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Abstract. Heart rate variability is a noninvasive index of 33], panic disorder [36], and diabetic neuropathy [7]. A
the neural activity of the heart. The present study examfew reports are available in the pediatric literature on the
ined heart rate variability indices in 210 infants and chil- heart rate behavior in premature infants [6, 27], new-
dren aged 3 days to 14 years to obtain normal ranges fdvorns [6, 32], full-term infants at risk for sudden infant
all age classes. Heart rate variability was measured bgeath syndrome [2, 14, 16, 25, 31], normal infants and
calculating mean RR interval over the length of thechildren [10], diabetic children [1, 20, 22, 38, 39], chil-
analysis, mean RR interval during quiet sleep, 5 time-dren with atrial septal defect [9], and critically ill chil-
domain (SDNN, SDNN-i, SDANN-i, -MSSD, pNN50), dren following cardiac surgery [15]. Most of these re-
and 4 frequency-domain (VLF, LF, HF, LF/HF ratio) ports compared a group of ill children with age-matched
indices. Our data show a significant positive correlationhealthy children, so that well-documented normal ranges
between all indices and the mean RR interval over theof heart rate variability for most parameters, to assess the
length of the analysis, except for the LF/HF ratio for behavior of the autonomic function during infancy and
which the correlation was binomial. A positive power childhood, are not yet available.

correlation was also found between all parameters and The aim of this study was to assess the heart rate
age. The multiple correlation analysis confirmed the in-variability in 210 infants, toddlers, and schoolchildren
dependent effect of age and mean RR interval on theluring 24-hour ambulatory electrocardiographic moni-
heart rate variability. These data in a healthy pediatricoring, and to determine the differences in variability as
population confirm a progressive maturation of the au-a function of age and mean RR interval over the length
tonomic nervous system during childhood and may beof the analysis.

utilized to examine the effects of underlying disease pro-

cesses or therapeutic interventions on cardiac autonomic

tone during infancy and childhood. Patients

Key words: Heart rate variability — Time-domain mea- The present study examined indices of heart rate vari-

surements — Frequency-domain measurements — Inapility in 210 healthy, full-term neonates, infants, tod-

fants — Children dlers, and schoolchildren, aged 3 days to 14 years (108
females and 102 males). Twenty-one age groups of 10
infants or children, aged respectively 3 to 7 days, 8 to 14

It is well known that the heart rate fluctuates with time days, 15 to 21 days, 22 days to 1 month, 1 to 3 months,
and that this variation is closely related to changes in the3 {0 6 months, 6 to 12 months, and then each year of age,
neural activity influencing the heart. Therefore, heart rateVere constituted. All of them had a normal medical his-
variability, as determined from 24-hour Holter record- tory and physical examination. None used tobacco prod-
ings, represents a noninvasive parameter for studying thdcts or took medications (including estrogen). Sinus
cardiac autonomic control and is recognized as a sign oflythm was confirmed before entering the protocol.
cardiac health. Since the first report on the use of heart

rate variability parameters in 1978 [35], impaired vari-

ability was found in adult patients with myocardial in- Methods

farction [18, 21], left ventricular dysfunction [23, 34],

low cardiac output [17], chronic heart failure [23, 28, Holter Monitoring

. Continuous ambulatory ECG monitoring was recorded using an MR45
Correspondence tovl. Massin Oxford recorder type. The tape recording consisted of 2 channels of
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electrocardiographic data. The data were typically gathered while thélable 1.Correlation between heart rate variability parameters and

child went about his daily activities. mean RR interval over the length of the analysis
Parameter Correlation r-Value Standard deviation
equation equation

Analysis of Recordings

All Holter tapes were subsequently analyzed with use of a Medilogggmm_i 82? : :\'EE : 151722 82; 88;1 : rr:gg__ gg

Excel compute_r program to identify and label each 'QRS complex. A“SDANN-i 033 xmMRR — 97.0 0.90 004 x MRR - 1.7
data were reviewed by one analyst and were edited to validate thé MSSD 021 x MRR -~ 692 082 0.06 x MRR - 18.5
system’s QRS labeling for the duration of the Holter recording. This - ’ m ’ ’ : m )

stage is a crucial precursor to heart rate variability analysis becausBNN>0 010 xmRR - 424 091 0.02xmRR - 5.6

quality analysis is contingent upon accurate QRS detection and Iabelr—"gF?glme 1.45xmRR - 1453 0.98 0.09 x mRR - 17.9
ing. There had to be more than 23 hours of analyzable data for th
24?—hour recording to be accepted for the study. Corrilplexes classified ?s/LF 013 xmRR - 32.2 0.75 0.04xmRR - 9.4

