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Abstract This paper provides age- and sex-specific refer-

ence values for short-term heart rate variability (HRV) data in

children by time domain and frequency domain methods.

Furthermore, HRV determinants will be determined. In 460

children (5–10 years), 5-minute HRV measurements in

supine position were undertaken with Polar chest belts. The

data were manually edited and processed with time and fre-

quency domain methods. Age, time point, physical activity

(accelerometry), physical fitness (cardiopulmonary fitness,

upper and lower limb muscular fitness) and body composition

(body mass index, fat%, fat and fat-free mass) were analysed

as determinants using multiple regression analysis stratified

by sex. Sex- and age-specific reference values were produced.

Overall, girls had lower HRV. Age-related parasympathetic

increases and sympathetic decreases were seen with some-

times age-related year-to-year wave-like changes in boys.

The time point of recording had limited influence on HRV. Of

the lifestyle related factors, fatness (only 7 % overweight)

was not associated with HRV but fat-free mass, physical

activity and in particular physical fitness (over and above

activity) had a favourable association by increased para-

sympathetic activity. Future HRV studies in children should

consider age, sex and physical fitness.
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Abbreviations

BF% Body fat percentage

ChiBS Children’s body composition and stress

FFT Fast Fourier transform

FM Fat mass

FFM Fat-free mass

HRV Heart rate variability

HF High frequency

ICC Intraclass correlation

LOA Limits of agreement

LF Low frequency

VO2max Maximal oxygen uptake

mRR Mean RRI

MVPA Moderate-to-vigorous activity

Nu Normalized units

PA Parasympathetic activity

pNN50 Percentage of consecutive normal RRI differing

more than 50 ms

RMSSD Root mean square of successive differences

RRI RR intervals

SDNN Standard deviation of the normal RRI

SA Sympathetic activity
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Introduction

Heart rate variability (HRV) is defined as the variability of

the distance between consecutive R peaks of the electrical

heart beat signal (caused by polarization and depolarization

of the heart muscles) as measured with an electrocardio-

gram. The R-wave is the first positive deflection of the

signal after the P-wave. HRV is increasingly used as a

quantitative expression of the autonomic nervous system

activity and its two branches because of the sympathetic

and vagal parasympathetic innervations of the heart (SA

and PA, respectively) (Task Force of ESC/NASPE 1996).

These changes reflect 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) is a pathway of increased morbidity and

mortality (Thayer et al. 2010). Apart from its original

clinical use as risk marker for cardiovascular mortality, a

reduction of HRV has also been observed in non-cardiac

pathologies such as stress-induced conditions (Chandola

et al. 2010). HRV analysis has increasingly been used in

child populations in which HRV analyses showed moder-

ate-to-high reproducibility (Dietrich et al. 2010). In con-

trast to long-term recordings (24 h), short-term recordings

have the advantage of being rapidly obtainable under

standardized conditions.

Several physiological factors are known to influence

HRV. Age and sex are well-described in adults (Umetani

et al. 1998) with decline over age and lower values in

women. However, there are conflicting data in children:

(i) no sex difference (Fukuba et al. 2009; Goto et al. 1997),

an overall sex difference (Faulkner et al. 2003) or an age-

and measure-dependent sex difference (Galeev et al. 2002;

Silvetti et al. 2001) have been observed as well as (ii) no

age difference (Fukuba et al. 2009; Faulkner et al. 2003),

an increase until 6 or 9 year with a decrease or stagnation

afterwards (Goto et al. 1997; Finley and Nugent 1995;

Silvetti et al. 2001; Massin and vonBernuth 1997) or more

wave-like age-related year-to-year changes (Galeev et al.

2002). Therefore, establishment of age- and sex-specific

reference values is definitely needed.

Associations of HRV have been described with physical

activity (Gutin et al. 2005; Nagai and Moritani 2004;

Krishnan et al. 2009; Buchheit et al. 2007) and body

composition (Rabbia et al. 2003; Kaufman et al. 2007;

Gutin et al. 2005; Nagai and Moritani 2004) in children.

Association with physical fitness has rarely been studied

(Gutin et al. 2005; Brunetto et al. 2005) with conflicting

results (only one study showed enhanced HRV), notwith-

standing a strong association with cardiovascular risk fac-

tors (Hurtig-Wennlof et al. 2007). Furthermore, large-scale

studies often spread their fieldwork over a long period

of the day because of logistic restrictions, but without

correction for the time point of registration. Nevertheless,

diurnal rhythms of HRV have also been shown in children

over a 24 h period (Massin et al. 2000).

