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Abstract

Components of heart rate variability have attracted considerable attention in psychology and medicine and have become
important dependent measures in psychophysiology and behavioral medicine. Quantification and interpretation of heart
rate variability, however, remain complex issues and are fraught with pitfalls. The present report (a) examines the
physiological origins and mechanisms of heart rate variability, (b) considers quantitative approaches to measurement,
and (c) highlights important caveats in the interpretation of heart rate variability. Summary guidelines for research in
this area are outlined, and suggestions and prospects for future developments are considered.
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Measures of heart rate variability are increasingly being employed
in applications ranging from basic investigations of central regu-
lation of autonomic state, to studies of fundamental links between
psychological processes and physiological functions, to evalua-
tions of cognitive development and clinical risk. As psychological
correlates and physiological mechanisms are being delineated, mea-
sures of heart rate variability may offer powerful tools for the
clarification of relationships between psychological and physio-
logical processes. At the same time, there are clear caveats and
pitfalls in the measurement, analysis, and interpretation of heart
rate variability. Although patterns of heart rate variability hold
considerable promise for clarifying issues in psychophysiology,
the inappropriate quantification and interpretation of these patterns
may obscure critical issues or relationships and may impede rather
than foster the development of psychophysiological applications.
The ultimate utility and general scientific acceptance of measures
of heart rate variability will undoubtedly depend on the extent to
which researchers from diverse disciplines are able to formulate an
integrative and interdisciplinary perspective on the origins, quan-
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tification, and interpretation of patterns of heart rate variability.
The present report is intended to promote that end and to establish
general standards and guidelines for psychophysiological applica-
tions of heart rate variability measures.

A recent report of the Task Force of the European Society of
Cardiology and the North American Society of Pacing and Elec-
trophysiology (Task Force, 1996) represents an important step
toward standardization of the field. The present document focuses
on research applications and is intended to extend rather than
supplant the previous report. Physiological origins and mecha-
nisms of periodic components of heart rate variability are consid-
ered first. Quantitative approaches to the measurement of heart rate
variability are then discussed, followed by considerations and ca-
veats in the interpretation of these measures. Finally, summary
guidelines for research in this area are outlined, and suggestions
and prospects for future developments are considered.

Historical Overview

Long before the invention of the electrocardiograph and the more
recent emergence of modern constructs of heart rate variability,
physicians recognized the potential importance of cardiac rhythms.
Techniques for studying heart rate patterns were limited prior to
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this century, but for several hundred years physicians have moni-
tored heart sounds and rhythms by auscultation and have noted
beat-to-beat rhythm shifts associated with aging, illness, and psy-
chological states. The study of these rhythms became a central
component of medical diagnostic systems developed in China. The
scientific investigation of beat-to-beat heart rate rhythms, however,
awaited technological advances that enabled accurate and reliable
quantification of the electrical activity of the heart. This technol-
ogy has progressed from the galvanometer, to the kymograph, to
the inkwriting polygraph, and finally to digital signal processing
systems.

The early work of Luigi Galvani and Alessandro Volta and the
electromagnetic principles articulated by André-Marie Ampeére and
Hans Christian Oersted led to the development of the galvanom-
eter in the 19th century. This device permitted the measurement
of very small electrical currents by capitalizing on magnetic in-
duction to rotate a pointer or mirror. The galvanometer could be
calibrated to measure accurately changes in voltage, including bio-
potentials generated by the heart. Ludwig (1847) subsequently
invented the smoked kymograph, which allowed mechanical ac-
tivity, such as that associated with pressure pulses or the movement
of a galvanometer needle, to be recorded on a smoked drum. In
1894, MacKenzie developed an ink-writing polygraph (see Mac-
Kenzie, 1910), and Einthoven integrated the galvanometer with
photography to produce accurate and continuous tracings of the
electrical activity of the heart (see Erschler, 1988). With the de-
velopment of the electrocardiograph, it was possible to monitor
normal and abnormal electrical conduction through the myocar-
dium and to evaluate beat-to-beat changes in the heart rate pattern.

