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ABSTRACT: Cardiac measures of heart period and high-frequency heart period variability are
increasingly employed as dependent variables in studies of social and emotional development in
infancy and childhood. This study describes signi®cant developmental increases in these measures in
a longitudinal sample assessed at 4, 9, 14, 24, and 48 months of age. In addition, developmental
changes in the characteristics of the heart period power spectra are described. These changes have
implications for the quanti®cation of high-frequency heart period variability in infancy and
childhood. First, shorter analysis epoch lengths may be used for younger infants. Second, the
commonly used high-frequency band for infants (0.24±1.04 Hz) appears to reach its practical limit
at an age of around four years. Findings are discussed in relation to the design of developmental
psychophysiological studies. ß 2000 John Wiley & Sons, Inc. Dev Psychobiol 37: 44±56, 2000
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INTRODUCTION

The time interval between heartbeats, or heart period

(HP; de®ned here as R-R interval) shows distinct

beat-to-beat heart period variability (HPV) that is a

combination of periodic and aperiodic signals (Appel,

Berger, Saul, Smith, & Cohen, 1989). The intrinsic

rhythmicity of the heart is continuously modi®ed

by the autonomic nervous system (ANS). HPV is

primarily a result of ¯uctuations in cardiac nerve

traf®c at the sino-atrial (SA) pacemaker node, which

receives both sympathetic and parasympathetic input.

The global HPV signal may be thought of as a com-

posite of several periodic oscillations plus an element

of aperiodic noise.

The total variability of a HP series can be indexed

by global descriptive statistics such as the standard

deviation of the series (e.g., Porges & Raskin, 1969;

van Hoogenhuyze et al., 1991). However, ®ner

resolution may be provided by an approach that treats

HP data as a time-dependent series rather than a group

of independent data samples. Over the last 3 decades,

there has been increasing interest in using such an

approach to index frequency-speci®c periodic com-

ponents of HPV (Berntson et al., 1997; Mezzacappa,

Kindlon, Earls, & Saul, 1994). The primary reason for

such interest is that parsing the HPV signal into its
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component oscillations can potentially yield informa-

tion about the autonomic mediation of cardiac

activity. Parasympathetic in¯uences on the SA node

are manifested in relatively high-frequency oscilla-

tions in HP, while sympathetic in¯uences produce

lower frequency oscillations in HP (Akselrod et al.,

1981; Saul, 1990). To a large extent, this difference is

due in part to differing frequency response character-

istics of the SA node for sympathetic compared to

parasympathetic input (Berger, Saul, & Cohen, 1989;

Saul, Berger, Chen, & Cohen, 1989).

Frequency-speci®c periodic variability in HP can

be examined by using spectral analysis, which has

emerged as a useful tool in HPV research (Mezza-

cappa et al., 1994). Spectral analysis ®rstly involves

the conversion of a series of HP data from a sequence

of irregularly spaced cardiac events to an evenly

sampled time series (Berger, Akselrod, Gorden, &

Cohen, 1986; TenVoorde, Faes, & Rompelman,

1994). A Fourier transformation is then applied to

this time series to decompose it into its component

oscillations. The result of the Fourier transform may

be displayed graphically in the form of a power

spectrum that shows the frequency distribution of the

variability in the HP signal (Mezzacappa et al., 1994).

Power spectra in HPV analyses may be partitioned

into bands that are thought to re¯ect various under-

lying physiological rhythmicities (Akselrod et al.,

1981; Berntson et al., 1997). The focus of the present

article is on variability in the high-frequency (HF)

band, which is usually the primary HPV component of

interest in the developmental psychology literature.

The HF band (0.15±0.40 Hz in adults at rest, higher in

infants and children) primarily re¯ects oscillations

in HP that are associated with respiration. During

inspiration, HP transiently decreases, while during

expiration, HP increases (Hirsch & Bishop, 1981).

These changes constitute the phenomenon of respira-

tory sinus arrhythmia (RSA), a re¯ex that is over-

whelmingly mediated by parasympathetic in¯uences

(Katona & Jih, 1975; Saul et al., 1989).

Katona and Jih (1975) proposed RSA to be a

noninvasive quantitative measure of parasympathetic

cardiac control. Since that time, the quanti®cation,

origins, and correlates of HF variability and RSA have

been the subject of sustained research and debate

(Berntson, Cacioppo, & Quigley, 1993; Grossman &

Kollai, 1993).

HF variability is usually quanti®ed by applying a

high-pass ®lter to the HP series in order to remove

unwanted slow trends, and then using spectral

analytical techniques or bandpass ®lters to quantify

the residual variance in the appropriate frequency

band. Porges (1986) developed a moving polynomial

®lter (MPF) to remove unwanted slow trends from the

HP series. After application of the moving poly-

nomial, spectral analysis can be carried out on the

detrended HP series. Alternatively, bandpass ®lters

can be employed after application of the MPF in order

to examine variability in a speci®c frequency band

without using spectral analysis. HF variability esti-

mates are usually taken as the natural logarithm of the

variance in an age-appropriate respiratory frequency

band of the detrended series. This estimate is com-

monly referred to as `̀ vagal tone'' although recent

debate has resulted in the modi®cation of this term

(Porges, 1995).

Another issue in the quanti®cation of HF varia-

bility is whether the measurement of respiration is

necessary for an accurate estimate of RSA. Some

researchers insist that in order to make a meaningful

interpretation of HF variability in terms of RSA,

respiration must be measured in order to control for

the effect of respiration frequency on HF variability

(e.g., Grossman, Karemaker, & Wieling, 1991). Some

studies with adults have employed paced breathing

techniques in an attempt to control for the in¯uence

of respiratory rate and tidal volume on components

of the HPV power spectrum. (e.g., Angrilli, Sarlo,

Palomba, Schincaglia, & Stegagno, 1997). However,

many studies in the developmental literature using

measures of HF variability have not monitored

respiratory parameters such as rate or tidal volume,

deeming them to be of limited importance in the

quanti®cation of HF variability. Moreover, any

attempt to regulate breathing in infants and young

children is practically impossible. The present study

also did not involve the measurement or control of

respiration rate, so the methodological controversy

surrounding this issue will not be addressed in this

article.

Cardiac measures of HP and HPV are increasingly

employed as dependent variables in studies of social

and emotional development in infancy and childhood.