In a large healthy child population of 460 subjects, we

aimed to provide age- and sex-specific reference values for

an extensive battery of short-term HRV parameters.

Moreover, the contribution of age, sex, time point, body

composition, physical activity and particularly fitness was

explored.

Methods

Participants and general procedures

Participating children were from the Belgian control region

(i.e. Aalter, a city in Flanders, the northern, Dutch-speaking

part of Belgium) of the IDEFICS study funded within the

European Sixth Framework Programme. Children were

selected by random cluster sampling. The 761 IDEFICS

children in the Belgian control region were also allowed

to participate in the national sub-study ChiBS (Chil-

dren’s body composition and stress) that aimed at

examining the association between stress and body

composition evolution (Michels et al. 2012). Data were

collected from February 2010 to June 2010, when chil-

dren were between 5 and 10 years old. For the ChiBS

measurements, parents had to make an appointment at

the local sports park. 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. Written informed consent was obtained from the

parents.

The HRV measurements were done in 475 of the 761

invited Belgian children (62.4 % participation rate). No

difference in sex, age, body mass index and socio-eco-

nomic status was observed between participants and

non-participants. Exclusion criteria were cardiovascular

diseases (1 case), diabetes (0 cases) and HRV measure-

ments of too low quality (14 cases). Finally, 460 children

were enrolled in this study.

Heart rate variability

Inter-beat RR intervals (RRI) were recorded at a sampling

rate of 1,000 Hz with the elastic electrode belt Polar

Wearlink 31 using a Windlink infrared computer trans-

mitter. This low-cost device has been validated against an

electrocardiogram device in children (Gamelin et al. 2008).

Each child was individually examined in a quiet room in

the supine position for 10 min. Children were asked to

refrain from strenuous physical activity on the measure-

ment day (9 a.m.–6 p.m.). Each child was encouraged to
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breath normally and not to speak or move. In the occasion

of sudden irregular respiration, the registration was can-

celled, as such minimizing breathing influences. The heart

rate belt was fixed around the chest and measurements

were started when the signal was stabilized. Further data

processing was done with the free, professional HRV

Analysis Software of the University of Kuopio, Finland

(Niskanen et al. 2004). Very low frequency (VLF), low

frequency (LF) and high frequency (HF) bands were ana-

lysed between 0.0033–0.04, 0.04–0.15 and 0.15–0.4 Hz,

following the suggested default based on data from adults

(Task Force of ESC/NASPE 1996). The RR series were

detrended using the Smoothness priors method with

alpha = 300 and a cubic interpolation at the default rate of

4 Hz was done. The middle 5 min were manually checked

on their quality/stationarity and if necessary, another

appropriate 5-min interval was selected. Quality was

defined as no large RRI outliers, an equidistance between

consecutive RRI points, minimal variation, stable mean

and unimodal, Gaussians RRI and HR distribution graph-

ics. By doing this, disturbing phenomena such as the

Valsalva manoeuvre were excluded.

For time domain methods, the mean RRI (mRR), the

standard deviation of the normal RRI (SDNN), the root

mean square of successive differences (RMSSD) and the

percentage of consecutive normal RRI differing more than

50 ms (pNN50) were determined.

For the frequency domain method, the nonparametric

fast Fourier transform (FFT) model was used. Spectrum

parameters were calculated with the Welch’s periodogram

method using a standard 50 % overlap Hanning window as

preprocessing technique and finally an integration (area

under the curve). The power of LF and HF bands in

absolute and normalized (nu, LF or HF divided by

‘LF ? HF’) units and the LF/HF ratio were determined.

Descriptive data but no reference values for the very low

frequency (VLF) power will be given as the 5-min mea-

surements are too short for estimating this frequency

domain (Task Force of ESC/NASPE 1996). While HF,

pNN50 and RMSSD can represent the vagal activity

(=PA), LF and SDNN might reflect the activity of both

branches of the nervous system (=PA and SA) and the LF/

HF ratio is assumed to represent the sympathovagal bal-

ance. The normalized units have the advantage of mini-

mizing the effect of total power differences (Task Force of

ESC/NASPE 1996).