It could be argued that the origins of the scientific study of heart
rate variability predate the development of the electrocardiograph.
The first documented observation of heart rate variability is often
credited to Hales (1733), who observed a respiratory pattern in the
blood pressure and pulse of a horse. By means of the kymograph,
Ludwig (1847) was able to observe a regular quickening of pulse
rate with inspiration and a slowing with exhalation in the dog. This
may be the first documented report of respiratory sinus arrhythmia
(RSA), and the subsequent work of Donders (1868) focused at-
tention on the relations among respiration, heart rate, and the vagus
nerve. Two potential physiological origins were proposed for RSA
in the second half of the 19th century (see Anrep, Pascual, &
Rossler, 1936a). In 1865, Traube speculated that the brainstem
nuclei controlling heart rate might be influenced phasically by
direct “irradiations” from the medullary respiratory centers (see
Anrep et al., 1936a). Recent neuroanatomical and neurophysiolog-
ical data support a contemporary version of this model that em-
phasizes the interneuronal communication between brainstem
networks in generating a common cardiopulmonary frequency (Rich-
ter & Spyer, 1990). An alternative explanation was offered in 1871
by Hering, who proposed that reflex modulation of the cardioreg-
ulatory centers by pulmonary afferent feedback may be the phys-
iological mechanism underlying RSA. References to RSA were
made in several scientific sources during the early 1900s. There is
mention of RSA even in early psychology textbooks, although its
origins were not understood at the time. Wundt (1902) stated that
“the movements of the lungs: their inflation accelerates, their col-
lapse reduces the frequency of heart beat. The respiratory move-
ments are therefore regularly accompanied by fluctuations of the
pulse, whose rapidity increases in inspiration and decreases in
expiration” (p. 247).

Several historical studies highlight the emergence of heart rate
variability as a physiologically meaningful measure. Most of these
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early clinical and physiological studies focused on RSA. In fact, in
early research there is little distinction between a global concept of
sinus arrhythmia and the more specific rhythmicity of RSA. Re-
search on heart rate variability moved initially in two directions.
First, there was a dominant trend toward understanding the phys-
iological mechanisms mediating heart rate rhythms. Second, med-
ical researchers identified specific relationships between heart rate
variability and clinical status. Later, with the availability of poly-
graphs in academic laboratories in the 1960s, a third trend ap-
peared as psychophysiologists began to investigate the relationship
between psychological processes and heart rate variability.

An example of early physiological research on heart rate vari-
ability is a report by Bainbridge (1920) that sought to explain RSA
in terms of alterations in baroreceptor and volume receptor re-
sponses associated with respiratory alterations in thoracic pressure.
Anrep, Pascual, and Rossler (1936a, 1936b) examined alternative
explanations of the physiological mechanisms of RSA in what
appears to be the first extensive and systematic study of RSA. A
functional relation between the amplitude of RSA and the concept
of vagal tone was suggested early in this century by Hering (1910),
who stated that “it is known with breathing that a demonstrable
lowering of heart rate . . . is indicative of the function of the vagi.”

Eppinger and Hess (1915) provided a starting point for the
clinical trend. They asserted that “clinical facts, such as respiratory
arrhythmia, habitual bradycardia, etc., have furnished the means of
drawing our attention to the variations in the tonus of the vagal
system in man” (p. 12). The case studies of Eppinger and Hess
focused on clinical problems related to putative abnormalities in
the regulation of autonomic functions. Their observations were
important because they drew attention to the potential role of the
autonomic nervous system in atypical physiological responses and
clinical disorders and focused on possible relationships between
individual differences in physiology and psychiatric pathology.
Their studies also emphasized the sensitivity of the vagus to cho-
linergic substances, which might allow for pharmacological ma-
nipulations and potential treatments.

Clinical research interests in RSA were rekindled in cardiology
by the early work of Wolf (1967) and in obstetrics and gynecology
by Hon (Hon, 1958; Hon & Lee, 1963). Both Hon and Wolf
emphasized the relationship between heart rate variability and ner-
vous system status. Hon treated heart rate variability as a global
index of fetal distress. Wolf, with a focus on the contribution of
central nervous system factors to sudden cardiac death, viewed
heart rate variability as reflecting brain—vagal-heart communica-
tion. Wolf’s theoretical interest in brain—heart relations provided
an important bridge between clinical research and psychophysiology.

Psychophysiology has been at the crossroads of different mod-
els and strategies for research. Unlike physiology, with its primary
interest in mechanisms, or cardiology, with its principal interest in
clinical status, psychophysiology has been driven by paradigms
derived from psychology, focusing on physiological parameters
that relate to psychological and behavioral states. Early psycho-
physiological studies of heart rate generally viewed the beat of the
heart as a dependent variable that was causally influenced by cog-
nitive (e.g., Lacey, 1967) and metabolic (e.g., Obrist, 1981) pro-
cesses. At that time, heart rate variability was sometimes viewed as
error variance attributable to poor experimental control or to the
incomplete specification of contextual determinants of heart rate.