These measures have been theoretically related to the

behavioral dimensions of reactivity and self-regula-

tion, as well as to the development of social inter-

action patterns (Fox, 1989; Porges, 1991, 1992, 1995;

Porges, Doussard-Roosevelt, Portales, & Greenspan,

1996).

Empirically, developmental research has related

HP and HPV to a variety of clinical and behavioral

dimensions, ranging from attachment status and

mother-infant interaction (e.g., Calkins & Fox, 1992;

Fox, 1985; Izard et al., 1991; Spangler & Grossmann,

1993) to temperament and behavioral inhibition (e.g.,

Calkins, 1997; Calkins & Fox, 1992; Huffman et al.,

1998; Kagan, Reznick, & Snidman, 1987; Porges,
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Doussard-Roosevelt, Portales, & Suess, 1994; Mar-

shall & Stevenson-Hinde, 1998; Stifter & Jain, 1996).

Distinctive patterns of HP and HPV have also been

reported in clinical settings involving infants and

children with regulatory disorders (DeGangi, DiPietro,

Greenspan, & Porges, 1991), infants of depressed

mothers (Field, Pickens, Fox, Nawrocki, & Gonzalez,

1995), and preterm infants (Doussard-Roosevelt,

Porges, Scanlon, Alemi, & Scanlon, 1997; Hofheimer,

Wood, Porges, Pearson, & Lawson, 1995). Measures

of HPV have also been related to emotional reactivity

in infancy (Fox, 1989; Gunnar, Porter, Wolf, Rigatuso,

& Larson, 1995; Stifter & Fox, 1990) and children's

externalizing behavior problems (Katz & Gottman,

1995).

Understanding patterns of temporal stability and

change in HP and HPV is important for the use of

these measures in developmental research. For

example, age-related changes in HPV have implica-

tions for various aspects of quanti®cation, such as the

selection of appropriate frequency bands and mini-

mum epoch length for analysis. Information about the

stability of such variables is also important, consider-

ing their use as `̀ trait-like'' individual difference

variables in investigations of social and emotional

behavior.

Several longitudinal studies have examined devel-

opmental stability and change in HP and HF vari-

ability across infancy. These studies cover a number

of age ranges and utilize measurement intervals

ranging from a few weeks to several months. Overall,

studies have shown moderate stability and steady

developmental increases in HP across infancy (Izard

et al., 1991; Stifter, Fox, & Porges, 1989; Stifter &

Jain, 1996; Snidman, Kagan, Riordan, & Shannon,

1995; Fracasso, Porges, Lamb, & Rosenberg, 1994).

The picture for measures of HF variability over

infancy is less clear. Izard et al. (1991) used assess-

ment ages of 3, 4.5, 6, 9, and 13 months, and found

increases in HF variability (measured as the Porges

`̀ vagal tone'' statistic) between all age points except

between 3 and 4.5 months. Stifter, Fox, and Porges

(1989) reported a signi®cant increase in HF variability

between the ages of 5 and 10 months. Stifter and Jain

(1996) reported a signi®cant increase in HF variability

from 5 to 18 months, but not between 5 and 10 months

or between 10 and 18 months of age. Fracasso et al.

(1994) assessed HF variability at 5, 7, 10, and 13

months, but did not ®nd systematic changes between

any age points. Similarly, Snidman et al. (1995)

reported no age-related changes in total HPV between

2, 4, 9, 14, and 21 months of age.

Three main studies have examined stability and

change in cardiac measures past the ®rst two years of

life. Porges et al. (1994) reported signi®cant increases

and stability in HP and the vagal tone statistic from 9

months to 3 years of age. Kagan, Reznick, Snidman,

Gibbons, and Johnson (1988) found moderate con-

sistency and signi®cant increases in HP and total HPV

between 21 months, 4 years, 5.5 years, and 7.5 years

of age. Marshall and Stevenson-Hinde (1998) also

found moderate consistency and signi®cant increases

in HP and HF variability between 4.5 and 7 years

of age.

A major goal of the current study was to address

the issue of developmental stability and change in HP

and HF variability from infancy to early childhood,

using assessment ages of 4, 9, 14, 24, and 48 months

of age. No previous longitudinal study has covered the

developmental changes in HP and HF variability

between infancy and early childhood. The study also

covered developmental changes in the spectral

composition of HF variability. This information is

presented in order to assist researchers who are

interested in the application of cardiac measures to

developmental research designs. Speci®cally, this

information may be useful in the determination of

minimum epoch length for quanti®cation of HF

variability across different ages, and in the selection

of age-appropriate HF bands.

A further issue in the quanti®cation of HF

variability is the minimum epoch length that is needed

for accurate characterization of the HPV signal. The

most important theoretical consideration is that the

epoch length used is long enough to capture the lowest

frequency of interest in the signal. This consideration

is of critical importance in research designs involving

the recording of cardiac data during tasks of relatively

short duration. In the case of using HF variability as

an index of RSA, the lower end of the respiratory

frequency range will set the minimum limit on epoch

length.

In theory, for a perfectly stationary periodic

process, one full period is all that is needed to fully

characterize the signal. In practice, physiological data

are not perfectly stationary, and Mezzacappa et al.

(1994) suggest that an epoch length of at least four

periods is the minimum for a reasonable description of

the signal. A more conservative suggestion is made by

Berntson et al. (1997), who recommend a recording

duration of at least 10 times the wavelength of the

lower frequency bound of the component of interest.

These issues are of special relevance to developmental

researchers interested in HF variability, since respira-

tory rate systematically decreases over childhood

(Rusconi et al., 1994). The practical implication is

that the minimum epoch length for analyzing HF

variability increases over childhood. One goal of the
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current study was to address how minimum epoch

length at different ages may be determined from age-

related changes in the frequency of the respiratory

peak in the HP power spectrum.

In the developmental psychology literature, studies

measuring HF variability have not typically included

the measurement of respiration. Instead, unwanted

low-frequency variability is ®ltered out and a wide HF

band is speci®ed that is assumed to cover the expected

range of respiratory frequencies. Recommended

limits for the HF band exist for neonates (0.30±

1.30 Hz), infants (0.24±1.04 Hz), and adults (0.12±

0.40 Hz; Porges, 1988). Variability in these wide

bands is taken as primarily re¯ecting RSA. However,

®xing a wide HF band does not necessarily ensure

that respiration rate will never be outside this band.

This issue is particularly important in developmental

studies, in which the selection of an appropriate HF

band is critically age-dependent due to developmental

changes in respiratory rate. Furthermore, there are no

clear guidelines in the literature for the de®nition of

the HF band in early childhood. One goal of the

current study was to evaluate the existing HF band

de®nition for infants and to see if the use of this band

can be extended for children up to the age of 4 years.