Other study variables

Sex, age, time point, physical activity, physical fitness and

body composition were examined as possible determinants.

Time point was expressed as number of hours elapsed

since 9 a.m. (the earliest measurement).

To monitor physical activity, children wore an uniaxial

accelerometer (ActiGraph or ActiTrainer, Pensacola, FL,

USA) on a hip belt over 3 consecutive days. Activity was

counted in 15 s/min intervals. The average counts per

minute (cpm) and the total time in moderate-to-vigorous

activity (MVPA) following the cut-offs of Evenson (Trost

et al. 2011) were used.

Physical fitness was measured with the Eurofit fitness

test battery (Council of Europe 1988). Maximal oxygen

uptake (VO2max) was estimated through the 20 m shuttle

test of Léger and Lambert as objective criterion of car-

diopulmonary fitness. Handgrip strength was measured by

a handgrip dynamometer with adjustable grip (Takei TKK

5401, precision 0.1 kg). The sum of right and left arm

strength was used. Lower limb muscular fitness was

determined by the standing broad jump and the 40 m

sprint. As both tests were repeated twice, the maximal

jump distance (precision 1 cm) and the minimal sprint time

(precision 0.1 s) were used.

For body composition, weight was recorded with an

electronic scale (TANITA BC 420 SMA, 0.1 kg) and

height was measured with a telescopic height measuring

instrument (SECA 225, 0.1 cm). The children wore only

underwear and T-shirts. Age- and sex- specific BMI

z-scores were calculated. Body fat percentage (BF%)

was measured by air-displacement plethysmography

(BOPOD�, Life Measurement Inc, UK) in tight-fitting

swimsuit using standardized procedures. Thoracic gas

volume was predicted by the software with a validated

child-specific equation, and fat mass (FM), fat-free mass

(FFM) and BF% were calculated using the equation of

Wells (Wells et al. 2010).

Statistical analyses

All statistical analyses were performed using SPSS/PASW

version 19 (IBM Corp, NY, USA). Significance was set at

p \ 0.05. The positively skewed measurements (HF power,

LF power and LF/HF) were log-transformed. Median and

interquartile range were given.

Sex differences in HRV were examined by an inde-

pendent samples t test. The LMS method (Cole and Green

1992) was used to generate smoothed percentile reference

values across age for all HRV parameters stratified by sex.

The LMS Chartmaker Pro software (version 2.3) uses cubic

splines to fit smoothed L (skewness), M, (median) and

S (coefficient of variation) curves across each age category

by maximized penalized likelihood. Q tests and detrended

Q–Q plot were used to assess goodness-of-fit.

To identify determinants, sex and age effects and their

interaction were first analysed using two-way ANOVA.

The age category ‘10 years’ was merged with the 9-year-

olds because of the smaller sample size.
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Relationships between HRV parameters and possible

determinants were quantified using multiple linear regres-

sion stratified by sex. In the basic model, age and time

point were entered simultaneously. Then, all other possible

determinants (i.e. physical activity, physical fitness and

body composition) were entered separately to test their

significant contribution after correction for age and time

point. Also, their independent contributions were tested

after mutual correction (corrected for FFM or for sprint

time). Standardized coefficients were recorded. Finally, the

multiple linear regression analyses were repeated with

correction for mean HR.

Results

Descriptive statistics and reference values

In total, 460 children (240 boys, 220 girls; 7 % overweight)

between 5 and 10 years old were included. Participation

numbers for the age categories 5, 6, 7, 8, 9 and 10 years old

were 72, 62, 89, 113, 84, 40, respectively, evenly distrib-

uted over the sexes. Table 1 gives the descriptive statistics

and sex differences for all variables. Mean HR was higher

in girls, while mRR, SDNN, RMSSD, pNN50, VLF, LF

and HF were higher in boys. Sex differences were also seen

in the examined determinants with an overall higher fatness

in girls and higher physical fitness and activity in boys.

Girls and boys were equally distributed over age and time

point (p [ 0.05). Age- and sex-specific reference values

are given in Table 2 and the percentile curves are shown in

Fig. 1. As no sex differences were seen for LFnu, HFnu

and LF/HF, only one set of reference values was given for

both sexes together.