: ; \ classilied o 007 xmRR- 149 084 00l xmRR+ 0.7
noise or ectopic were rejected. Measures of heart rate variability wer 009 x MRR — 275 081 002 x MRR - 35
calculated employing only normal-to-normal intervals and were printed ’ ' y ) '

. . . LF/HF 0.00001124 0.82 -0.00000067

for the entire 24 hours. For the analysis of the frequency-domain in- x MREE — 0.0156 * MREE + 0.00056
dices, beat-to-beat fluctuations were transformed to the frequency do- 9 mRR . 6.4 xn:11RR + 0'13
main by fast Fourier transformation, and the specific measures were ' '

m h re r f the ar nder th wer rum,. . .
computed as the square root of the areas under the power spectru MRR, mean RR interval over the length of the analysis.

Mean Heart Rate
were calculatedr-values were analyzed using Studerttest. The

Twenty-four hour mean RR (mean of all filtered RR intervals over the minimal level of significance accepted wps< 0.05. Standard devia-
length of the analysis) and nighttime mean RR (mean of all filtered RRtion of all parameters for each age group and the corresponding regres-

intervals for 5 consecutive hours during quiet sleep of the subject) weréion equation were calculated. All data were then expressed as mean
calculated. value + standard deviation. Multiple correlation analysis was used to

separate the effects of age and mean RR interval because they are no
independent parameters.

Time-Domain Indices

Five measures [19] were examined: (1) SDNN: standard deviation ofResults
all filtered RR intervals in the entire 24-hour ECG recording, (2)
SPAN: e of e stancar evitons of l flered %R nlenval f There was a sirong posiive linear correlation beween
the means of all filtered RR intelivals for all 5-.min segments of the mean RR interval over the I_ength of the ar.]alySIS and all
analysis, (4) r-MSSD: square root of the mean of the sum of squares o?arameters’ except the ratio of low- to high-frequency
differences between adjacent filtered RR intervals over the length o€OmMponents for which the correlation was binomial. The
the analysis, and (5) pNN50: percentage of differences between adjaelations between measurements and mean RR interval
cent filtered RR intervals that are greater than 50 msec for the wholegre tabulated in Table 1 and examples are shown in Fig-
analysis. ures 1 to 3.

We also found a significant power correlation be-

tween age and all variables. The relations are tabulated in

Frequency-Domain Indices Table 2 and examples are shown in Figures 4 to 6.

The multiple correlation analysis confirmed the in-

We determined th tral 5 3 f i f .
e determined the spectral power (5) over 3 frequency regions odependant effect of age and mean of all RR intervals on

interest: (1) VLF: very low frequency index (0.004—-0.04 Hz), (2) LF: o
low frequency index (0.04-0.15 Hz), and (3) HF: high frequency indexthe heart rate variability.
(0.15-0.4 Hz). We also determined the low- to high-frequency power ~ There is a strong linear correlation between the
or LF/HF ratio. mean RR interval during quiet sleep and the mean RR
interval over the length of the analysis (Table 1). There
is a strong binomial correlation between age and mean
Statistical Analysis RR interval over the length of the analysis and between
age and mean RR interval during quiet sleep (Table 2).
All time-domain and frequency-domain indices are automatically cal- There is a similar correlation between the mean RR
;l:;?:]ed by the commercially available Medilog Excel computer pro- interval during quiet sleep and the different parameters,
Linear and nonlinear (logarithmic, exponential, binomial, and such a_s Wlth th.e mean RR interval over the Iength of the
power) regression models were used to study the relationship bemeeﬂnalys's_'; this is to be expected becf’iuse of the s_trong
the parameters and age or mean RR interval over the length of th€0rrelation between 24-hr mean RR interval and night-
analysis. Correlation coefficients-yalue) and regression equations time mean RR interval. We present in Table 3 the cor-
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Fig. 1. Normal ranges for the standard deviation of all filtered RR Fig. 3. Normal ranges for the ratio of low- to high-frequency power in
intervals (in msec) in the entire 24-h ECG recording (SDNN) with the frequency—domain analysis (LF/HF ratio) with respect to mean RR
respect to mean RR interval over the length of the analysis (in msec)interval (in msec) over the length of the analysis. Lines are regression
Lines are regression line +1 SD and +2 SD. line #1 SD and +2 SD.