As heart rate variability began to be recognized as an interest-
ing and potentially important phenomenon, it was treated largely
as a descriptive variable without attributing it to any specific phys-
iological mechanism. Previous studies have reflected three general
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perspectives: (a) an individual difference model treating heart rate
variability as a traitlike variable that is predisposed toward pre-
dictable patterns of behavioral and autonomic response (e.g., Lacey
& Lacey, 1958; Porges, 1972; Price, 1975; Thackray, Jones, &
Touchstone, 1974), (b) the measurement of heart rate variability as
an index of attention, mental effort, or mental load (e.g., Kahne-
man, 1973; Kalsbeek & Ettema, 1963; Lacey, 1967; Porges &
Raskin, 1969; Sayers, 1973), and (c) the stimulus control of heart
rate variability by operant conditioning or biofeedback techniques
(Hnatiow & Lang, 1965; Lang, Sroufe, & Hastings, 1967).

The specific issues and questions within these disparate lines of
development were often quite distinct, which did not always foster
interdisciplinary perspectives. Currently, there is increasing recog-
nition that quantification and interpretation of heart rate variability
depend not only on an adequate appreciation of the underlying
physiological mechanisms but also on the interactions between
these mechanisms and behavioral processes.

Empirical Foundations

Components and Origins of Heart Rate Variability

Periodic components of heart rate variability tend to aggregate
within several frequency bands. In young healthy individuals at
rest, the most conspicuous of these bands is at the respiratory
frequency (RSA). The respiratory frequency band is considered to
range (nominally) from about 0.15 Hz to 0.4 Hz in humans but
may extend below 0.15 Hz and up to 1 Hz or more for infants and
for adults during exercise. RSA is generally believed to be medi-
ated predominately by fluctuations of vagal-cardiac nerve traffic
and thus may provide an index of vagal activity. R-R interval
oscillations! also occur at low frequencies (about 0.05-0.15 Hz),
including a 0.1-Hz component that is sometimes referred to as the
10-s rhythm or the Mayer wave (Mayer, 1877; Penaz, 1978). This
frequency range has been termed the mid-frequency band by some
authors (e.g., Mulder, 1985, 1992).2 but the designation of low
frequency (LF) is more common and is used in the present report.
The LF heart rate rhythms have been suggested to reflect mainly
sympathetic outflow (Malliani, Pagani, LLombardi, & Cerutti, 1991;
Malliani, Pagani, & Lombardi, 1994) but are thought by most
investigators to be of both sympathetic and vagal origin (Akselrod
et al., 1985; Koh, Brown, Beightol, Ha, & Eckberg, 1994; Pomer-
anz et al., 1985).

Other R-R interval fluctuations occur at frequencies below
0.05 Hz. These have been designated variously (see Footnote 2),
but commonly used bands include very low frequencies (VLFs;
about 0.003-0.05 Hz) and slower, ultra low frequencies (ULFs)
that include circadian rhythms. The VLF R-R interval oscillations
have been studied much less than higher frequency rhythms and
may reflect thermoregulatory cycles (Kitney, 1980; Sayers, 1973)
or fluctuations related to plasma renin activity (Akselrod et al.,

!The time between heart beats is variously designated as heart period,
R-R interval, or interbeat interval. Heart period is 2 more abstract repre-
sentation that is not tied to any specific starting point or measurement
interval, whereas R-R interval more closely corresponds to what is actually
measured in most cases.

Mulder (1985, 1992) also identified a more restricted low frequency
band extending from 0.02-0.06 Hz that overlaps with the low frequency
(0.05-0.15 Hz) and the very low frequency bands (0.0033-0.05), as used
here. Other differences among researchers also exist in the designation of
frequency band. Malliani, Pagani, Lombardi, and Cerutti (1991) and Mal-
liani, Pagani, and Lombardi (1994), for example, considered the very low
frequency band to extend down to DC and did not differentiate the ultra
low frequency band as considered in the present paper.
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1981; Bonaduce et al., 1994). Circadian heart rate variability re-
flects a wide range of determinants, including changes of activity,
posture, breathing, autonomic outflow, state of arousal, and a range
of behavioral variables. Although VLF or slower rhythms of heart
rate may have important clinical applications (Malik, Farrell, &
Camm, 1990) and psychophysiological correlates (e.g., Mulder,
1992), they will not be considered because their origins and mech-
anisms remain unclear.

Autonomic and Nonautonomic Control of the Heart

The normal rhythm of the heart is controlled by membrane pro-
cesses of the cardiac sinoatrial (SA) node, which are modulated by
innervation from both the sympathetic and parasympathetic divi-
sions of the autonomic nervous system (for recent reviews, see
Burkholder et al., 1992; Levy & Warner, 1994; Randall, 1994).
Acetylcholine, released by postganglionic parasympathetic termi-
nals at the sinoatrial node, slows the rate of SA node depolarization
and discharge by binding to muscarinic cholinergic receptors and
activating a transmembrane potassium channel. In contrast, nor-
epinephrine is released by sympathetic terminals on the SA node
and speeds the SA node rhythm via a 8, receptor-mediated second
messenger cascade of intracellular signals. In addition to these
classic neurotransmitter actions, the chronotropic state of the heart
can be modulated by a variety of neuropeptides, such as neuro-
peptide Y, that appear to be colocalized with conventional neuro-
transmitters in autonomic terminals (Hill, Wallick, Martin, & Levy,
1995; Shine, Potter, Biden, Selbie, & Herzog, 1994).