In summary, the current study has three main aims.

First, to describe developmental patterns of stability

and change in HP and high-frequency HPV. Second,

to aid researchers in determining age-appropriate

minimum epoch lengths for quanti®cation of high-

frequency HPV. And ®nally, the validation of

prescribed frequency bands for developmental studies

using measures of high-frequency HPV.

METHODS

Participants

The participants in the current study were part of a

larger longitudinal sample of infants who were

participating in a study of psychophysiological

aspects of social and emotional development. In this

article we report on the 24 infants (9 males, 15

females) who had comprehensive datasets at 4, 9, 14,

24, and 48 months of age. The participants were all

Caucasian, and of middle-class background, living in

the greater Washington, DC area.

Families with young infants were initially con-

tacted by mail by using commercially available lists of

names and addresses compiled from the birth records

of area hospitals. Interested parents were asked to

complete a brief background survey. Families were

excluded from further participation if any of the

following were true: i) the infant was preterm (less

than 36 weeks of gestation), ii) the infant had

experienced any serious illnesses or developmental

problems since birth, or iii) the infant was on any

long-term medication. Informed consent was obtained

from all families at every age of assessment.

Procedures

At every age of assessment, each infant visited the

laboratory with its mother for a visit lasting 1±2 hr,

the ®rst part of which involved the collection of

psychophysiological data. The ECG data were col-

lected while the infant or child was alert and quietly

attending to an abstract visual stimulus. At 4 months,

the infant was sitting in the mother's lap, while at

the later ages the infant or child was sitting in a

comfortable chair. At all assessments except 4 months

of age, the duration of data collection was 3 min. At

the 4-month assessment, the duration of collection

was 2 min.

ECG data was collected from the infant or child by

using three disposable self-adhesive ECG electrodes

(Kendall Hydro-Snap). For the assessments at 4, 9, 14,

and 24 months, the electrodes were placed in a

triangular pattern over the infant's chest, with the

ground electrode being placed just above the navel.

For the 4-year assessment, the electrodes were placed

on the child's back, with the ground electrode being

placed on the back of his or her neck.

The ECG signal was ampli®ed with a Grass Model

7DA-G ampli®er and digitized at 512 Hz by using

Snapshot-Snapstream acquisition software (HEM

Data Corp.). All subsequent processing and analysis

of the ECG signal and heart period data was carried

out using the IBI Analysis System from James Long

Company (Caroga Lake, NY). R-wave detection was

carried out of¯ine by using a 4-pass self-scaling peak

detection algorithm. This gave a ®le containing the

onset times of each detected R-wave in the physio-

logical record. For artifact editing, the sampled ECG

signal was viewed graphically alongside tick marks

representing the times of software-detected R-waves.

In the rare case of an obscured R-wave that was not

detected by the software, a tick mark was inserted into

the graphical ECG record. If the undetected R-wave

was visible in the ECG, it was marked manually. If the

R-wave was not visible, the tick mark was placed

based on the speci®c editing rules of Byrne and Porges

(1993).

The edited R-wave series was converted to a

prorated heart period (HP) series with an equal time

interval of 250 ms between each prorated HP.

Heart periods spanning two sampling intervals were
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prorated between these two intervals by using a

weighted-mean algorithm. Mean HP at each age was

calculated from the prorated HP series.

In order to remove slow trends from the data before

spectral analysis, the prorated HP series was

detrended by using a 3rd-order 21-point moving

polynomial ®lter (Porges, 1985). This corresponds to

a high-pass cutoff frequency of around 0.19 Hz. For

a discussion of the methodological issues associated

with the application of moving polynomial ®lters to

heart period data, see Porges and Bohrer (1990).

In order to characterize HF variability in the HP

series, two spectral analytical procedures were used,

one for total HF power quanti®cation and one for

detection of the spectral peak within the HF band. All

spectral analyses were carried out on the detrended

HP series by using a discrete Fourier transform with

a 32-second Hanning window and 50% overlap

between consecutive windows.

For the quanti®cation of total HF power, a

frequency band of 0.24±1.04 Hz was used for all

assessment ages. HF variability was calculated as the

natural logarithm of the spectral power (in milli-

seconds squared) in this frequency band. In order to

further characterize the spectral composition of HF

variability, a second spectral analysis was carried out

to determine the frequency of the peak within the HF

band at each age. This second analysis used 48

overlapping frequency bands of 0.0625 Hz width, with

the ®rst band centered on 0.015 HZ and the last band

centered on 1.485 Hz. The frequency of the spectral

peak was taken as the central frequency of the band

containing the largest power value across the 48

bands.

After slow trends have been removed from a HP

series, the residual HF variability is readily observable

in a graphically displayed detrended HP series. The

central frequency of HF oscillations in the series can

easily be derived by counting the number of ¯uctua-

tions in the detrended HP series and dividing this

count by the total duration of the series. This pro-

cedure may be used as an alternative to the spectral

analytical method described above for detecting the

central frequency of HF oscillations in the HP series,

and was used in the current study in order to achieve a

more comprehensive description of the composition

of HF variability.

A full-page plot of the detrended HP series was

printed out by using the SPSS statistical package

(SPSS, Inc.). A coder counted the total number of

peaks at the highest visible frequency of oscillation in

the HP series. The number of counted peaks was

divided by the duration (in seconds) of the HP series,

to give a `̀ counted-peak'' frequency. For reliability

purposes, 20% of the HP records at each age were

coded by using the peak-counting procedure by

another independent coder. The inter-rater correlation

for the independent counts was r� 0.998 (Pearson

correlation, p < 0:0001).

In summary, four main measures were obtained

from each participant at each age for use in the ana-

lyses. The ®rst two measures were mean heart period

(HP) and high frequency (HF) variability, which were

used in analyses of developmental stability and

change over the ages of assessment. The other two

were measures of the central frequency of the pri-

mary oscillations in the HPV signal: The frequency

of the peak in the HPV power spectrum, and the

visually-counted highest frequency of oscillation

in the HP series. These two measures were used

in considerations of epoch length and bandwidth

appropriateness.

RESULTS

Developmental Changes in HP and
HF Variability

Means, range, and standard deviations for HP and

HF variability at each age are presented in Table 1.

The developmental course for each variable over the

different ages is plotted in Figures 1 and 2.

