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A B S T R A C T   

Reduced heart rate variability (HRV) is associated with overweight and obesity in adults. However, little is 
known about this relationship in early childhood. We investigated the relationship between resting vagally- 
mediated HRV and body mass index (BMI) in Australian preschool children. Children were recruited from 13 
non-government early learning centres located in Queensland and New South Wales, Australia. From this 
population-based sample, data from 146 healthy children (58 females) between 3 and 5 years of age (mean age 
4.35 ± 0.44 years) were analysed. BMI was calculated from child body weight and height. Physical activity was 
recorded using an Actigraph wGT3x accelerometer worn at the waist of participants over 3 consecutive days. A 
Polar H10 chest strap measured seated, resting RR intervals for the calculation of HRV with the root mean square 
of successive differences (RMSSD) reflecting vagally-mediated activity. The relationship between HRV and BMI 
was analysed using a linear mixed model adjusted for age, sex and physical activity. Analysis revealed that 
RMSSD (ln) demonstrated a significant inverse relationship with BMI (β = -0.06; 95% CI = -0.12 – − 0.01; p =
0.032), and the model accounted for 23% of the variance in RMSSD (ln). Notably, a one unit increase in BMI 
resulted in a reduction in RMSDD (ln) of 0.06. This investigation demonstrated evidence for a significant inverse 
linear relationship between vagally-mediated HRV and BMI in 3 – 5-year-old Australian children, similar to that 
of adults. Furthermore, this relationship was independent of age, sex and physical activity levels. Results may 
indicate that the cardiometabolic health of preschool children is, in part, influenced by the relationship between 
vagally-mediated HRV and weight status.   

1. Introduction 

Obesity and its associated comorbidities, including impaired glucose 
tolerance, insulin resistance, dyslipidaemia, elevated blood pressure and 
sleep apnoea are prevalent in children (Campbell, 2016; Frey et al., 
2015). Underlying the physical burden of obesity includes disruptions to 
the autonomic nervous system (Triggiani et al., 2017). During acute 
physical or psychological stress, Sympathetic contribution of total 

autonomic activity increases with a reduction in parasympathetic 
involvement until the stress has dissipated (Taralov et al., 2015). This 
phenomenon encourages physiological adaptations which may improve 
physical and cognitive health/resilience (Parry et al., 2018). However, 
ongoing stress maintains elevated sympathetic activity, promotes sys-
temic inflammation and cytokine activation which may result in insulin 
resistance and increased lipid production in the liver. Eventually, the 
culmination of these physiological disturbances may manifest as 
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cardiovascular or metabolic disease related complications (Triggiani 
et al., 2017; Saito et al., 2017). 

Heart rate variability (HRV) is a non-invasive marker of autonomic 
cardiac vagal regulation and is linked with many pathological condi-
tions (Laborde et al., 2018; Laborde et al., 2017). The root mean square 
of successive differences (RMSSD), a short-term time-domain HRV 
parameter, specifically reflects parasympathetic/vagal activity, with 
higher RMSSD at rest typically representing “healthy” vagally-mediated 
autonomic activity (Laborde et al., 2018; de Geus et al., 2019). Reduced 
resting state HRV, represented by lower RMSSD values, has been 
demonstrated in children with obesity-related health complications and 
is an established risk factor for insulin resistance, cardiometabolic dis-
eases and potentially early mortality (Leppänen et al., 2020; Saito et al., 
2017; Shaffer and Ginsberg, 2017). 

Although mostly studied in adults, the inverse relationship between 
HRV and overweight and obesity [as determined by body mass index 
(BMI)] is such that decreased overall HRV (i.e. decreased para-
sympathetic activity) is associated with a higher BMI (Birch et al., 2012; 
Koenig et al., 2014). Physical activity has also demonstrated an inverse 
relationship with BMI, with lower physical activity levels associated 
with increased BMI and cardiometabolic disease risk (Iellamo and Vol-
terrani, 2013). Notably, previous findings indicate an interplay between 
physical activity, HRV, and BMI (Saito et al., 2015; Soares-Miranda 
et al., 2012; Soares-Miranda et al., 2014; Speer et al., 2019). One such 
study in children 6 – 12 years old observed significantly higher HRV in 
the ‘lean-active’ group compared with ‘lean-inactive’; ‘ obese-active’ and 
‘obese-inactive’ groups (Nagai and Moritani, 2004). Furthermore, the 
‘obese-inactive’ participants exhibited the lowest HRV relative to all 
other groups, which may exacerbate cardiometabolic disease risk (Nagai 
and Moritani, 2004). 