Determinants of HRV parameters

The sex and age effects on HRV parameters were exam-

ined using two-way ANOVA. A sex 9 age interaction was

found for SDNN, RMSSD, pNN50 and HF, giving higher

values for boys at the ages 5 and 6 and no sex differences at

the older age. An age effect was seen for all variables

except for LF. Detected sex differences were the same as

for Table 1. When analysing the age effect with polyno-

mial ANOVA, a cubic trend was seen for boys in all

variables for which the sex 9 age interaction was signifi-

cant. In girls, only linear trends were seen. Figure 2 shows

these age and sex effects on mRR (example of the linear

age effect) and RMSSD (example of the interaction effect).

Multiple regression analyses for age, time point and

lifestyle factors (physical activity, physical fitness and

body composition) were executed. Multiple regression

results of physical fitness are shown separately in Table 3,

as these were most significant and novel. Age was indeed

correlated with both time and frequency domain parame-

ters in both boys and girls, although more explicitly in girls

(highest beta = 0.474). The time point had only very

minimal influence and this was restricted to boys. The

model with age and time point could explain 17.6 and

13.9 % of the variance in mRR for boys and girls,

respectively. R2 change values ranged between 3.3 and

3.9 % for physical activity, between 2.9 and 9.2 % for

physical fitness and between 1.6 and 4.9 % for body

composition. In boys, most physical fitness parameters and

also physical activity were positive determinants, while

body composition could barely serve as determinant (only

one association with FFM). In girls, only FFM and arm

strength showed a positive HRV association. Among

physical fitness parameters, the sprint time had the largest

effect. For body composition, only positive associations

for FFM were seen, but no effect of FM, BF% and BMI

was found. After correction for body composition (FFM),

all physical fitness and activity associations remained

significant. Physical fitness even had a relevant impact

over and above physical activity (after correction for

MVPA).

After correction for mean HR, age remained significant

(except for mRR). All significances for time point and body

composition disappeared and only sprint time and physical

activity remained significant in boys (data not shown).

Discussion

To our knowledge, this is the first study giving age- and

sex-specific reference values for an extensive battery of

HRV parameters (both time and frequency domain

parameters) in a large sample of children and using the

sophisticated LMS software. It is crucial as most of the

children’s HRV parameters were sex and age dependent.

Moreover, physical fitness was a major positive determi-

nant, especially in boys.

Descriptive statistics and reference values

Our data indicate sex and age differences in HRV param-

eters in young children. Generally time and frequency

domain parameters were higher in boys and increased with

age. There were no sex differences for LFnu, HFnu and LF/

HF and for the age-related decreases in LF/HF and LFnu.

Because of the age and sex differences and an equal dis-

tribution of our population over age and sex, we repro-

duced age- and sex-specific reference values. The LMS

software had the advantage of allowing non-linear changes

with age (Cole and Green 1992). It was indeed visible in

the wave-like age-related year-to-year changes in boys,
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particularly in parameters with an age 9 sex interaction.

When such a wave-like change was present, values

decreased at age 7–8 and increased again afterwards. This

pattern was never seen in girls. The wave-like change of

LF in boys versus almost no increase in girls, could explain

the absence of an age effect in the two-way ANOVA for

LF. This highlights the importance of considering sex-

specific analyses and using non-linear reference curves.

Next to the general age-related increase, decreases were

seen for LF/HF ratio and LFnu. Indeed, decreases in LF/HF

could be caused by decreases in LFnu concordant with

increases in HFnu.

Comparison of our reference values with those previ-

ously reported would be not straightforward because of

methodological and population differences. Nonetheless,

we tried to compare them with the large study of Galeev

et al. giving age- and sex-specific short-term reference

values in 6- to 16-year-old Russian children. They showed

overall higher LF/HF values, higher LF values and slightly

lower HF values than our study, but the time domain

parameters (mRR, SDNN and RMSSD) showed the same

trend as ours (Galeev et al. 2002). Also, our values very

much resembled the reported RMSSD in German children

(Longin et al. 2009) and LF and HF in Dutch children

(Bosch et al. 2009).

Determinants of HRV parameters

Our results confirm the sex differences as found in adults

(Umetani et al. 1998) and adolescents (Faulkner et al.