Although chronotropic control of the heart is attributable largely
to direct autonomic innervation of the SA node, other factors can
influence heart rate. In addition to its direct neural innervation of
the heart, the sympathetic system can modulate heart rate indi-
rectly through the release of adrenomedullary catecholamines. Other
humoral factors that may influence heart rate variability include
variations in the activity of the renin-angiotensin system (Akselrod
et al., 1981; Bonaduce et al., 1994). Humoral influences on heart
rate variability are apparent even after cardiac denervation. Car-
diac transplant patients, for example, show LF heart rate variations
that are probably attributable primarily to humoral effects and
small, residual higher frequency fluctuations that are likely due to
respiratory-related mechanical stretch of the sinoatrial node.

Cardiac efferent control: Dynamic and steady-state effects. Both
dynamic and steady-state characteristics of the cardiac response to
vagal and sympathetic activity have been studied extensively. Parker,
Cellar, Potter, and McCloskey (1984) demonstrated that the steady-
state increase in heart period to vagal stimulation at frequencies
between 1 and 30 Hz was almost perfectly linear in the dog.
Additional studies in a number of mammalian species have yielded
similar results (Berger, 1987; Berntson, Quigley, Fabro, & Ca-
cioppo, 1992; Rosenblueth & Simeone, 1934), although the re-
sponse of human hearts may plateau at higher stimulation frequencies
(Carlson et al., 1992; Carlsten, Folkow, & Hamberger, 1957; for
review, see Berntson, Cacioppo, & Quigley, 1995). Parallel studies
of sympathetic stimulation have revealed less linear effects on
steady-state decreases in heart period, with diminishing effects at
frequencies above 1.5-2 Hz and saturation (i.e., a ceiling effect) at
higher frequencies in dogs and cats (Berger, 1987; Levy & Zieske,
1969; Rosenblueth & Simeone, 1934).

Because respiratory and slower rhythms are apparent in the
activity of both branches of the autonomic nervous system, studies
of the functional effects of phasic modulation of sympathetic and
vagal activities are especially pertinent to patterns of heart rate
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variability and psychophysiological responses of the heart (de Boer,
Karemaker, & Strackee, 1985; Somsen, Molenaar, van der Malen,
& Jennings, 1991). These studies reveal that the cardiac response
to vagal activity is rapid, whereas that to sympathetic activity is
characterized by a pure time delay and a slower response. Spear,
Kronhaus, Moore, and Kline (1979) examined heart period re-
sponses to brief bursts of sympathetic and vagal activity. Results,
which simulate an impulse response, demonstrated that a vagal
burst had its maximum effect at approximately 0.5 s, with a return
to baseline within 1 s, followed by a slower rebound in the direc-
tion of decreasing R-R intervals. A sympathetic burst caused no
effect for approximately 1 s, maximum decrease in R-R intervals
at about 4 s, and a return to baseline within 20 s. These impulse
response results were virtually identical to those found by Berger,
Saul, and Cohen (1989) and Pendz (1962) using frequency-domain
techniques. Both vagal and sympathetic responses were character-
istic of low-pass filters, with the addition of a delay in the case of
the sympathetic response. The vagal filter had a corner frequency
of 0.15 Hz, with the gain falling to about 80% of direct current
(DC) by 0.5 Hz. Berger et al. (1989) also found that the response
characteristics and particularly the corner frequency varied slightly
as a function of the mean vagal stimulation frequency. At lower
stimulation frequencies, the DC intercept was larger and the corner
frequency lower than at higher frequencies. Berger (1987) also
examined the response of the sinus node to modulation of sympa-
thetic activity. In accord with the more dampened impulse re-
sponse characteristics found by Spear et al. (1979), the sympathetic
frequency response had a corner frequency of 0.015 Hz, which is
consistent with a low-pass filter, and showed a pure time delay of
about 1.7 s. Berger also determined the impulse response charac-
teristics from the frequency responses and found functions that
were virtually identical to those reported by Spear et al. (1979). In
summary, vagal responses are faster with little delay, whereas sym-
pathetic responses are slower with a 1-2-s time delay.