Research into the relationship between HRV and BMI in preschool 
children (<6 years old) is limited providing further complexities in the 
establishment of obesity/overweight classifications in this population 
sample. Considering the dysregulated autonomic underpinnings of 
obesity, HRV can potentially act as a screening tool to identify children 
at risk of cardiometabolic related health complications. Therefore, the 
aim of the present study was to evaluate the relationship between resting 
vagally-mediated HRV and BMI in Australian children (Speer et al., 
2020). 

2. Methods 

The study was approved by the University of Canberra Human 
Research Ethics Committee, Research Ethics and Integrity Review Board 
(UCHREC: 2019–1853). This cross-sectional study investigated baseline 
data from a subgroup of the Active Early Learning study, which was a 6- 
month randomised controlled, longitudinal trial to investigate the ef-
fects of a physical literacy professional development and curriculum 
support program for early learning centre educators (Telford et al., 
2021). A total of 321 children (n = 135 females, n = 186 males, mean 
age = 4.29 ± 0.43 years) from 16 non-government early learning centres 
in Queensland and New South Wales (Australia) were recruited as part 
of the Active Early Learning intervention trial (Australian New Zealand 
Clinical Trials registry number: ACTRN12619000638134). 

2.1. Sample population 

One hundred and fifty eligible children were recruited as a 
population-based sample from 11/16 of the early learning centres. 
Children were eligible if they were enrolled in the preschool class of the 
participating early learning centres and were at least 3 years old at the 
time of evaluation. Participants were excluded if they were sick on the 
day of testing or within the week leading up to testing. Parents/guard-
ians of eligible children were provided with a participant information 
pack outlining the study objectives and measurement procedures before 
providing consent. Prior to baseline measurements, the parents/ 

guardians of participants provided their written informed consent and 
participants communicated their assent. Four children were excluded 
due to incomplete datasets. Statistical analyses were performed on n =
146 children (45% of total Active Early Learning study population). 

2.2. Assessment of physical activity 

Physical activity data were collected over three consecutive days 
during early learning centre operating hours. The Actigraph wGT3x 
accelerometer waist belt (Pensicola, FL, USA) was secured around each 
participant’s waist for collection of moderate-vigorous physical activity 
(MVPA) data. Delegated educators, who received training for fitting the 
accelerometers, secured the waist belt as each participant arrived to the 
early learning centre and removed it just prior to participant departure 
from the centre. Activity cut points (counts/60 s) were set for MVPA 
(above 1680) and data were included in the analysis provided there 
were at least 3 h of valid wear time with non-wear periods classified as 
≥ 20 min in accordance with a previous study on physical activity in 
preschool children (Okely et al., 2020). A full detail of the techniques 
and criteria for measuring physical activity in this population has been 
previously described (Telford et al., 2021). 

2.3. Assessment of HRV and BMI 

All measurements were conducted in the morning (between 8:00am 
and 12:00 pm) at each early learning centre, except for one that was 
visited in the afternoon. An electronic scale and stadiometer were used 
to measure body weight and height with standardised techniques (Tel-
ford et al., 2021). BMI was subsequently calculated as body weight (kg)/ 
height squared (m2). Given that food ingestion appears to impact 
autonomic activity, it was ensured that all participants had not eaten 
within an hour of data collection (Tentolouris et al., 2003). 

To determine resting autonomic activity, each participant was fitted 
with a Polar H10 Heart Rate Sensor chest strap, which detects and 
processes the heart’s electrical signals. Using Bluetooth 4.0, the chest 
strap wirelessly connected to the EliteHRV© app on an iPhone. Upon 
signal recognition, the “open reading” option on the EliteHRV© app was 
selected. Once heart rate stabilised (approximately two minutes), the 
investigator pressed “start” on the app to commence HRV recordings. 
Through signal processing, the heart’s electrical signals were converted 
into raw interbeat (RR) intervals, which were exported (in milliseconds) 
as a text file and uploaded to Kubios heart rate variability software 
(version 3.1.0, Biosignal Analysis and Medical Imaging Group, Depart-
ment of Physics, University of Kuopio, Kuopio, Finland) for data 
correction and analysis. Prior to analysis, the data were manually 
reviewed and corrected for ectopic beats using methods described 
elsewhere (Speer et al., 2020; Nunan et al., 2009). Following manual 
correction of the raw RR intervals, statistical analyses were conducted 
on RMSSD derived from the Kubios software program. 