Table 1 Descriptive statistics for HRV measurements and possible determinants of 460 children

Boys Girls Sex difference

Median [IQR] Median [IQR] p

Mean HR (min-1) 81 [74–88] 84 [77–91] 0.001*

Mean RR (ms) 751 [693–824] 725 [662–786] \0.001*

SDNN (ms) 67 [50–89] 60 [42–78] 0.002*

RMSSD (ms) 73 [54–106] 66 [44–91] 0.002*

pNN50 (%) 41 [28–55] 38 [20–52] 0.018*

VLF (ms2) 23 [11–47] 19 [9–35] 0.033*

LF (ms2) 666 [377–1,327] 550 [262–953] 0.005*

HF (ms2) 1,139 [608–2,012] 967 [441–1,587] 0.004*

LFnu 38 [30–49] 39 [29–50] 0.752

HFnu 62 [52–70] 61 [50–71] 0.753

LF/HF 0.62 [0.42–0.95] 0.63 [0.41–1.02] 0.867

Time pointa 14u [11u–15u] 13u [10u45–15u] 0.112

Age (years) 8.1 [6.7–9.2] 8.0 [6.8–9.0] 0.561

Physical activity

Counts per min (n = 261) 515.9 [463.2–628.4] 474.1 [411.9–558.7] \0.001*

Moderate-to-vigorous activity (min) (n = 261) 60.9 [49.9–73.4] 44.7 [35.3–54.8] 0.005*

Physical fitness

Arm strength (kgf) (n = 314) 27.1 [22.3–31.3] 24.9 [20.5–28.5] \0.001*

Maximal jump (cm) (n = 315) 125.0 [111.2–140.0] 114.0 [104.0–129.0] \0.001*

Sprint time (s) (n = 253) 8.4 [7.8–9.2] 8.9 [8.4–9.6] \0.001*

VO2max (ml kg-1 min-1) (n = 281) 47.5 [44.8–50.6] 45.2 [43.0–48.0] \0.001*

Body composition

BMI z-score -0.3 [-0.9–0.3] -0.2 [-0.8–0.7] 0.097

BF% 15.7 [12.8–19.5] 18.4 [14.8–23.7] \0.001*

Fat-free mass (kg) 22.1 [18.8–25.1] 21.2 [18.2–24.0] 0.012*

Fat mass (kg) 3.9 [3.0–5.1] 4.4 [2.4–6.7] \0.001*

BF% body fat percentage, HF high frequency spectral power, HR heart rate, IQR interquartile range, LF low frequency spectral power, LF/HF
ratio of low frequency power to high frequency power, mRR mean RR interval, nu normalized units, pNN50 percentage of consecutive normal

RRI differing more than 50 ms, RMSSD root mean square of successive differences, SDNN standard deviation of normal-to-normal intervals,

VLF very low frequency spectral power, VO2max maximal oxygen uptake

* Significant difference between girls and boys
a The effective time of the day is shown instead of the number of ours since 9 a.m. as used in the analyses
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Table 2 Age- and sex-specific percentile values for HRV measurements