The differences in delay of the cardiac response to sympathetic
and vagal activation appear to relate largely to receptor processes
and postsynaptic responses. Hill-Smith and Purves (1978) deter-
mined that the response characteristics were not due to differences
in diffusion at the muscarinic or adrenergic receptors. lontopho-
retic delivery of either acetylcholine or norepinephrine to within
5 u of the cell surface suggested that the delay in the cardiac
response to these neurotransmitters probably arose from processes
subsequent to the binding of the agonist to the receptor. Consistent
with this interpretation, Hille (1992) demonstrated that the linkage
between muscarinic receptor activation and changes in ionic cur-
rents is mediated by signaling molecules located largely within the
cell membrane. In contrast, adrenergic stimulation is initiated in
the membrane, and it requires second-messenger activation of a
protein kinase in the cytosol, which eventually sends a signal back
to the membrane to change ionic currents in Phase 4 depolarization
(Hille, 1992). These features and the differences in the rate of
termination of receptor action (Levy, Yang, & Wallick, 1993) ap-
pear to underlie differences in the time constants of the vagal and
sympathetic responses.

Fewer data are available for peripheral sympathetic responses.
Rosenbaum and Race (1968) demonstrated that the frequency re-
sponse characteristics of vascular resistance vessels by modulation
of sympathetic activity were virtually identical to those found for
the atrial rate responses by Berger et al. (1989). That is, the corner
frequency of the response was about 0.01-0.02 Hz, and the phase
characteristics suggested both a low-pass filter and a time delay.
Thus, sympathetic responses in both the periphery and the heart
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have similar characteristics, with a 1-2-s pure time delay and a
corner frequency of about 0.015 Hz. Vagal cardiac responses have
a much shorter delay and a corner frequency of about 0.15 Hz.
These findings are consistent with the observations in humans that
the parasympathetic nervous system is able to modulate heart rate
effectively at all frequencies between 0 and 0.5 Hz, whereas the
sympathetic system modulates heart rate with significant gain only
below 0.1 Hz.

Hormonal and nonautonomic influences. There are relatively few
quantitative data describing either the time-domain or frequency-
domain responses of heart rate to hormonal modulation. The best
indications can probably be surmised from the heart rate variability
characteristics of cardiac transplant patients. Early after transplant,
prior to evidence of sympathetic reinnervation, resting supine pa-
tients show little or no heart rate variability (Bernardi et al., 1989,
1990; Sands et al., 1989; Shapiro, Sloan, Bagiella, Bigger, & Gor-
man, 1996). The exception is a small mechanically mediated RSA.
With exercise and during 24-hr ambulatory activity, however, trans-
plant patients are able to modulate heart rate at very low frequen-
cies (Arai et al., 1989; Bernardi et al., 1989; Saul et al., 1992). The
time constants of the heart rate responses suggest that hormonal heart
rate control is active only at frequencies below about 0.03 Hz.

A small RSA of approximately 2 bpm per liter of respiration
persists even after combined pharmacologic cardiac sympathetic
and vagal blockade (Cacioppo et al., 1994; Saul et al., 1991) and
after cardiac transplantation (Bernardi et al., 1989, 1990). These
findings indicate that at least part of RSA has an intracardiac
origin; either an intracardiac reflex or a mechanical stretch of the
sinoatrial node may be involved. Stretch-induced changes in SA
node rate have been documented experimentally in animals (James,
1973; Koizumi, Ischikawa, Nishono, & Brooks, 1975), but the
magnitude of these responses is difficult to compare with those
from normal humans. Saul et al. (1991) found that the transfer
relation between respiration and heart rate after complete auto-
nomic blockade had features that were qualitatively similar to
those of a positive differentiator, suggesting that nonautonomic
RSA may be related to the rate of change of lung volume. This idea
is consistent with an atrial stretch mechanism because respiratory
air flow is related to the intrathoracic pressure changes that drive
changes in atrial size (West & van Vleit, 1983). Bernardi et al.
(1989) reached a similar conclusion from studies of heart trans-
plant recipients. Thus, in the absence of autonomic heart rate con-
trol, a relatively small effect of SA node stretch may become
evident.