The Polar H10 chest strap has demonstrated comparable validity for 
HRV measurements to that of electrocardiographic-derived recordings 
(Gilgen-Ammann et al., 2019). Furthermore, valid and reliable HRV 
measurements via the Polar H10 chest strap have been established in 
this age group (i.e. 3 – 5 years of age) (Speer et al., 2020). As previously 
described, Velcro was sewn onto the reverse side of the Polar H10 chest 
strap prior to data collection for adjustability between participants, 
ensuring an accurate and personalised fit around each child (Speer et al., 
2020). The HRV of each participant was measured in a seated, resting 
state for 3.5 min (including a 30 s stabilisation period) in a one-on-one 
setting with the investigator using the methods and protocol outlined in 
earlier research (Speer et al., 2020; Krejčí et al., 2018). 

The parameter, RMSSD, was selected to specifically represent 
vagally-mediated HRV using the guidelines recommended by the Task 
Force of the European Society of Cardiology and the North American 
Society of Pacing and Electrophysiology ([29]). Additionally, previous 
findings have indicated that RMSSD can be reliably measured in this age 
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group and is less affected by respiration (Speer et al., 2020; Thomas 
et al., 2019). 

2.4. Statistical analysis 

Microsoft Excel 2016 and the statistical software package R (version 
4.0.3) were used to analyse the relationship between RMSSD and BMI 
(Team RC. R, 2020). Participant demographics are presented as mean ±
SD. Due to its non-normally distributed nature, the natural logarithm 
(Ln) of RMSSD was calculated. Linear mixed modelling analyses were 
performed using lme4 R package RMSSD (ln) was assumed as the 
dependent variable with BMI, age, sex and MVPA were set as the fixed 
factors, and early learning centre as a random factor. As sex differences 
in HRV have been observed in children, an interaction term for BMI and 
sex was also included in the model to determine sex-specific associations 
(Koenig et al., 2017; Bates et al., 2014). The assumption of normality 
was confirmed using a histogram and Q-Q plot of the residuals, and the 
assumption of homoscedasticity upon visual inspection of a plot of the 
fitted values against the residuals. Significant associations were 
considered at p < 0.05. 

3. Results 

A summary of participant characteristics by group and sex are pre-
sented in Table 1. From the original sample, n = 146 healthy children (n 
= 58 females, n = 88 males) between the ages of 3 and 5 years old (mean 
age = 4.35 ± 0.44 years) participated in this study. 

Linear mixed model analyses revealed an inverse relationship (p =
0.025) between RMSSD (ln) and BMI independent of age, sex and MVPA 
levels (Table 2 and Fig. 1). Specifically, a one unit increase in BMI 
resulted in a reduction in RMSSD (ln) by 0.06 with 23% of the variance 
in RMSSD (ln) explained by the model. 

4. Discussion 

Previous research has provided evidence for a linear, inverse rela-
tionship between vagally-mediated autonomic activity and BMI in 
adults (Koenig et al., 2014; Molfino et al., 2009). The current study 
sought to investigate the relationship between RMSSD, as a marker of 
cardiac vagally-mediated autonomic activity, and BMI in young chil-
dren. To the best of our knowledge, this is the first study to replicate an 
inverse linear relationship between RMSSD and BMI, independent of 

age, sex and physical activity, in a population-based sample of children 
aged 3 – 5 years old. Consequentially, it was also found that a one unit 
increase in BMI resulted in a decrease in RMSSD (ln) by 0.06. 

The inverse relationship between RMSSD and BMI has also been 
observed in older children (≥6 years) (Birch et al., 2012; Santos- 
Magalhaes et al., 2015; Taşçılar et al., 2011; Vanderlei et al., 2010). 
Furthermore, lower vagally-mediated HRV parameters [e.g. RMSSD, 
high frequency (HF) band] were particularly evident amongst children 
(aged 6 to 15 years) with overweight (≥85th but < 95th percentile) and 
obese (≥95th percentile) BMI classifications (Birch et al., 2012; Santos- 
Magalhaes et al., 2015; Taşçılar et al., 2011; Vanderlei et al., 2010). It 
is possible that, compared with children fitting the “normal” BMI cate-
gories, children with “overweight” and “obese” range of BMI values 
endure adverse metabolic stress, characterised by parasympathetic 
withdrawal and sympathetic hyperactivity (Nagai and Moritani, 2004; 
Santos-Magalhaes et al., 2015; Taşçılar et al., 2011). 