100 - Table 2.Correlation between heart rate variability parameters and age
90
80 Parameter Correlation r-Value Standard deviation
70 - equation equation
e 60
g 50 SDNN 97.2 x R0 0.86 24.9 x K22
g 404 SDNN-i 53.0 x K17 0.79 14.7 x RS
T 20| SDANN-i 78.0 x A022 0.86 22,1 x R®
20 | r-MSSD 39.9 x 22 0.75 16.5 x R2°
§ pNN50 6.5 x A53 0.82 5.0 x &40
107 VLF 38.1 x A4 0.68 11.7 x R?®
0300 - LF 25.1 x AD14 0.76 6.2 x 17
HF 19.3 x A25 0.84 6.1 x R2°
mean RR (msec) N
LF/HF 1.3 x A0 0.73 0.2 x A004
Fig. 2. Normal ranges for the high-frequency component (in msec) of 24 N-MRR -187 x A 0.90 -028 xR
the frequency—domain analysis (HF) with respect to mean RR interval +47.89 +6.9xA
(in msec) over the length of the analysis. Lines are regression line 1 =~ X A+435.4 +33.4
SD and +2 SD. nighttime mRR ~ -2.90 x A 0.91 0.86 x &
+ 728 x A +23xA
+ 479.4 +49.9

relation between mean RR interval during quiet sleep® year of age.
and the parameters that are mainly influenced by the
vagal activity [-MSSD and pNN50 in the time-domain

anaIyS|s,_ high-frequency component (HF), anq ratio %fions between heart rate, respiration, blood pressure, and
low- to high-frequency components (LF/HF ratio) in the qer piglogical signals have to be considered [13, 24,
frequency-domain analysis]. 29, 30].
Preliminary investigations in healthy adults [5, 19]
) ] suggested that the high-frequency component of the fre-
Discussion guency-domain analysis and pNN50 and rMSSD, which
reflect the short-term heart rate variability (high-
Heart rate variation and variability depend on the influ- frequency power) in the time-domain analysis, are pre-
ence of sympathetic and parasympathetic activity on thelominantly a response to changes in vagal tone and can
sinus node and variation and variability reflect sponta-be heavily influenced by respiration. The low-frequency
neous changes in autonomic activity. Heart rate variabilcomponent of the frequency-domain analysis and the pa-
ity measures have received a great deal of attention withameters of the time-domain analysis (SDNN, SDNN-i,
regard to the autonomic control of heart rate. However SDANN-i), which express the long-term heart rate vari-
interpretation of the results is sometimes controversiahbility (low-frequency power), are dually influenced by
because specific components may be related to differergholinergic and adrenergic activity, as well as by other
mechanisms in different conditions and because interagshysiologic inputs. These parameters reflect the overall
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Fig. 4. Normal ranges for the standard deviation of all filtered RR Fig. 6. Normal ranges for the ratio of low- to high-frequency power in
intervals (in msec) in the entire 24-h ECG recording (SDNN) with the frequency—domain analysis (LF/HF ratio) with respect to age (in
respect to age (in years). Lines are regression line +1 SD and +2 SDyears). Lines are regression line 1 SD and +2 SD.

300 Table 3.Correlation between heart rate variability parameters and
nighttime mean RR interval

. Parameter Correlation r-Value Standard deviation

3 equation equation

£

2 r-MSSbD 0.14 xnRR -47.1 0.82 0.04 xnRR -12.7

a pNN50 0.07 x nRR - 30.6 0.89 0.014 x nRR - 4.5
HF 0.06 x nRR - 18.3 0.82 0.013 x nRR - 1.6
LF/HF 0.000005 x nRR-  0.82 -0.0000007 x nRR+

0.009 x NRR + 4.9 0.0009 x nRR - 0.038
0+ t t + + t t t t + t + t t + i
012 3 48 6 7T 8 9 10 11 12 13 14 15 nRR, nighttime mean RR interval.
age (years)

