age, sex, physical activity, parental education, and stress).

RESULTS

Descriptive Data
Table 1 shows descriptive data for the HRV, sleep, and 

possible confounder parameters. Sleep quality data were only 
available in a subgroup. The sexes were almost evenly distrib-
uted (53% boys), and 71% of the parents had a tertiary educa-
tion. As no difference was found in sleep duration between 
weekdays and weekend days (P = 0.928) and no week/weekend 
differences were seen in the performed regression analyses, 
results are only shown for overall mean sleep duration (no 
separate analyses for week and weekend). A change in HRV 
parameters was found between 2010 and 2011. The HF and 
HFnu were significantly decreased, while mean RR and LF/HF 
showed an increase.

Cross-Sectional
Cross-sectional regression analyses on the sleep 

(predictor) – HRV (outcome) relation with data collected in 
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2010 are shown in Table 2. Since 
sex interaction factors were not 
significant, analyses were not 
stratified for sex. Long sleep 
latency could predict lower HF 
(parasympathetic activity), while 
nocturnal awakenings, sleep 
latency, low sleep efficiency and 
low corrected sleep duration were 
related to higher LF/HF (sympa-
thetic/parasympathetic balance). 
Also, a borderline association 
was seen between sleep efficiency 
and higher HF. Parental reported 
sleep duration was not associated 
with HRV, neither when using 
tertiles of parental reported sleep 
duration (P > 0.05). After correc-
tion for stress (the M2 models 
in Table 2), the significances 
remained.

Longitudinal
Table 3 shows the longitudinal 

mixed model analyses, using sleep 
data collected in 2010 as predictor 
and the evolution of HRV data 
collected in 2010 and 2011 as 
outcome. The same relations were 
seen as in the cross-sectional 
analyses: longer WASO, longer 
latency, less efficiency, and lower 
corrected sleep duration predicted 
a higher increase in the LF/HF ratio 

over one year; while long latency also predicted 
lower HF. Consequently, low sleep quality could 
predict an unhealthy longitudinal change in auto-
nomic balance. Nevertheless, reported sleep dura-
tion did not predict HRV.

Mediation and Moderation
No mediation effect of stress was observed: the 

sleep-HRV relation was not significantly reduced 
after correction for stress (zero was included in 
the 95% intervals of the bootstrapping). Although 
stress was related to HRV outcome (N. Michels, 
unpublished data, 2013), stress was not related 
to sleep outcome (P > 0.05). Nevertheless, stress 
was a significant moderator in the relation of effi-
ciency and WASO with HRV outcome, as illus-
trated in Figure 2. Stress was an enhancer since 
it strengthened the sleep-HRV relation: the rela-
tion between sleep quality and HRV was signifi-
cant only in the high-stressed group (i.e., low 
sleep efficiency and high WASO were related to 
a higher LF/HF only in stressed children and not 
in low-stressed children). The seemingly negative 
relation of WASO with LF/HF in the low-stressed 
children was not significant.

Table 1—Descriptive data on baseline and follow-up heart rate variability (HRV), sleep, and possible 
confounders in the sleep-HRV relation

2010 2011 Paired
t-test Mean SD Mean SD

Heart rate variability (N = 334)   
Mean RR interval (ms) 740.9 102.7 764.3 102.5 < 0.001
HF power* (ms²) 409.7 [203;726] 377.4 [188;700] 0.008
LF power* (ms²) 429.4 [226;789] 482.8 [221;815] 0.102
HFnu (normalized units) 44.7 14.8 38.9 14.9 < 0.001
LFnu (normalized units) 47.6 13.1 46.7 13.5 0.141
LF/HF* 1.1 [0.7;1.7] 1.2 [0.8;2] 0.018

Sleep duration (N = 334)   
Reported sleep duration week (h) 11.0 0.7
Reported sleep duration weekend (h) 10.9 0.9
Reported sleep duration overall (h) 10.9 0.7

Sleep quality (N = 165)
Corrected sleep duration (h) 8.3 0.7
Sleep efficiency (%) 78.9 6.0
Sleep latency (min) 24.6 13.9
WASO (min) 109.6 37.4

Possible continuous confounders (N = 334)  
Age (years) 7.9 1.5
Physical activity (hours/week) 15.7 9.8
Stress

Negative emotions (0-30) 7.6 5.9
Problem behavior (0-30) 5.1 3.5

HF, high-frequency spectral power; LF, low-frequency spectral power; LF/HF, ratio of low-frequency power to 
high-frequency power; WASO, wake after sleep onset. *Median and interquartile range are represented.