A repeated-measures ANOVA was carried out

with HP as the dependent variable and age as the

within-subject factor. There was a main effect of age

(F(4, 92)� 60.41, p< 0.0001). Within-subjects con-

trasts showed increases in HP from 4 to 9 months

(F(1, 23)� 20.69, p< 0.0001), 9 to 14 months (F(1,

23)� 4.01, p� 0.057), 14 to 24 months (F(1, 23)�
12.26, p< 0.01), and 24 to 48 months of age

(F(1, 23)� 32.48, p< 0.0001).

A similar repeated measures ANOVA for HF

variability also showed a main effect of age (F(4,

88)� 42.80, p < 0:0001). Within-subjects contrasts

showed a trend towards a signi®cant increase in HF

variability from 4 to 9 months (F(1, 22)� 2.66,

p� 0.067) and no signi®cant change in HF variability

from 9 to 14 months of age. However, signi®cant

changes in HF variability were found between 14 and

24 months (F(1, 22)� 12.63, p < 0:01), and between

24 and 48 months of age (F(1, 22)� 22.45,

p < 0:0001).

In a second set of repeated-measures ANOVAs,

gender was included as a between-subjects factor. No

signi®cant main effects or interactions involving

gender were found, and gender was, therefore, not

included as a variable in subsequent analyses.
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Consistency in HP and HF Variability
Across Ages

Mean HP at every age was moderately correlated with

mean HP at the next assessment age (Pearson r's range

from 0.30 to 0.51; Table 2). HP at 4 months was

signi®cantly correlated with HP at all other assess-

ment ages, suggesting that HP at this age could be

viewed as an early marker of the HP trajectory to age

4 years. Interestingly, 9-month HP was signi®cantly

correlated only with 4-month HP. The lack of signi-

®cant correlations between HP at 9 months and HP at

the later assessments may indicate a period of develop-

mental instability in HP around this age.

As for HP, HF variability at every age was mode-

rately correlated with HF variability at the next assess-

ment age (Pearson r's range from 0.36 to 0.55; Table 3).

Intercorrelations Between HP and
HF Variability

Signi®cant intercorrelations between HP and HF vari-

ability were found (Pearson r's ranging from 0.62 to

0.78, p's< 0.01) at all ages except 4 months (r� 0.21,

p> 0.17).

Table 1. Means, Standard Deviations, Minimum and Maximum Values for HP and HF Variability at Each Assessment

Age

Heart Period (ms) HF Variability (ln ms2)

Mean SD Min. Max. Mean SD Min. Max.

4 months 412.55 32.69 333.09 469.63 3.22 0.86 1.83 4.91

9 months 451.94 41.01 370.08 530.43 3.60 0.87 1.60 5.36

14 months 470.55 35.81 402.19 562.31 3.91 1.11 1.81 6.11

24 months 498.10 41.19 422.06 571.40 4.74 1.08 3.14 6.96

48 months 577.85 71.83 456.15 750.32 6.01 1.27 3.87 8.44

FIGURE 1 Heart period at the assessment ages of 4, 9, 14,

24, and 48 months. Error bars indicate � 1 SE.

FIGURE 2 High-frequency variability at the assessment

ages of 4, 9, 14, 24, and 48 months. Error bars indicate � 1

SE.

Table 2. Pearson Correlations Between Measures of

Mean Heart Period Across Ages

9 months 14 months 24 months 48 months

4 months 0.36* 0.43* 0.52** 0.38*

9 months 0.30� 0.15 0.20

14 months 0.51** 0.34*

24 months 0.36*

�p < 0:10; *p < 0:05; **p < 0:01.

Table 3. Correlations Between Measures of High-

Frequency Variability Across Ages

9 months 14 months 24 months 48 months

4 months 0.52** 0.43* 0.29� 0.46*

9 months 0.36* 0.16 0.37*

14 months 0.42* 0.42*

24 months 0.55**

�p < 0:10; *p < 0:05; **p < 0:01.
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Characteristics of Variability in
the HF Band

Table 4 shows the mean frequency of the peak in the

HF band as derived by using the two different peak

detection procedures: Spectral analysis and the visual

counting procedure. Also shown in Table 4 are 50th

centile reference values for respiratory rate derived

from a developmental algorithm provided by Rusconi

et al. (1994). This algorithm modeled an age-depen-

dent centile curve that was developed by using respi-

ratory rate data from 618 healthy children, aged 15

days to 3 years.

The peak frequency of oscillation in the HP series,

as calculated via visual counting, showed a gradual

decrease from 4 months to 4 years of age. This

decrease mirrors a similar decrease in reference values

for respiratory rate across the corresponding ages.

However, the frequency of the peak as derived by

spectral analysis did not show a similar pattern of

change with age. Instead, the spectral peak frequen-

cies at 4, 9, and 14 months were below both the

counted peak frequencies and the reference respira-

tory frequencies. The counted peak frequency and the

spectral peak frequency were signi®cantly different at

4 months (t(36)� 5.38, p < 0:0001), 9 months (t(36)�
3.52, p < 0:001), and 14 months (t(36)� 3.94,

p < 0:0001). Furthermore, at these ages, no signi®-

cant correlation was found between the spectral peak

frequency and the counted peak frequency.

At 24 months, the spectral peak frequency con-

verged with the counted peak and reference res-

piratory frequencies. At 24 months and 48 months,

spectral peak frequency and counted peak frequency

were not signi®cantly different (p's> 0.55). Further-

more strong correlations were found between counted

peak frequency and spectral peak frequency at 24

months (r� 0.83, p < 0:0001) and 48 months of age

(r� 0.79, p < 0:0001).

In order to illustrate the developmental shifts des-

cribed above for the sample, one participant was

selected as being representative of these changes.

Figure 3 illustrates developmental shifts in the

spectral peak frequency and the counted peak frequ-

ency for this participant at all assessment ages.