Fig. 5. Normal ranges for the high-frequency component (in msec) of
the frequency—domain analysis (HF) with respect to age (in years)of various studies in different species, especially by these
Lines are regression line +1 SD and +2 SD. of Ph. Gootman and coworkers in developing swine [4,
11, 12, 13]. Continual data during infancy and childhood
are only available for the low- and high-frequency com-
flexibility of the autonomous nervous system. The sym-ponents of the frequency-domain analysis [10]; that
pathovagal balance is best reflected in the ratio of low- tasstudy showed an age dependence of heart rate variability,
high-frequency components. The physiological meaningieing in general an increase in both low- and high-
of the very low-frequency component of heart rate vari-frequency components from 1 month to 6 years, followed
ability is still not clear, but it appears to be related to by a decrease to 24 years. The authors concluded that
thermoregulatory mechanisms, peripheral vascular tonejevelopmental changes of parasympathetic and sympa-
and circadian humoral changes. thetic mediation of heart rate are an important determi-
The results of the present study demonstrate that ageant of age dependence of heart rate variability. We only
is an important determinant of heart rate variability in partially agree with these results and the authors’ con-
normal subjects. This correlation had been described irlusion; we could not confirm the trend of the low- and
newborns [3, 6, 26, 32], in infants [2, 10, 14, 16, 31], andhigh-frequency components as described by those au-
in schoolchildren and young adults [8, 10, 37]. Southallthors: the power correlation that we found involves a
and coworkers analyzed changes of heart rate variabilitgteadying of the sympathovagal balance during child-
during infancy, which is a period of rapid sympathetic hood but no decrease of the parameters. We could also
nervous system development, and demonstrated a dexclude by multiple regression analysis that the age de-
layed or deficient cardiovagal development in infantspendence is caused by modification of mean heart rate
who subsequently succumbed to the sudden infant deathith age.
syndrome [2, 14, 31]. Considerable postnatal develop- The relation between heart rate variability and mean
ment of central neural regulation of cardiovascular func-RR interval over the length of the analysis is linear. This
tion in mammals has also been suggested by the resultglationship between heart rate and heart rate variability
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is often ignored in the literature. It is, however, of con- disease or therapy supposed to affect the autonomic con-
siderable importance in children because mean heart rateol of the heart.
is variable individually but also with age. The difficulty
is that heart rate and heart rate variability both depend on
the autonomic nervous system so that they are not indereferences
pendent variables; mean 24-hour heart rate corresponds
to the product intrinsic heart rate x intrinsic heart rate | aysenan A, Alpay C, Engin B, Tahsin T (1993) Heart rate vari-
variability, whereas the heart rate variability indices re-  ability in diabetic children: sensitivity of the time- and frequency-
flect the circadian flexibility of the autonomic nervous domain methodsPediatr Cardiol 14140-146
system. The binomial correlation between mean RR in- 2. Antila KJ, Valimaki 1A, Makela M, Tuominen J, Wilson AJ,
terval over the Iength of the analysis and the LF/HF ratio South‘all DP (199_0) Heart rate variability in infants subsequently
he complexity of the relationship between suffering sudden infant death syndror&grly Hum .Dev 2257—72
expresses t _p y P .3. Baldzer K, Dykes FD, Jones SA, Brogan M, Carrigan TA, Giddens
heart rate, autonomic nervous system, and heart rate vari- DP (1989) Heart rate variability analysis in full-term infants: spec-
ability. This fact was also emphasized by Schechtman et tral indices for study of neonatal cardiorespiratory contrediatr
al. [31] in the analysis of the dynamic patterns of cardiac  Res 26188-195
rate in infants who succumb to sudden infant death syn-4. Buckley NM, Brazeau P, Gootman PM (1983) Maturation of cir-
drome. culatory responses to adrenergic stimiked Proc 421643-1647
; : .- 5. Cerutti S, Bianchi AM, Mainardi LT (1995) Spectral analysis of
There is a strong correlation b.etween mean RR ".1_ the heart rate variability signal. In: Ma?ik M,)CarF:1m AJ (ediﬂ;yart
teryal over the length of the analys!s and over 5 hoursin . variability. Futura, Armonk, NY, pp 63-74
quiet sleep. Therefore, the correlation between mean RRs. clairambault J, Curzi-Dascalova L, Kauffmann F; ditgie C,
interval and the various indices of heart rate variability  Leffler C (1992) Heart rate variability in normal sleeping full-term
during sleep usually does not add important information  and preterm neonategarly Hum Dev 28169-183
to the correlation of the same parameters over 24 hours.- Ewing DJ, Campbell JIW, Clarke BF (1980) Assessment of car-
However, the study of the correlation between mean RR diovascular effects in diabetic neuropathy and prognostic implica-