A unique finding in the current study is that HRV confounders such 
as age, sex and physical activity levels did not influence the relationship 
between HRV and BMI in this sample of 3 – 5-year-old children. 
Regarding age as a confounder, Birch et al. (Birch et al., 2012) and 
Herzig et al. (Herzig et al., 2017) both indicated that age significantly 
influenced child vagally-mediated HRV (Birch et al., 2012; Herzig et al., 
2017). Additionally, Silvetti and colleagues (2001) demonstrated that 
HRV is partially related to age and sex in healthy children (Silvetti et al., 
2001). Importantly, the latter study included participants from 1 to 20 
years of age and did not demonstrate significant differences between 
girls and boys (1 and 5 years old) for RMSSD (Silvetti et al., 2001). 

Regarding physical activity levels, MVPA may not stimulate enough 
cardiovascular stress in children this young and, perhaps, more vigorous 
levels of physical activity may lead to autonomic adaptations (Farah 
et al., 2014). The physical activity results in the current study were 
similar to an investigation that recruited older children (aged 6 – 10 
years), which demonstrated a relationship between low vagally- 
mediated HRV and high BMI despite participant physical activity 
levels (Santos-Magalhaes et al., 2015). In contrast, Nagai and Moritani 
(Nagai and Moritani, 2004) demonstrated that children who were obese 
as well as inactive (defined as participating in ≤ 60-min aerobic exer-
cise/sports ≤ 3 times per week) exhibited significantly lower total HRV 
than age-, height- and sex-matched active obese children (Nagai and 
Moritani, 2004). Similarly, amongst overweight and obese children, 
lower physical activity levels were significantly associated with lower 
HRV (Chen et al., 2012). 

Importantly, it is still relatively unknown whether pre-existing 
physical (e.g. BMI) or environmental (e.g. physical activity, diet) risk 
factors induce autonomic dysregulation or if the opposite is true (i.e. 
altered cardiac vagal tone leads to physical and/or behavioural 

Table 1 
Participant characteristics (mean ± SD).   

Group(n 
¼ 146) 

Boys(n 
¼ 88) 

Girls(n 
¼ 58) 

Significance 
(p-value) 

Age (years) 4.34 ±
0.44 

4.37 ±
0.47 

4.34 ±
0.41  

0.704 

Height (cm) 105.03 ±
5.33 

105.06 ±
5.31 

104.99 ±
5.32  

0.422 

Weight (kg) 17.96 ±
2.72 

17.95 ±
2.73 

17.96 ±
2.73  

0.586 

BMI (kg/m2) 16.95 ±
1.85 

16.94 ±
1.85 

16.95 ±
1.86  

0.773 

MVPA (min/hr) 4.20 ±
2.40 

4.80 ±
2.40 

3.60 ±
2.40  

0.031* 

Average accelerometer 
wear time (hrs/day) 

7.01 ±
1.32 

6.88 ±
1.27 

7.21 ±
1.39  

0.177 

Mean RR (ms) 575.44 ±
52.72 

577.92 ±
52.71 

571.67 ±
52.97  

0.485 

Resting HR (bpm) 105.11 ±
9.34 

105.24 ±
9.33 

105.26 ±
9.20  

0.470 

RMSSD (ln) 4.65 ±
0.09 

4.65 ±
0.09 

4.66 ±
0.09  

0.512 

BMI: body mass index; MVPA: moderate-vigorous physical activity; HR: heart 
rate; RMSSD: root mean square of successive differences. 
*Denotes statistical significance with p < 0.05. 

Table 2 
Linear mixed model analyses of covariates on HRV.   