Minimum Epoch Length Calculation

In order to calculate the minimum epoch length for

HF variability analysis, the lower bound of the res-

piratory frequency sets the minimum limit on epoch

length. The results presented in Table 4 demonstrate

the similarity between the counted peak frequency

and the reference respiratory frequency at all ages of

assessment. In the absence of measuring respiration, it

appears that the counted peak frequency can be used

FIGURE 3 Heart period power spectra for one participant at each age of assessment. Arrows

indicate the peak frequency as calculated by the visual counting procedure.
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to approximate the respiratory frequency in order to

establish the minimum epoch duration needed to

characterize respiratory-associated HF variability. A

lower limit for respiratory rate at each age was set to

two standard deviations below the mean counted

peak frequency for the age. This cutoff was chosen

in order to ensure that our calculations of minimum

epoch length would be appropriate for the vast

majority of children. From this lower limit of

respiratory rate we calculated a upper limit of

respiratory cycle period (the time for one breathing

cycle of inhalation and exhalation). Table 5 shows

this inferred upper limit of respiratory cycle time

and the consequent minimum epoch lengths from

the recommendations of 4 or 10 cycles based on

Mezzacappa et al. (1994) and Berntson et al. (1997),

respectively.

Evaluation of Prescribed Infant HF Band

One goal of the study was to evaluate the existing HF

band de®nition for infants (0.24±1.04 Hz) and to see

if the use of this band can be extended for children up

to the age of 4 years. For the reasons stated above,

counted peak frequency seems to provide an approx-

imation of respiratory frequency. The minimum

values for counted peak frequency were 0.46 Hz at 4

and 9 months, 0.43 Hz at 14 months, 0.41 Hz at 24

months, and 0.29 Hz at 4 years of age. The maximum

values for counted peak frequency were 0.79 Hz at 4

months, 0.66 Hz at 9 months, 0.63 Hz at 14 months,

0.73 Hz at 24 months, and 0.46 Hz at 4 years of age.

At all ages, none of the children in the current sample

exhibited minimum or maximum peak frequencies of

HF variability that were outside the 0.24±1.04 Hz

range prescribed for infants.

DISCUSSION

Developmental Changes in HP and
HF Variability

HP showed a steady increase across the ages of

assessment, from 4 months to 4 years of age. These

®ndings are consistent with the existing literature.

Fracasso et al. (1994) found a signi®cant increase in

HP from 5 to 10 months, but no signi®cant increase in

HP from 10 to 13 months, which led the authors to

suggest that the rate of change of HP slows late in the

®rst year of life. The present study would not con-

tradict this suggestion, as the rate of HP increase is

greatest between 4 and 9 months, and slows there-

after (see Figure 1). Furthermore, it appears that from

Table 4. Peak Frequency (Hz) Within the HF Band as Assessed by Spectral Analysis and by a

Visual Counting Procedurea

Respiratory Frequency Spectral Analysis Visual Counting

(50th centile)* Mean SD Mean SD

4 months 0.72 0.43 0.13 0.61 0.07

9 months 0.64 0.42 0.11 0.54 0.05

14 months 0.58 0.41 0.09 0.53 0.07

24 months 0.49 0.47 0.14 0.49 0.08

48 months Ð 0.37 0.05 0.38 0.05

aReference respiratory frequency for ages up to 24 months is also shown.

*Derived from Rusconi et al. (1994).

ÐData not available.

Table 5. Estimated Minimum Epoch Lengths Based on the Estimated Upper Bound of Respiratory Cycle Period as

Derived from the Counted-Peak Frequency

Estimated Cycle Period Minimum Epoch Length Minimum Epoch Length

(seconds) (4 periods) (10 periods)

4 months 2.13 8.51 21.3

9 months 2.27 9.08 22.7

14 months 2.56 10.26 25.6

24 months 3.03 12.12 30.3

48 months 3.57 14.29 35.7
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9 months through 4 years of age, the rate of increase

of HP stays roughly constant.

Findings from previous research have not yielded a

clear picture of systematic change in HF variability

during early development. The present study used

repeated assessments over a wider age range than

previous studies, which enabled a clearer view of the

developmental change in HF variability. As seen in

Figure 2, HF variability showed a steady increase over

the ages of assessment, from 4 months to 4 years of

age.

Nonsigni®cant changes in HP or HF variability in

longitudinal studies in early infancy may be due to a

short interval between assessments. If the interval

between assessments is constricted to the order of

a few months, variability between individuals may

obscure developmental increases that are occurring

over a wider time frame. For instance, we found

no signi®cant increase in HF variability between 4

and 9 months or between 9 and 14 months. However,

contrast showed that HF variability did increase

signi®cantly between 4 and 14 months. On the basis

of nonsigni®cant change in HF variability between 7

and 13 months, Fracasso et al. (1994) suggested that

HF variability `̀ tends to stabilize toward the second

half of the ®rst year'' (p. 282). Our ®ndings fail to

support this suggestion.

The increase in HP and HF variability across in-

fancy and early childhood may re¯ect a maturational

increase in parasympathetic neural activity at the sino-

atrial node of the heart. To a certain extent, this

increase in vagal nerve traf®c at the cardiac pace-

maker may re¯ect maturational increases in the

activity of the brainstem respiratory centers. Increases

in activity at such centers would be one part of an

unfolding set of developmental changes in the ana-

tomy of the cardiorespiratory system, which together

would result in the observed increases in HP and HF

variability. A related explanation is that the biological

maturation of the respiratory system (e.g., an in-

crease in tidal volume and a decrease in respiratory

rate) in¯uences the developmental increase in HF

variability.

Porges (1995) suggested that developmental

increases in parasympathetic cardiac activity index

developmental changes in the capacity of the nervous

system to mediate physiological and behavioral

reactivity. Therefore, the developmental increase in

HF variability may mirror the infant's increasing

capacity to self-regulate. Our data show that HP and

HF variability continue to increase into early child-

hood. The ®ndings of Marshall and Stevenson-Hinde

(1998) further show that the increase in HP and

HF variability continues until at least 7 years of age.

These increases may be seen to parallel the continuing

development of behavioral self-regulation through

childhood. Although longitudinal studies have not

addressed changes in HP and HF variability past

7 years, cross-sectional studies appear to show that HF

variability reaches a maximum level in early adoles-

cence (Finley & Nugent, 1995; Korkushko, Shatilo,

Plachinda, & Shatilo, 1991). This would indicate a

possible dissociation between behavioral and auto-

nomic maturation after early adolescence. While

behavioral and emotional regulation clearly continues

to develop into adulthood, the involvement of auto-

nomic maturation in these processes may become less

salient. Further developmental research could address

the relations between autonomic mediation of cardiac

activity and the development of emotional and

behavioral regulation.

Consistency in HP and HF Variability

Establishing temporal stability in physiological vari-

ables is an important requisite for the use of such

variables in research on individual differences

(Tomarken, 1995). In general, HP showed moderate

consistency throughout infancy and early childhood.