Heart Rate Variability at Respiratory Frequencies

Autonomic afferents continually convey information regarding the
state of the circulation to the nucleus tractus solitarius (Felder &
Mifflin, 1994), and this afferent input can modulate autonomic
outflows via potent brainstem reflexes. Baroreceptor reflexes, for
example, exert powerful inhibitory influences on sympathetic out-
flow and provide an important source of excitatory drive to vagal
motoneurons. Baroreceptor reflexes are particularly relevant to the
study of heart rate variability because these reflexes can operate
phasically within the rapid time frame of even the highest fre-
quency heart rate rthythms. Kezdi and Geller (1968) found that
pressure oscillations in the carotid sinus of up to at least 1 Hz were
accurately reflected in baroreceptor afferents, which is well be-
yond the corner frequencies of the autonomic innervations of the
heart. Thus, baroreceptor afferents are able to transmit accurately
arterial pressure fluctuations up to the highest frequency ranges of
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heart rate variability. Baroreflex manifestations at the end organ
are slowed somewhat by delays in central reflex networks and by
the added time for neural transmission and neuroeffector transduc-
tion. For brief arterial baroreceptor stimulation in human individ-
uals, the minimum reflex latency is about 0.25 s, the time-to-peak
effect is about 2.5 s, and the decay of the response is about 2.0 s
(Eckberg, 1976, 1980; Eckberg & Eckberg, 1982; see also Borst &
Karemaker, 1983). These values are compatible with a substantive
contribution of baroreceptor reflexes in RSA (for review, see Eck-
berg, 1995).

Reflex networks of the nucleus tractus solitarius in turn are
modulated by respiratory influences of both central and peripheral
origin, and sympathetic and vagal nerve activities fluctuate on a
breath-by-breath basis. Because baroreceptor afferents modulate
activities of spinal sympathetic and medullary vagal motoneurons,
respiratory modulation of autonomic nerves is proportional to ba-
sal levels of activity in those nerves (Eckberg et al., 1988). Res-
piration gates the effects of afferent inputs on muscle sympathetic
(Eckberg, Nerhed, & Wallin, 1985) and vagal (Eckberg, Kifle, &
Roberts, 1980; Eckberg & Orshan, 1977) motoneurons. At usual
breathing frequencies, autonomic sensory inputs are more likely to
influence sympathetic and vagal firing when they arrive during
expiration than at inspiration. Respiratory modulation is finite,
however, because gating of vagal firing is nearly maximal at typ-
ical levels of arterial baroreceptor stimulation and disappears at
low and high levels of baroreceptor activation (Anrep et al., 1936a;
Eckberg et al., 1988; Eckberg & Orshan, 1977). Thus, baroreflex
modulation of autonomic control is characterized by clear asymp-
totes at both extremes of activity (Eckberg, 1995).

Respiratory—frequency rhythms in autonomic nerves are trans-
lated into changes in discharge frequency of the SA node; thus,
RSA frequency differs with breathing rate. Because of the low-
pass-filter characteristics of the autonomic—cardiac innervations,
however, RSA can be substantially greater during slow than dur-
ing fast breathing, although average R-R intervals over a wide
range of breathing frequencies may remain nearly constant (Brown,
Beightol, Koh, & Eckberg, 1993; Grossman, Karemaker, & Wiel-
ing, 1991). Saul et al. (1991) found that the transfer function
relating respiration to RSA had frequency characteristics nearly
identical to those for direct vagal stimulation. In the aggregate,
these findings suggest that, at slow breathing frequencies, the pha-
sic vagal cholinergic influence on the SA node has sufficient
time to achieve full effect and dissipate. At more rapid breathing
frequencies, however, responses to successive cycles of choliner-
gic action begin to merge, and phasic SA responses decrease in
amplitude.

The slower dynamics of sympathetic actions at the SA node
limit sympathetic contributions to respiratory modulations of heart
rate variability. Saul et al. (1991, 1992) found that the sympathetic
component of RSA (apparent only at frequencies below 0.15 Hz)
and the response to random binary neck chamber stimulation were
nearly identical to those found by Rosenbaum and Race (1968) for
the peripheral vascular receptors and by Berger et al. (1989) for
cardiac sympathetic receptors. That is, all displayed low-pass-filter
characteristics with a corner frequency of about 0.02 Hz and a pure
time delay. These findings again indicate that it is the end-organ
response that is primarily responsible for the frequency character-
istics of heart rate and that the high-frequency-filter characteristics
of the sympathetic innervation preclude appreciable contributions
to RSA at frequencies beyond 0.15 Hz.