Age Boys Girls

Percentile: 2.5 25 50 75 97.5 2.5 25 50 75 97.5

mRR

5 520 606 657 713 848 525 602 636 668 726

6 569 664 719 780 921 521 624 672 717 803

7 575 679 736 798 935 536 648 703 759 870

8 580 685 745 808 950 568 673 730 790 919

9 618 715 774 842 1,018 607 701 756 816 957

10 666 754 811 883 1,101 647 732 782 840 985

SDNN

5 30 46 57 69 101 13 38 52 67 99

6 32 54 68 84 126 15 39 53 68 101

7 28 52 67 85 128 18 42 57 73 110

8 23 48 63 81 121 21 46 61 78 118

9 21 49 65 83 124 24 47 63 80 122

10 24 54 72 92 136 25 48 63 80 123

RMSSD

5 26 39 50 64 112 14 40 55 71 107

6 35 61 80 105 181 12 39 55 74 117

7 27 57 77 103 175 14 43 62 85 141

8 19 48 68 92 152 17 47 68 93 159

9 21 52 74 99 164 22 51 72 97 166

10 27 61 84 112 184 27 54 72 96 160

pNN50

5 5 24 34 44 64 2 16 25 36 63

6 6 28 39 50 74 1 18 29 41 69

7 5 27 38 50 74 1 21 33 46 73

8 4 26 38 49 73 2 24 37 49 76

9 6 29 41 53 78 3 28 41 53 78

10 10 34 46 58 83 7 32 44 56 79

LF FFT

5 125 381 625 992 2,304 58 274 523 937 2,595

6 137 456 771 1,254 3,020 56 266 506 903 2,483

7 109 407 718 1,210 3,072 58 273 519 924 2,525

8 73 328 611 1,071 2,858 60 283 536 951 2,581

9 58 322 630 1,135 3,084 62 292 552 978 2,636

10 63 385 754 1,345 3,517 64 303 571 1,008 2,701

HF FFT

5 111 383 675 1,158 3,171 14 306 622 1,069 2,383

6 161 603 1,072 1,827 4,765 30 353 699 1,194 2,701

7 149 616 1,105 1,870 4,668 52 426 820 1,393 3,196

8 120 558 1,011 1,700 4,078 80 502 941 1,590 3,701

9 116 621 1,135 1,896 4,385 112 568 1,039 1,745 4,120

10 121 776 1,433 2,378 5,321 145 628 1,122 1,873 4,486

LFnu FFT

5 20 37 45 54 73

6 18 34 43 52 72

7 16 32 41 50 71

8 15 30 38 48 69
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2003) i.e. lower values in females. Nevertheless, no sex

differences were seen in the sympathovagal balance (LF/

HF), as was also shown in an adolescent study (Fukuba

et al. 2009). Previous studies with young children as in our

sample, showed only sex differences from 9 years onwards

(Galeev et al. 2002) or not at all (Goto et al. 1997).

Age differences were already discussed in the reference

values section giving overall wave-like increasing trends

(especially in boys) except for decreases in LFnu and LF/

HF ratio without wave-like patterns. Most child studies

found a HRV increase until 6 or 9 years old with a decrease

or stagnation afterwards (Goto et al. 1997; Finley and

Nugent 1995; Silvetti et al. 2001; Massin and vonBernuth

1997). Our findings confirm this increasing trend although

we also detected in boys the wave-like changes as found in

a large sample of 6- to 16-year-old children (Galeev et al.

2002). The observed HRV age changes may reflect the

development of vagal and sympathetic control of the heart

with regulatory shifts. Indeed, neural autonomic functions

mature over childhood attaining peak levels in adoles-

cence with an improved cardiovagal autonomic function

(Lenard et al. 2004). Previously, increasing cholinergic and

decreasing adrenergic modulation was seen over the first

14 years of child development, resulting in a decreasing

LF/HF (Massin and vonBernuth 1997).

Circadian HRV rhythms in children exist with a mid-

night peak of time domain and LF and HF values and a

trough for LF/HF (Massin et al. 2000). In our study, the

time point (daytime) showed only a small influence on PA

and only in boys, with lower values later on the day. If

possible, recordings have to be done in a restricted time

frame. Nevertheless, large-scale studies are not inevitably

of lower quality by measuring over a larger time frame of

the day.

Both decreased PA and increased SA are risk markers

predicting morbidity (Thayer et al. 2010). Consequently,

we examined the influence of lifestyle-related parameters

such as physical activity, physical fitness and body com-

position on PA and SA.

Physical activity has been related to better HRV indices,

especially a higher PA (Gutin et al. 2005; Krishnan et al.

2009), although sometimes only found with vigorous

activity (Buchheit et al. 2007). Furthermore, physical

training has improved HRV in children with low baseline

HRV (Nagai and Moritani 2004) (increased LF and HF). In

our study, higher physical activity was associated with

higher PA (RMSSD, pNN50 and HF) and consequently

higher values in the dually innervated LF.

Apart from physical activity, also physical fitness should

be considered. After all, only low-to-moderate correlations

have been detected between children’s objectively mea-

sured activity and fitness (Dencker and Andersen 2011) and

individual differences exist in the response to physical

activity (Bouchard and Rankinen 2001). While activity is a

lifestyle factor, physical fitness is a physiological condition

and could as such be more related to physiological markers

Table 2 continued

Age Boys Girls

Percentile: 2.5 25 50 75 97.5 2.5 25 50 75 97.5

9 13 27 36 46 68

10 12 26 34 44 67

HFnu FFT

5 29 45 54 62 80

6 29 48 57 65 83

7 29 50 59 68 84

8 30 52 62 70 86

9 32 55 64 72 88

10 34 56 65 74 89

LF/HF FFT

5 0.28 0.57 0.83 1.19 2.49

6 0.24 0.51 0.76 1.12 2.43

7 0.20 0.46 0.69 1.04 2.35

8 0.18 0.41 0.62 0.94 2.14

9 0.16 0.37 0.57 0.86 1.96

10 0.14 0.34 0.52 0.80 1.84

FFT Fast Fourier transform, HF high frequency spectral power, LF low frequency spectral power, LF/HF ratio of low frequency power to high