Table 2—Linear regression predicting heart rate variability parameters by sleep data

Dependent variable
HF LF/HF

  β P β P
Sleep quality (actigraphy, N = 165)

Corrected sleep duration (h) M1 -0.055 0.507 -0.199 0.014
M2 -0.057 0.485 -0.198 0.015

Sleep efficiency (%) M1 0.151 0.055 -0.207 0.008
M2 0.148 0.059 -0.209 0.008

Sleep latency (min) M1 -0.227 0.004 0.263 0.001
M2 -0.219 0.005 0.259 0.001

WASO (min) M1 -0.002 0.983 0.191 0.015
M2 -0.007 0.926 0.194 0.013

Sleep quantity (questionnaire, N = 334) 
Reported sleep duration (h) M1 -0.039 0.543 0.059 0.343

M2 -0.041 0.511 0.066 0.296

M1: model corrected for age, sex, parental education and physical activity. M2: same as 
M1, but also corrected for stress. β, standardized coefficient; HF, high frequency spectral 
power; LF/HF, ratio of low-frequency power to high-frequency power; WASO, wake after 
sleep onset. Bold type indicates significant values.
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DISCUSSION
The results stress the importance of a good sleep quality for 

general health during childhood. Cross-sectionally, low sleep 
quality (frequent awakenings, long latency, and low sleep effi-
ciency) was related to a higher sympathovagal balance (LF/HF 
ratio), partially due to lower PA (measured by the HF param-
eter), although higher SA might also have been expected. 
Nevertheless, reported sleep duration was not associated with 
HRV outcome. Longitudinal results showed the same trend, 
particularly with a higher sympathovagal balance for those with 
low sleep quality. Consequently, low sleep quality is related to 
a more unhealthy change in autonomic balance over one year. 
Stress was no mediator (i.e., no intermediate pathway) 
but a moderator (i.e., enhancer) in some aspects of the 
sleep-HRV relationship.

Sleep Influences HRV
Given the fact that sleep is associated with a decrease 

in sympathetic activity and catecholamine levels, one 
might expect sleep deprivation to be associated with an 
increase in these variables. Indeed, literature suggests 
that sleep shortage might increase sympathetic activity 
by higher levels of the catecholamines norepineph-
rine and epinephrine through activation of the stress 
system.3,9,29 The literature even suggests that sleep may 
not only affect hormone levels but also lead to structural 
changes, such as the amount or sensitivity of hormonal 
receptors.9 Overall, autonomic nervous system changes 
could be a pathway linking sleep problems with the 
common pathophysiology of hypertension, diabetes, and 
cardiovascular disease.2,3 Moreover, HRV as a marker of 
the autonomic nervous system has been associated with 
increased morbidity and mortality (poor sleep quality and 
quantity are shown as cardiovascular risk factors).5,30 In 

children, the longitudinal relationship of HRV with cardiovas-
cular disease has not yet been examined, but children’s HRV 
(lower PA and a changed balance) has been associated with 
cardiovascular risk factors such as systolic blood pressure and 
obesity.31 Consequently, children’s HRV could indeed be asso-
ciated with later morbidity.

HRV—during both night and daytime—has been used with 
success in clinical sleep problems such as insomnia, sleep 
disordered breathing, and periodic limb movements. HRV helps 
in understanding the health effects and can be used in screening 
and for monitoring of treatment in children as well as adults.32,33 
In addition, it is important to understand the influence of sleep 

Table 3—Linear mixed models longitudinal regression predicting heart rate 
variability parameter change between 2010 and 2011 by sleep data

Dependent variable 
(longitudinal heart rate variability)

HF LF/HF
 B P B P
Sleep quality (actigraphy, N = 135)

Corrected sleep duration (h) 0.001 0.549 -0.081 0.038
Sleep efficiency (%) 0.007 0.286 -0.010 0.020
Sleep latency (min) -0.009 0.001 0.005 0.003
WASO (min) -0.001 0.311 0.001 0.031

Sleep quantity (questionnaire, N = 293)
Reported sleep duration (h) 0.061 0.144 -0.002 0.489

B, unstandardized coefficient corrected for age, sex, parental education, physical 
activity, and stress; HF, high-frequency spectral power; LF/HF, ratio of low-
frequency power to high-frequency power; WASO, wake after sleep onset. Bold 
type indicates significant values.