The effects of pharmacologic blockade of muscarinic or adren-
ergic receptors are in general agreement with these interpretations.
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The literature is consistent in indicating that respiratory—frequency
heart rate variability is mediated largely by changes of vagal car-
diac nerve traffic. RSA is nearly abolished by cholinergic blockade
or functional vagotomy but is not generally attenuated by beta-
adrenergic blockade (Akselrod et al., 1981, 1985; Cacioppo et al.,
1994; Coker, Koziell, Oliver, & Smith, 1984; Katona & Jih, 1975;
Grossman, Stemmler, & Meinhardt, 1990; Japundzic, Grichois,
Zitoun, Laude, & Elghozi, 1990; Kollai & Mizsei, 1990; McCabe,
Youngue, Ackles, & Porges, 1985; Pagani et al., 1986; Pomeranz
et al., 1985). Consistent with previous findings in dogs (Akselrod
et al., 1981), for example, Pomeranz et al. (1985) reported that
cardiac parasympathetic blockade in humans eliminated all heart
rate fluctuations above 0.15 Hz and about 75% of those below
0.15 Hz, whereas sympathetic blockade had little effect on fluc-
tuations above 0.15 Hz. These findings confirm the differential
frequency response of the sinus node to parasympathetic and sym-
pathetic modulation and reveal that high-frequency (HF) cardiac
rhythms are mediated primarily by vagal innervation of the SA
node. Because RSA arises from the respiratory inhibition of para-
sympathetic control, its magnitude may provide an indication, al-
beit imperfect, of basal levels of vagal cardiac nerve traffic (Eckberg
et al., 1988; Grossman & Kollai, 1993; Kollai & Mizsei, 1990;
Porges, 1986).

Heart Rate Variability at Low Frequencies

In accord with the temporal dynamics of the parasympathetic and
sympathetic cardiac innervations as outlined earlier, both auto-
nomic branches can influence lower frequency cardiac rhythms.
Published literature on autonomic mediation of LF heart rate vari-
ability is controversial. Some workers, notably Malliani and asso-
ciates (Malliani et al., 1991; Pagani et al., 1986), have argued that
LF heart rate rhythms reflect mainly fluctuations of sympathetic
traffic to the SA node. Other workers, who probably constitute a
majority, have argued that LF rhythms reflect fluctuations of both
autonomic branches. The Malliani group has further proposed that
power in the LF and HF bands, especially when expressed in
normalized units,? reflects the relative balance between sympa-
thetic and vagal control and that this sympathovagal balance can
be indexed by the LF/HF ratio (e.g., see Malliani et al., 1994;
Montano et al., 1994). Others have argued that the LF/HF ratio
cannot be considered as an index of sympathovagal balance (e.g.,
see Eckberg, in press).

Because neither vagal nor sympathetic nerve traffic to the hu-
man heart has been measured directly, conclusions regarding the me-
diation of LF heart rate fluctuations are based on indirect evidence.
Sympathetic traffic to skeletal muscle (Saul, Rea, Eckberg, Berger,
& Cohen, 1990) and the vasculature (Guzzetti et al., 1994; Koh
et al., 1994) both fluctuate at low frequencies. In accord with the
low-pass characteristics of sympathetic cardiac synapses, LF heart
rate variability has been reported to be reduced by pharmacological
blockade of cardiac sympathetic synapses (Akselrod et al., 1981;
Murphy, Sloan, & Myers, 1991; Pomeranz et al., 1985) or stellec-
tomy (Pagani et al., 1986). Consistent with these observations, nu-
merous investigators have found that sympathetic activation and
parasympathetic withdrawal, known to occur with maneuvers such

3The use of normalized units is intended to remove differences in
overall variance across conditions. The equation for normalized units is
P,, = 100 * P/(c? — Py.g), where P,, is the power of the component in
normalized units (nu), P is the absolute power of the target LF or HF
component (in ms?), o 2 represents the total power (in ms?), and Py is the
power in the VLF component (in ms?) extending down to DC.
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as tilt, are reflected in a shift from higher to lower frequency heart
rate fluctuations. Also consistent are reports that sympathetic acti-
vation triggered by vasodilators can lead to enhanced LF variability
(Pagani et al., 1986), and another known sympathetic stimulus, myo-
cardial infarction, has been found to cause a shift from HF to LF
variability (Lombardi et al., 1987).

However, beta-adrenergic blockade may not always reduce ap-
preciably LF cardiac rhythms and can even enhance them slightly
(Cacioppo et al., 1994; Taylor, Carr, & Eckberg, 1997). Moreover,
LF power is not invariably increased by vasodilators (Koh et al.,
1994) and may be unaltered after blockade of sympathetic outflow
by high spinal anesthesia (Hopf, Skychally, Heusch, & Peters, 1995).
These findings suggest that sympathetic modulation may not be the
sole determinant of LF R—R interval power. In addition, atropine has
been consistently reported to reduce LF heart rate rhythms (Aksel-
rod et al., 1981; Cacioppo et al., 1994; Koh et al., 1994; Murphy
et al., 1991). To some extent, the relative contributions of sympa-
thetic and parasympathetic control to LF heart rate variability is a
function of posture because sympathetic tone is minimal while
supine but is generally considerably higher while standing. More-
over, sympathetic and parasympathetic systems may interact in
complex ways in the generation of LF heart rate rhythms. Because
healthy humans operate along the relatively linear portion of the ar-
terial pressure—vagal baroreflex function (Rea & Eckberg, 1987),
changes in blood pressure trigger corresponding changes in vagal—
cardiac nerve traffic. Thus, sympathetically mediated arterial pres-
sure changes may translate into vagal-cardiac nerve responses, so
that the latter may bear some quantitative relation to sympathetic
traffic. In this regard, Pomeranz et al. (1985) reported that either car-
diac parasympathetic or sympathetic blockade attenuate LF cardiac
rhythms by about 75%. This result suggests a degree of interaction
or nonlinear resonance at lower frequencies due to the combination
of vagal and sympathetic modulation. This resonance may be ex-
plained in part by the fact that initially out-of-phase sympathetic and
parasympathetic responses come into phase at around 0.1 Hz due to
the delays inherent in the sympathetic response (Saul et al., 1991).
Regardless of the specific mechanisms, it is clear that both sym-
pathetic and parasympathetic systems can contribute substantially
and in complex ways to LF cardiac rhythms.