frequency power, mRR mean RR interval, nu normalized units, pNN50 percentage of consecutive normal RRI differing more than 50 ms, RMSSD
root mean square of successive differences, SDNN standard deviation of normal-to-normal intervals
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Fig. 1 Age- and sex specific

percentile curves for HRV

measurements in 460 children:

2.5, 10, 25, 50, 75, 90 and

97.5th percentile. FFT Fast

Fourier transform, HF high

frequency spectral power, LF
low frequency spectral power,

LF/HF ratio of low frequency

power to high frequency power,

mRR mean RR interval, nu
normalized units, pNN50
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normal RRI differing more than

50 ms, RMSSD root mean

square of successive

differences, SDNN standard

deviation of normal-to-normal

intervals
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as HRV, as we have seen. Previously, physical fitness was

also shown to be better related to cardiovascular risk fac-

tors than physical activity in children (Hurtig-Wennlof

et al. 2007). HRV associations with physical fitness have

rarely been published and were limited to VO2max mea-

surement. Higher RMSSD had previously been found in

more fit children (Gutin et al. 2005), while no effect of

fitness was seen in an adolescent group (Brunetto et al.

2005). We observed beneficial effects: higher mRR and PA

(HF, RMSSD, pNN50) with increasing fitness and with the

sprint time as most influencing determinant. In girls, arm

strength was the only determinant. Taken together, quite

Table 3 Multiple regression: physical fitness as determinant of HRV

Time domain Frequency domain

mRR SDNN RMSSD pNN50 LF HF LFnu HFnu LF/HF

Boys

Arm strength 0.20* 0.15 0.18 0.22* 0.09 0.16 -0.13 0.13 -0.11

Maximal jump 0.22** 0.22* 0.23*a 0.26**a 0.13 0.22* -0.14 0.14 -0.14

Sprint time -0.29** -0.37**a -0.40**a -0.36**a -0.21 -0.36**a 0.23* -0.23* 0.22

VO2max 0.17* 0.13 0.17* 0.20* 0.12 0.16* -0.07 0.07 -0.06

Girls

Arm strength 0.24*a 0.21 0.19 0.20 0.16 0.23* -0.08 0.08 -0.10

Maximal jump 0.09 -0.01 -0.02 0.07 0.02 0.02 0.00 0.00 0.00

Sprint time -0.10 -0.129 -0.11 -0.19 -0.12 -0.17 0.07 -0.07 0.06

VO2max 0.02 0.11 0.10 0.10 0.14 0.06 0.11 -0.11 -0.12

Standardized coefficients for the separate physical fitness parameters, corrected for age and time point

HF high frequency spectral power, LF low frequency spectral power, LF/HF ratio of low frequency power to high frequency power, mRR mean

RR interval, nu normalized units, pNN50 percentage of consecutive normal RRI differing more than 50 ms, RMSSD root mean square of

successive differences, SDNN standard deviation of normal-to-normal intervals

* p \ 0.05

** p \ 0.01
a Stayed significant after correction for physical activity (mean-to-vigorous activity)

Significant values are indicated in bold

Fig. 2 Age and sex effects: example on mRR (linear age effect) and RMSSD (age 9 sex interaction). mRR mean RR interval, RMSSD root

mean square of successive differences
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similar associations were seen for physical fitness and

physical activity. Nevertheless, physical fitness was a more

powerful determinant because of the abundant and higher

coefficients that remained significant even after correction

for physical activity.