Figure 2—Stress as moderator in the relation between sleep and heart rate variability (HRV). Figures show the sleep-HRV relation for sleep and stress levels 
equal to the mean, 1 standard deviation above the mean (high) or 1 standard deviation below the mean (low). The significance value of the interaction term 
for stress in the sleep – HRV relation is given.
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on the autonomic nervous system in a healthy general popu-
lation. Acute experimental sleep deprivation in healthy adult 
study subjects has shown conflicting results concerning the 
effect on both branches of the autonomic system: lower PA 
and higher SA,34 a higher SA over PA ratio,35 especially PA 
lowering,36 or even—in contrast—lower SA without changes in 
PA.37 Although acute mild perturbations are reported, adverse 
outcomes may arise when sleep deprivation becomes chronic.9 
Furthermore, literature on the effects of chronic sleep depriva-
tion on HRV is even more limited: lower PA and SA12 or even 
no effect38 has been reported. Apart from sleep duration, sleep 
quality could be important: low sleep quality was associated 
with lower PA38,39 and a higher SA over PA ratio.38

The question is whether sleep deprivation might already 
have an influence during childhood, since literature in this age 
group is very scarce. Previous research suggests that cardio-
vascular risk factors were increased in a sample of adolescents 
with high sleep disturbance,13 while in a sample of young chil-
dren no influence of sleep quality and quantity was seen on 
cardiovascular function.14 Concerning HRV, overall cardiac 
autonomic hypofunction was found in 5- and 6-year-olds with 
short nocturnal sleep (all HRV parameters were decreased 
except the ratio).12 Also sleep-disrupting diseases such as 
sleep disordered breathing have been associated with a higher 
sympathetic over parasympathetic dominance both in healthy 
and clinical populations.40

Indeed, we have found that sleep already influences HRV in 
childhood. More specifically, low sleep quality was related to 
an increased sympathetic over parasympathetic dominance at 
baseline and after one year. This was partially due to lower PA 
(measured by the HF parameter), although a higher SA might 
also be expected. In contrast to another study in children,40 no 
association with parent-reported sleep duration was found.

Sleep Quality, Not Parent-Reported Sleep Quantity
A recent review suggests that both sleep quality and quan-

tity can influence autonomic function.9 After all, low sleep 
quality decreases sleep duration, but more importantly, the 
body may not spend enough time in critical sleep phases.10 
Remarkably, sleep quality and not self-reported sleep duration 
influenced HRV in our sample and also in a previous research 
in white-collar workers.38 Several reasons could underlie this 
finding. (1) A previous statement that “specifically the sleep 
discontinuity and not the amount of experimental sleep loss 
influences the autonomic system” could be a possible expla-
nation.41 In their experimental sleep deprivation study, cate-
cholamine increase was not associated with the amount of 
slow wave sleep loss but only with the sleep efficiency and 
the time interval between arousals. (2) In our population, the 
absence of a sleep duration effect could be caused by the fact 
that in the population under study, a higher sleep quality was 
associated with a shorter parent-reported sleep duration. (N. 
Michels, unpublished data, 2013) (3) Furthermore, it should be 
considered that parent-reported sleep duration was quite high 
in our population; only about 15% of the children slept less 
than the recommended 10 hours of sleep for this age group.42 
Perhaps reported sleep duration only affects HRV in more 
extreme forms of sleep deprivation. In contrast to the relatively 
high sleep duration, mean sleep quality was quite low in our 

population, with sleep efficiency of only 79% and 110 minutes 
WASO. Poor sleep quality might be defined as a sleep effi-
ciency lower than 90%.43 Also in another child population, a 
high sleep efficiency of 86.5% was found.44 Although the sleep 
latency was comparable with that out of the literature,43,44 our 
WASO was much longer than the 89 minutes found in children 
4 to 7 years old.45 (4) Individual differences in the hours of 
sleep needed may strongly differ making it even harder to find 
a relation. (5) Moreover, parent-reported sleep duration could 
be an over- or under-estimation, introducing some error in the 
data. (6) Finally, the relation between sleep and some adverse 
outcomes like cardiovascular diseases could be U-shaped: both 
too low and too high sleep duration may be harmful.30 Never-
theless, also parental reported sleep quantity used as tertiles 
did not predict HRV in our sample.