HP at 4 months of age was signi®cantly correlated

with HP at all other assessment ages, suggesting that

HP at this age could be viewed as an early marker of

the HP trajectory to 4 years of age. However, HP at 9

months of age was not signi®cantly correlated with

HP at any subsequent assessments. This may indicate

a period of developmental instability in HP at around

9 months, which may be associated with the slowing

of the rate of increase of HP at this age, as reported

above. Around this age, there are certainly important

transitions occurring in other domains such as loco-

motion, object manipulation, and attention. Thus,

instability in HP at this age may be partly re¯ective of

this period of transitions.

HF variability also showed moderate consistency

through infancy and early childhood, which is

consistent with other studies ®nding moderate stabi-

lity over this time (Fracasso et al., 1994; Izard et al.,

1991; Porges et al., 1994). The present paper extends

these ®ndings for a longitudinal sample from 4

months to 4 years of age.

Intercorrelations Between HP and
HF Variability

The expected high correlations between HP and HF

variability were found at 9, 14, 24, and 48 months of

age. This pattern is consistent with other studies

reporting strong correlations between these variables
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throughout infancy (e.g., Fracasso et al., 1994; Stifter

& Jain, 1996) and childhood (e.g., Marshall &

Stevenson-Hinde, 1998). However, the unexpected

®nding of a low correlation between these two

measures at 4 months of age is inconsistent with

previous studies which found signi®cant intercorrela-

tions at 5 months of age (Fracasso et al., 1994; Stifter

& Jain, 1996). This inconsistency may be due to a

smaller sample size in the present study, and to a wide

between-subjects variation in infant state during ECG

recording at this age.

Epoch Length and the Quanti®cation
of HF Variability

One goal of the current study was to address how

minimum epoch length for analysis of HF variability

may be determined for different age groups of infants

and children. For HF variability, the minimum limit

for epoch length is set by the lower bound of the

respiratory frequency occurring in the sample. In the

absence of measuring respiration, this information

may be inferred from the frequency of HF ¯uctuations

in the HP record. However, this is not to imply that

measuring the frequency of HF oscillations in the HP

record can be seen as a complete substitute for the

measurement of respiration.

Respiratory rate decreases throughout infancy and

early childhood (Rusconi et al., 1994). This decrease

should be re¯ected in a parallel developmental

decrease in the main frequency of oscillation in the

HF band. The expected decrease in this main frequ-

ency through infancy was clearly detected by the

visual counting procedure, but not by spectral

analysis. The highest visible frequency of oscillations

in the HP record showed a steady decrease over the

assessment ages that corresponded to the decrease in

reference values for respiratory rate. A similar pattern

of decrease over infancy was not found for the

frequency of the peak in the power spectrum. At 4, 9,

and 14 months, the spectral peak frequency was

consistently lower than the reference respiratory

frequency. However, at 24 months, both the mean

counted peak frequency (0.49 Hz) and the mean peak

frequency from the power spectra (0.48 Hz) were both

virtually equivalent to the reference respiratory

frequency for that age (0.49 Hz). It appears that at

the assessments over the ®rst 2 years of life, the main

component of variability in the spectral HF band was

occurring at a frequency that was lower than the

expected respiratory frequency. One possible expla-

nation for this may be that at the younger ages,

breathing rate was more variable. Minor changes in

breathing frequency may produce various frequency

components in the HP power spectra that would not be

detected with the more global approach of the peak-

counting technique. Furthermore, it is also possible

that this projected increased variability of respiratory

rate in the younger infants was associated with

decreased attentiveness to the visual stimulus at these

ages compared to the 24-months and 48-month-olds.

Further research should explore the developmental

relations between attention, respiration, and HF

variability in order to address this speculation.

The ®ndings imply that inferring a respiratory peak

by using spectral analysis of infant HP data may be an

elusive process. At ages below 24 months, it may be

possible that other measures of central tendency in the

power spectrum (e.g., mean or median) may be better

estimates of respiratory rate than the frequency of the

spectral peak itself.

Visual counting of HF oscillations gave a peak

frequency value that corresponded more closely to

the expected respiratory frequency than did peak

frequency estimates derived from spectral analysis.

Thus, in our calculations of suggested minimum

epoch lengths for HF variability quanti®cation in

infancy and early childhood, we used the counted

peak frequency as the basis for inferring respiratory

frequency. Implicit in this approach in the assumption

that the respiratory values provided by Rusconi et al.

(1994) are equivalent and applicable to the present

sample. Ideally, future studies of infants and young

children will verify this applicability by utilizing the

concurrent measurement of respiratory variables.

As seen in Table 5, the suggestion of Mezzacappa

et al. (1994) for a minimum epoch length of 4 periods

implies that an epoch length of at least 15 seconds

would be suf®cient to characterize the HF component

in the HP signal up to the age of 4 years. However, the

more conservative suggestion of Berntson et al.

(1997) is for a minimum epoch length of 10 periods,

which would imply an epoch length of at least 25

seconds below the age of 24 months, and up to almost

40 seconds for 4-year-olds.

Early research on the behavioral correlates of HF

variability mainly employed only relatively long

`̀ baseline'' measurements of cardiac activity. How-

ever, there is increasing interest in dynamic changes

in HF variability between epochs of relatively short

duration (e.g., Calkins, 1997; Porges, Doussard-

Roosevelt, Stifter McClenny, & Riniolo, 1999).

Furthermore, researchers may be interested in phe-

nomena that are of relatively short duration e.g., the

duration of a child's narrative in response to a prompt.

It is of utmost importance for researchers to estimate

whether the duration of the behavioral phenomena

in question allows the accurate quanti®cation of the
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concurrent physiological phenomena that they are

also interested in. Our data show that the decision

concerning the minimum epoch length for HF vari-

ability quanti®cation is highly age-dependent, with

the minimum epoch length becoming longer with

increasing age.

Evaluation of the Prescribed
Infant HF Band

There are no clear guidelines in the literature for the

de®nition of the HF band in early childhood. One goal

of the current study was to evaluate the existing HF

band de®nition for infants (0.24±1.04 Hz) and to see

if the use of this band could be extended for children

up to the age of 4 years.