We tested the effect of body composition in our low-

overweight population (7 %), but no effect of fatness was

seen. Beneficial associations of HRV variables for FFM

(the counterpart of fat) were mainly present in girls and

FFM-mRR was the only association remaining significant

after correction for physical fitness. As HRV associations

of physical fitness and activity remained significant after

correction for body composition and FFM could be caus-

ally linked to physical activity, the fitness determinants

might be more potent. There is ample evidence from lit-

erature that HRV differs between obese and lean children

(Kaufman et al. 2007; Gutin et al. 2005) with an overall

lower PA, independent of physical activity (Nagai and

Moritani 2004). Changes in SA were more likely to depend

on obesity duration (Rabbia et al. 2003). This could explain

the lack of associations in a low-overweight population. In

another low-to-moderate-overweight sample, no differ-

ences were seen except for lower HR with higher FFM in

girls (Krishnan et al. 2009).

Apart from sex differences in the HRV parameters, sex

differences were also seen in the associations with deter-

minants. Previously, similar sex differences were seen with

physical activity associations in boys only and FFM asso-

ciations in girls (Krishnan et al. 2009). These sex differ-

ences could perhaps be partially explained by our

population characteristics: a higher prevalence of over-

weight in girls and higher fitness in boys. The sexes were

equally distributed over age and time point, so this could

not explain the sex differences in the associations. More-

over, the physical fitness tests were previously shown

reliable and no sex difference in reliability exists (Ortega

et al. 2008).

Strengths and limitations

Standardized HRV measurements with an extra manual

quality control were executed in a large healthy child

population of 460 subjects. Current published reference

values for children have often been based on smaller

samples (Faulkner et al. 2003; Goto et al. 1997; Massin and

vonBernuth 1997; Longin et al. 2009; Finley and Nugent

1995), except for the large Russian study of Galeev et al.

(2002). The LMS method allowed for non-linear HRV

changes with age. It was a major strength as wave-like

changes were indeed seen in boys.

Next to age and sex differences, we also examined

lifestyle factors. Therefore, standardized techniques have

been implemented: objectively measured physical activity

instead of the frequently used subjective questionnaires, a

well-known physical fitness test battery with proven reli-

ability and body fat percentage measured with specialized

technology. Examining physical fitness was a major asset

as it has rarely been studied in relation to HRV and as it

was a more potent determinant than physical activity in our

study. Furthermore, physical fitness and activity were

related to HRV independent of other determinants and HR.

Nevertheless, some limitations are connected to these

determinants. (1) We had only a low percentage of over-

weight in our sample (7 %). Although we found no influ-

ence of body fatness on HRV, there might be an influence

in high-overweight populations. (2) Another checked

determinant was the time point of registration, with almost

no influence on HRV. To ascertain this statement, future

studies should measure the same child on several different

time points to examine the influence of time more directly.

Alternatively, we could recommend 24 h HRV recordings

if this is logistical feasible as these take into account the

diurnal rhythm and the other spectral components ‘very

low frequency’ and ‘ultra low frequency’. (3) Finally, two

measurement limitations related to the used software

should be considered. (3a) Non-stationarity was only

manually inspected (no outliers, an equidistance, minimal

variation, stable mean and Gaussians distributions),

increasing the likelihood to overestimate the contribution

of the sympathetic activity (Magagnin et al. 2011). (3b)

Although visual respiratory observation was done during

the registration, breathing rate was not measured with an

extra channel, possibly confounding our frequency domain

parameters. Breathing rate was previously shown to be

negatively related with LF and HF power, but had no

influence on time domain parameters (Brown et al. 1993;

Penttila et al. 2001). Nonlinearities are more likely to

happen with a low breathing rate (e.g. at 10/min breathing

rate), a long RRI and in the presence of important respi-

ratory sinus arrhythmia (Porta et al. 2000). Nevertheless,

the influence of nonlinearities will be minimal in our

population as children have a general high breathing rate

(18–21/min mean in our age range) (Wallis et al. 2005) and

short RR interval; and respiratory sinus arrhythmia induced

by the Valsalva manoeuvre was most likely abolished.

Conclusions

Performing short-term HRV measurements with a polar

chest belt was easily feasible as part of a large epidemio-

logical study in children. Our sex- and age-specific refer-

ence values can be used in the future and highlighted the

importance of considering sex differences and using non-

linear reference curves. Overall, girls had lower HRV and

age-related parasympathetic increases and sympathetic
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decreases were seen. Apart from physical activity and fat-

free mass, in particular fitness (sprint time) influenced

HRV in a favourable way by increased parasympathetic

activity, especially in boys and independent of body

composition, physical activity and heart rate. Conse-

quently, future HRV studies in children should consider

age, sex and physical fitness.
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