The Role of Stress
Apart from the effect of sleep as such, also higher mental 

and physical demands in the presence of sleep deprivation can 
influence HRV.9 Indeed, one of the sleep deprivation induced 
pathways is the activation of stress systems such as the auto-
nomic system and the cortisol system,9,46 linking sleep to stress-
related disorders. Consequently, stress could be a mediator or 
moderator in the sleep-HRV relationship.

To be a mediator, stress should be related to both sleep and 
HRV. The relationship between stress and sleep appears to be 
bidirectional: stress can disrupt sleep and low sleep duration/
quality can increase subsequent stress levels.8,47 Experimental 
sleep deprivation has been shown to lower the psychological 
threshold for stress perception,48 and poor sleep quality was 
associated with compromised emotional information processing 
in 10-year-old children.49 However, in this study, the stress sum 
score (emotions and problem behavior) was not associated with 
sleep quantity or quality.

Stress was related to HRV, as we have previously shown 
that stress questionnaire data and cortisol values were related 
to children’s HRV.50 Since one of the stress pathways is a 
disrupted sympathovagal balance,6 HRV is increasingly used as 
stress biomarker.7

In this study, stress was not a mediator in the sleep-HRV rela-
tionship. Also in literature, no mediation in a sample of adults 
was found.39 Nevertheless, stress was a moderator in our study, 
as some of the sleep-HRV relationships were only significant in 
highly stressed children. Consequently, stress could act as an 
enhancer of the unfavorable effect of sleep quality on the auto-
nomic function. In a previous acute sleep deprivation experi-
ment, the HRV change after acute sleep deprivation remained 
longer when participants had to perform a stress task, although 
the interaction factor was not significant.34 However, stress-
sleep interactions have already been shown in the study of 
hypertension and obesity.51,52

Strengths and Limitations
Important strengths of this study are: (1) the quality 

controlled HRV measurements in a quite large child popula-
tion; (2) the measurement of both sleep duration and quality; 
(3) the use of an objective measure of sleep quality by using 
actigraphy since subjective reports were previously not corre-
lated with objective sleep quality45,53; (4) the analyses of stress 
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as mediator or moderator in the sleep-HRV relationship; and 
(5) the use of longitudinal analyses to examine the predictive 
power of sleep on HRV over one year.

Nevertheless, some limitations remain. Although actig-
raphy is a valid objective measure of sleep quality,54 it is not 
the gold standard because of the accelerometers’ low speci-
ficity. Polysomnography remains the gold standard, but actig-
raphy has the advantage of low cost and non-invasiveness. 
Moreover, sleep quality measurements were performed in a 
smaller sample of children (165 versus 334 for sleep dura-
tion) because of limited availability of accelerometers. Since 
we only measured basal HRV and not the HRV change during 
stress, future studies should also test whether HRV stress 
reactivity depends on sleep deprivation. Also, nocturnal HRV 
might provide information on autonomic function and sleep 
quality simultaneously.33 Furthermore, our stress measure-
ments using only short emotion and behavior questionnaires 
might not fully cover the complex concept of stress that could 
result in a failure to find a significant mediating role of stress 
in sleep-HRV. Finally, our results on sleep duration cannot be 
fully generalized to the overall population, since our sample 
had quite good sleep duration.

CONCLUSION
In our non-experimental population study, children’s low 

sleep quality but not parent-reported sleep duration was 
cross-sectionally and longitudinally related to an unhealthier 
heart rate variability outcome, also after correction for stress. 
Consequently, sleep quality is an important predictor for the 
autonomic development already in childhood, even more 
important than sleep duration. Since this HRV change into a 
sympathetic over parasympathetic dominance is a pathway 
to higher morbidity (cardiovascular disease, hypertension, 
and diabetes), preventive actions should be taken. Prevention 
should focus on both high sleep quality and stress reduction or 
coping skills, since stress was sometimes an enhancer in the 
sleep-HRV relation.

ABBREVIATIONS
ChiBS, children’s body composition and stress
HF, high-frequency
HRV, heart rate variability
LF, low-frequency
nu, normalized units
PA, parasympathetic activity
RRI, inter-beat RR-intervals
SA, sympathetic activity
WASO, wake after sleep onset
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