Up to 24 months of age, none of the children in the

current sample exhibited minimum or maximum peak

frequencies of HF variability that approached the

limits of the 0.24±1.04 Hz range prescribed for

infants. At 4 years of age, the minimum counted peak

frequency (as well as the spectral peak frequency)

began to approach the lower bound of the prescribed

infancy band. Even though the actual peak values

never fell below the 0.24 Hz band limit, for some 4-

year-olds there may be a small amount of HF

variability that did fall below the set limit. This

®nding indicates that researchers should use caution in

applying the 0.24±1.04 Hz band to children after the

age of 4 years. At older ages, the cutoff of the high-

pass detrending ®lter and the limits of the HF band

cutoffs should be adjusted based on the properties of

the HP data, in order to ensure the capture of all HF

variability of interest.

NOTES

This research was partially supported by a grant from the

John D. and Catherine T. MacArthur Foundation and by

grants from the National Institute of Health (HD#32666 and

HD# 17899) to Nathan A. Fox.

REFERENCES

Akselrod, S., Gordon, D., Ubel, F. A., Shannon, D. C.,

Barger, A. C., & Cohen, R. J. (1981). Power spectrum

analysis of heart rate ¯uctuation: A quantitative probe

of beat-to-beat cardiovascular control. Science, 213,

220±213.

Angrilli, A., Sarlo, M., Palomba, D., Schincaglia, M., &

Stegagno, L. (1997). Respiratory sinus arrhythmia in

blood phobic subjects. Perceptual and Motor Skills, 4,

505±506.

Appel, M. L., Berger, R. D., Saul, J. P., Smith, J. M., &

Cohen, R. J. (1989). Beat to beat variability in

cardiovascular variables: noise or music? Journal of

American College of Cardiology, 14, 1139±1148.

Berger, R. D., Akselrod, S., Gordon, D., & Cohen, R. J.

(1986). An ef®cient algorithm for spectral analysis of

heart rate variability. IEEE Transactions in Biomedical

Engineering, BME-33, 900±904.

Berger, R. D., Saul, J. P., & Cohen, R. J. (1989). Transfer

function of autonomic regulation. I. Canine atrial res-

ponse. American Journal of Physiology, 256, H142±

H152.

Berntson, G. G., Bigger, J. T., Eckberg, D. L., Grossman, P.,

Kaufmann, P. G., Malik, M., Nagaraja, H. N., Porges, S.

W., Saul, J. P., Stone, P. H., & Van Der Mulen, M. W.

(1997). Heart rate variability: Origins, methods, and

interpretive caveats. Psychophysiology, 34, 623±648.

Berntson, G. G., Cacioppo, J. T., & Quigley, K. S. (1993).

Respiratory sinus arrhythmia: Autonomic origins, phy-

siological mechanisms, and psychophysiological impli-

cation. Psychophysiology, 30, 183±196.

Byrne, E. A., & Porges, S. W. (1993). Data-dependent ®lter

characteristics of peak-valley respiratory sinus arrhyth-

mia estimation: A cautionary note. Psychophysiology, 30,

397±404.

Calkins, S. D. (1997). Cardiac vagal tone indices of tem-

peramental reactivity and behavioral regulation in young

children. Developmental Psychobiology, 31, 125±135.

Calkins, S. D., & Fox, N. A. (1992). The relations among

infant temperament, security of attachment, and beha-

vioral inhibition at twenty-four months. Child Develop-

ment, 63, 1456±1472.

DeGangi, G. A., DiPietro, J. A., Greenspan, S. I., & Porges,

S. W. (1991). Psychophysiological characteristics of the

regulatory disordered infant. Infant Behavior and Devel-

opment, 14, 37±50.

Doussard-Roosevelt, J. A, Porges, S. W., Scanlon, J. W., &

Scanlon, K. B. (1997). Vagal regulation of heart rate in

the prediction of developmental outcome for very low

birth weight preterm infants. Child Development, 68,

173±186.

Field, T., Pickens, J., Fox, N. A., Nawrocki, T., & Gonzalez,

J. (1995). Vagal tone in infants of depressed mothers.

Development and Psychopathology, 7, 227±231.

Finley, J. P., & Nugent, S. T. (1995). Heart rate variability in

infants, children and young adults. Journal of the Auto-

nomic Nervous System, 51, 103±108.

Fox, N. A. (1985). Behavioral and autonomic antecedents of

attachment in high-risk infants. In M. Reite & T. Field

(Eds.), The psychophysiology of attachment and separa-

tion (pp. 389±414). Orlando: Academic Press.

Fox, N. A. (1989). Psychophysiological correlates of emo-

tional reactivity during the ®rst year of life. Develop-

mental Psychology, 25, 364±372.

Fracasso, M. P., Porges, S. W., Lamb, M. E., & Rosenberg,

A. A. (1994). Cardiac activity in infancy: Reliability and

stability of individual differences. Infant Behavior and

Development, 17, 277±284.

54 Bar-Haim, Marshall, and Fox



Grossman, P., Karemaker, J., Wieling, W. (1991). Prediction

of tonic parasympathetic cardiac control using respiratory

sinus arrhythmia: The need for respiratory control.

Psychophysiology, 28, 201±216.

Grossman, P., & Kollai, M. (1993). Respiratory sinus

arrythmia, cardiac vagal tone, and respiration: Within-

and between-individual relations. Psychophysiology, 30,

486±495.

Gunnar, M. R., Porter, F. L., Wolf, C. M., Rigatuso, J., &

Larson, M. C. (1995). Neonatal strees reactivity: Predic-

tions to later emotional temperament. Child Develop-

ment, 66, 1±13.

Hirsch, J. A., & Bishop, B. (1981). Respiratory sinus

arrhythmia: How breathing pattern modulates heart rate.

American Journal of Physiology, 241, 620±629.

Hofheimer, J. A., Wood, B. R., Porges, S. W., Pearson, E., &

Lawson, E. E. (1995). Respiratory sinus arrhythmia and

social interaction pattern in preterm newborns. Infant

Behavior and Development, 18, 233±245.

Huffman, L. C., Bryan, Y. E., del Carmen, R., Pedersen, F.,

Doussard-Roosevelt, J. A., & Porges, S. W. (1998). Child

Development, 69, 624±635.

Izard, C. E., Porges, S. W., Simons, R. F., Haynes, O. M.,

Hyde, C., Pairisi, M., & Cohen, B. (1991). Infant cardiac

activity: Developmental changes and relations with

attachment. Developmental Psychology, 27, 432±439.

Kagan, J., Reznick, J. S., Snidman, N., Gibbons, J., &

Johnson, M. O. (1988). Childhood derivatives of inhibi-

tion and luck of inhibition to the unfamiliar. Child

Development, 59, 1580±1589.