RMSSD (ln)    

Fixed Effects Estimates 95% CI p  
BMI − 0.06 − 0.12 – − 0.01 0.025*  
Age 0.10 − 0.11 – 0.30 0.356  
Sex (girl) − 0.12 − 1.76 – 1.52 0.231  
MVPA − 1.23 − 3.64 – 1.24 0.328  
BMI × Sex < − 0.01 − 0.10 – 0.10 0.999  
Random Effects**     
Between-Centre Variance 0.07    
Residual Variance 0.28    
N: Centres 11    
N: Participants 146    
N: Observations 142    

Note: HRV, heart rate variability; BMI, body mass index; MVPA, moderate- 
vigorous physical activity; RMSSD, root mean square of successive differences; 
ln, natural logarhm; CI, confidence intervals 
*p < 0.05 
**Random effects are shown as estimates 
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changes). Indeed, childhood obesity has been acknowledged as a risk 
factor for cardiometabolic complications including high blood pressure, 
insulin resistance, abnormal lipid profiles and low HRV (Plaza-Florido 
et al., 2019). However, given that the vagus nerve innervates the 
gastrointestinal system, vagal activity may determine hunger as well as 
its associated behaviours and potentially body composition (Feldman 
and Richardson, 1986; Peschel et al., 2016; Lambert et al., 2011). More 
specifically, autonomic dysregulation may modify ghrelin secretion, 
driving feelings of hunger/satiety, implicating BMI and cardiometabolic 
disease risk in both underweight and overweight individuals (Peschel 
et al., 2016; Huda et al., 2010; Monteleone et al., 2008). Considering this 
uncertainty, characterisation of the complexities and nature of the 
interaction between somatic/environmental factors and autonomic 
dysregulation may facilitate the development of a more targeted 
approach which may be used by caregivers, medical/health pro-
fessionals, policy makers, etc to improve the cardiometabolic health of 
children. 

The investigators acknowledge several strengths and limitations for 
the current study. Regarding strengths, the study sample consisted of a 
relatively large population-based sample of 3 – 5-year-old children 
recruited from various early learning centres in Queensland, Australia. 
This study also controlled for physical activity levels and used the 
PolarH10 Heart Rate Sensor to record HRV, which has previously been 
identified as a reliable and valid device to measure HRV in this age 
group (Speer et al., 2020). However, the cross-sectional nature of this 
study prohibits any causal relationships that may be determined from 
the results. Furthermore, this study compares HRV parameters across a 
range of BMIs in an early childhood population. Whilst BMI can be a 
reliable indicator of weight status in normal weighted populations, it is 
not a measure of body fat and does not account for sex and age, which 
are important factors to consider for early childhood growth patterns 
(Kwieciński et al., 2018; Reginato et al., 2020). Also, confounding fac-
tors such as environment (indoor vs outdoor measurements), sleep, diet, 
physical activity over the entire day or outside of the early learning 
centre, cardiorespiratory fitness, socioeconomic status, race/ethnicity 
and behaviour were not controlled for [50]. Moreover, there was an 

uneven number of girls relative to boys in this study (females = 58; boys 
= 88), with a larger proportion of non-normal weighted girls than boys. 
Lastly, although 23% of the variance in RMSSD (ln) was explained by the 
model, there is still 77% of the variance in RMSSD (ln) left unexplained. 
Thus, the results should be interpreted with caution. 

This study builds upon previous research supporting an association 
between autonomic activity and BMI by providing evidence for an in-
verse linear relationship between cardiac vagal HRV and BMI in children 
aged 3 – 5 years old. Furthermore, evidence indicated that age, sex and 
physical activity did not influence this relationship, which may suggest 
that the cardiometabolic health of preschool children is partially 
determined by a link between autonomic activity and body composition. 
Such knowledge could provoke further research into the development of 
HRV as a potential screening tool or classification method for young 
children at risk of health issues related to body composition, glycaemic 
control and/or cardiac autonomic neuropathy. 
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slope for each early learning centre was found to be non-significant (p = 0.544) and therefore the slopes remain fixed for each early learning centre. 

K.E. Speer et al.                                                                                                                                                                                                                                 



Preventive Medicine Reports 24 (2021) 101638

5

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

None. 

Funding 

The lead author, KES, is a recipient of the Research Training Program 
scholarship from the Department of Education, Australia. 

References 

Campbell, M.K., 2016. Biological, environmental, and social influences on childhood 
obesity. Pediatr Res. 79 (1-2), 205–211. 

Frey, U., Latzin, P., Usemann, J., Maccora, J., Zumsteg, U., Kriemler, S., 2015. Asthma 
and obesity in children: current evidence and potential systems biology approaches. 
Allergy. 70 (1), 26–40. 

Leppänen, M.H., Haapala, E.A., Veijalainen, A., Seppälä, S., Oliveira, R.S., Lintu, N., 
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