interval during sleep and parameters that are influenced tions. Ann Intern Med 92508-311
9 p P 8. Finley JP, Nugent ST, Hellenbrand W (1987) Heart rate variability

by the vagal activity could be more sensitive in patho- in children: spectral analysis of developmental changes between 5
logical conditions with withdrawal of the vagal activity and 24 yearsCan J Physiol Pharmacol 68048—2052
and loss of harmony between heart rate and heart rate. Finley JP, Nugent ST, Hellenbrand W, Craig M, Gillis DA (1989)
variability. Sinus arrhythmia in children with atrial septal defect: an analysis of
In summary, the overall complexity of heart rate gi_azré(;atzzl\i/arlablllty before and after surgical rep8ir.Heart J
Qynamlcs is high in children. These fmdmgs indicate the 0. Finley JP, Nugent ST (1995) Heart rate variability in infants, chil-
|mportance _Of age- as well as meah RR mterval're_late dren, and young adults. Auton Nerv Syst 5103—-108
differences in heart rate dynamics in children and illus-11. Gootman PM, Gootman N, Buckley BJ (1983) Maturation of cen-
trate an increase of cholinergic and a decrease of adren- tral autonomic control of the circulatioffed Proc 421648-1655
ergic modulation of heart rate variability with age, con- 12. Gootman PM, Buckley BJ, DiRusso SM, Gootman N, Yao AC,
firming the progressive maturation of the autonomic ner- ~ Pierce PE, Griswold PG, Epstein MD, Cohen HL, Nudel DB
vous system. (1986) Age-related responses to stimulation of cardiopulmonary

Vari . . , receptors in swineAm J Physiol 25H748-H755
arious diseases are accompanied by the heart's al; o iman pM, Gandhi MR, Steele AM, Hundley BN, Cohen HL,
tered neural activity. This can be examined by the study  gperie Lp, sica AL (1991) Respiratory modulation of sympathetic
of heart rate variability, which is routinely offered by activity in neonatal swineAm J Physiol 26/R1147-R1154
modern Holter systems. Therefore, heart rate variabilityl4. Gordon D, Southall D, Kelly D, Wilson A, Akselrod S, Richards J,
may be a new, important tool, for example, in the clinical ~ Kenet B, Kenet R, Cohen RJ, Shannon DC (1986) Analysis of
assessment of Congestive heart failure or in the early heart rat(_e gnd respiratory pgttems in s_udden infant death syndrome
detection of diabetic autonomic neuropathy in children;, _ (S/P>) victims and control infantsediatr Res 2(80-684
. . . . '15. Gordon D, Herrera VL, McAlpine L, Cohen RJ, Akselrod S, Lang

the role of autonomic nervous system alterations in dis- P, Norwood WI (1988) Heart rate spectral analysis: a noninvasive
ease mechanisms could be explored and new therapeutic probe of cardiovascular regulation in critically ill children with
options could then be found. heart diseasePediatr Cardiol 969-77

It is expected that the analysis of heart rate variabil-16. Harper RM, Leake B, Hoppenbrouwers T, Sterman MB, McGinty
ity, by providing noninvasive evaluation of autonomic DJ (1978) P_olygraphic studies of normal infants and inf.ant's. at risk
neural balance, will find increasing popularity in many for sgdden infant de‘ath syndrome: heart rate and variability as a
diverse areas of study in pediatrics. Our data, by provid-, "ction of statePediatr Res 1778-785
. . . ! . 17. Kienzle MG, Ferguson DW, Birkett CL, Myers GA, Berg WJ,
ing normal rang_es for pedlatrlc patle_znts,_may antr'bme Mariano DJ (1992) Clinical, hemodynamic, and sympathetic neu-
to that research in a number of physiological settings and  ra| correlates of heart rate variability in congestive heart failure.

in clinical and experimental protocols in children with Am J Cardiol 69761-767
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