Kagan, J., Reznick, J. S., & Snidman, N. (1987). The

physiology and psychology of behavioral inhibition in

children. Child Development, 58, 1459±1473.

Katona, P. G., & Jih, R. (1975). Respiratory sinus arrhy-

thmia: A non-invasive measure of parasympathetic cardiac

control. Journal of Applied Physiology, 39, 801±805.

Katz, L. F., & Gottman, J. M. (1995). Vagal tone protects

children from marital con¯ict. Development and Psycho-

pathology, 7, 83±92.

Korkushko, O. V., Shatilo, V. B., Plachinda, Y. I., & Shatilo,

T. V. (1991). Autonomic control of cardiac chronotropic

function in man as a function of ageÐassessment by

power spectral analysis of heart rate variability. Journal of

the Autonomic Nervous System, 32, 191±198.

Marshall, P. J., & Stevenson-Hinde, J. (1998). Behavioral

inhibition, heart period, and respiratory sinus arrhythmia

in young children. Developmental Psychobiology, 33,

283±292.

Mezzacappa, E., Kindlon, D., Earls, F., & Saul, J. P. (1994).

The utility of spectral analytic techniques in the study of

beat-to-beat heart rate variability. International Journal of

Methods in Psychiatric Research, 4, 29±44.

Porges, S. W. (1985). Method and apparatus for evaluating

rhythmic oscillations in periodic physiological response

system. (Patent number: 4,510,944). Washington, DC: US

Patent Of®ce.

Porges, S. W. (1986). Respiratory sinus arrhythmia:

Physiological basis, quantitative methods, and clinical

implications. In P. Grossman, K. Janssen, & D. Vaitl

(Eds.), Cardiorespiratory and cardiosomatic psychophy-

siology (pp. 101±115). New York: Plenum.

Porges, S. W. (1988). Mxedit v2.01. Inc. Bethesda, MD:

Delta-Biometrics.

Porges, S. W. (1991). Vagal tone: An autonomic mediator of

affect. In J. A. Garber & K. A. Dodge (Eds.), The

development of affect regulation and dysregulation (pp.

111±128). NY: Cambridge.

Porges, S. W. (1992). Vagal tone: A physiological marker of

stress and vulnerability. Pediatrics, 90, 498±504.

Porges, S. W. (1995). Orienting in a defensive world:

Mammalian modi®cations of our evolutionary heritage. A

polyvagal theory. Presidential address, 1994. Psychophy-

siology, 32, 301±318.

Porges, S. W., & Bohrer, R. E. (1990). Analysis of periodic

processes in psychophysiological research. In J. T.

Cacioppo & L. G. Tassinary (Eds.), Principles of

psychophysiology: Physical, social, and inferential

elements (pp. 708±753). NY: Cambridge University

Press.

Porges, S. W., Doussard-Roosevelt, J. A., Portales, A. L., &

Greenspan, S. I. (1996). Infant regulation of vagal

`̀ brake'' predicts child behavior problems: Model of

social behavior. Developmental Psychobiology, 29,

697±712.

Porges, S. W., Doussard-Roosevelt, J. A., Portales, A. L., &

Suess, P. E. (1994). Cardiac vagal tone: Stability and

relation to dif®cultness in infants and three-year-olds.

Developmental Psychobiology, 27, 289±300.

Porges, S. W., Doussard-Roosevelt, J. A., Stifter, C. A.,

McClenny, B. D., Riniolo, T. C. (1999). Sleep state and

vagal regulation of heart period patterns in the human

newborn: An extension of the polyvagal theory. Psycho-

physiology, 36, 14±21.

Porges, S. W., & Raskin, D. C. (1969). Respiratory and heart

rate components of attention. Journal of Experimental

Psychology, 81, 497±503.

Ramanathan, A., & Myers, G. A. (1995). Data preprocessing

in spectral analysis of heart rate variability. Journal of

Electrocardiology, 29, 45±57.

Rusconi, F., Castagneto, M., Gagliardi, L., Leo, G.,

Pellegatta, A., Porta, N., Razon, S., & Braga, M.

(1994). Reference values for respiratory rate in the ®rst

3 years of life. Pediatrics, 94, 350±355.

Saul, J. P. (1990). Beat-to-beat variations of heart rate re¯ect

modulation of cardiac autonomic out¯ow. News in

Physiological Sciences, 5, 32±37.

Saul, J. P., Berger, R. D., Chen, M. H., & Cohen, R. J.

(1989). Transfer function analysis of autonomic regula-

tion II. Respiratory sinus arrhythmia. American Journal

of Physiology, 256, H153±H161.

Snidman, N., Kagan, J., Riordan, L., & Shannon, D. (1995).

Cardiac function and behavioral reactivity during infancy.

Psychophysiology, 32, 199±207.

Spangler, G., & Grossmann, K. E. (1993). Biobehavioral

organization in securely and insecurely attached infants.

Child Development, 64, 1439±1450.

Developmental Changes in HP and HPV in Infants 55



Stifter, C. A., & Fox, N. A. (1990). Infant reactivity and

regulation: Physiological correlates of newborn and ®ve-

month temperament. Developmental Psychology, 26,

582±588.

Stifter, C. A., Fox, N. A., & Porges, S. W. (1989). Facial

expressivity and vagal tone in 5- and 10-month-old

infants. Infant Behavior and Development, 12, 127±137.

Stifter, C. A., & Jain, A. (1996). Psychophysiological cor-

relates of infant temperament: Stability of behavior and

autonomic patterning from 5 to 18 months. Develop-

mental Psychobiology, 29, 379±391.

TenVoorde, B. J., Faes, T. J. C., & Rompelman, O. (1994).

Spectra of data sampled at frequency-modulated rates in

application to cardiovascular signals: Analytical deriva-

tion of the spectra. Medical and Biological Engineering

and Computing, 32, 63±70.

Tomarken, A. J. (1995). A psychometric perspective on

psychophysiological measures. Psychological Assess-

ment, 7, 387±395.

Van Hoogenhuyze, D., Weinstein, N. M., Martin, G. J.,

Weiss, J. S., Schadd, J. W., Sahyouni, X. N., Fintel, D.,

Remme, W. J., & Singer, D. H. (1991). Reproducibility

and relation to mean heart rate variability in normal

subjects and in patients with congestive heart failure

secondary to coronary disease. American Journal of

Cardiology, 68, 1668±1676.

56 Bar-Haim, Marshall, and Fox