Heart Rate Variability at Very Low Frequencies
The VLFs have been defined differently in the literature (see Foot-
note 2) but probably are characterized best as those below the
range of the heart rate and blood pressure rhythms near 0.1 Hz.
Bigger et al. (1992) defined a VLF range of 0.0033-0.04 Hz and
a ULF range of less than 0.0033 Hz, although the boundary be-
tween these frequencies was based on pragmatic rather than on
functional considerations. Others have considered the LF range to
begin at about 0.07 Hz, with all lower frequencies considered to be
VLF (Pagani et al., 1986). Additional confusion may arise from the
term Mayer wave, which has been used variably to refer to only
fluctuations at frequencies not exceeding 0.05 Hz (Madwed &
Cohen, 1991; Preiss, Iscoe, & Polosa, 1975; Preiss & Polosa,
1974) or fluctuations including the 10-s rhythm (0.1 Hz) as orig-
inally defined by Mayer (1877) in rabbits. For the purposes of this
review, VLF variability is considered as fluctuations beginning at
the 0.0033-Hz lower frequency limit as defined by Bigger et al.
(1992) and including frequencies up to 0.05 Hz, a commonly used
value for VLF oscillations in dogs (Madwed & Cohen, 1991;
Madwed, Albrecht, Mark, & Cohen, 1989).

A review of the literature reveals a broad array of potential
stimuli and conditions that may contribute to VLF rhythms. These
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stimuli and conditions include hemorrhage, aortic constriction,
acidosis, alkalosis, vasoactive agents, high altitudes, asphyxia,
and anesthesia in animals (Koepchen, 1984; Madwed, 1986;
Madwed & Cohen, 1991) and posture, congestive heart failure,
and slow variations in breathing patterns in humans (Cherniack &
Longobardo, 1973; Goldberger, Findley, Blackburn, & Mandell,
1984; Novak, Novak, Kus, & Nadeau, 1995; Pomeranz et al.,
1985; Saul, Arai, et al., 1988). In addition, nonrhythmic power in
the VLF range is common and often dominates recordings of heart
rate variability under spontaneous ambulatory conditions (Bigger
et al., 1995). The explanations for VLF rhythms have been as
diverse as the stimuli and include thermoregulatory processes (Kit-
ney, 1975, 1980), the renin-angiotensin system (Akselrod et al.,
1981; Bonaduce et al., 1994; Taylor et al., 1997), hemodynamic
feedback delays (Di Rienzo, Castiglioni, Parati, Mancia, & Pe-
dotti, 1996; Guyton & Harris, 1951; Madwed et al., 1989; Saul,
Berger, Chen, & Cohen, 1989), mechanical and central neural
effects of breathing patterns (Cherniack & Longobardo, 1973; Dykes
et al., 1986; Preiss et al., 1975; Saul, Kaplan, & Kitney, 1988; Saul
et al., 1989), a central oscillator (Preiss et al., 1975), spinal re-
flexes (Fernandez de Molina & Perl, 1965), and vascular auto-
rhythmicity (Siegel, 1983). Regardless of their mechanisms, great
interest in VLF and ULF rhythms relates to their almost ubiquitous
presence, combined with the observations that slow rhythms espe-
cially in the ULF range are excellent predictors of cardiac death af-
ter myocardial infarction, independent of associated hemodynamic
abnormalities (Bigger et al., 1992, 1996; Malik & Camm, 1990).
Their etiology in specific clinical conditions remains an important
areca of research. In view of the limited understanding of these
rhythms and their minimal applications in psychophysiological stud-
ies thus far, VLF and ULF rhythms will not be considered further.

Analytical Methods and Quantification

Historical Trends

Two related historical trends are apparent in the measurement and
quantification of heart rate variability. Early methods, mostly used
to assess fetal heart rate variability, were oriented to processing of
short-term tachograms and involved simple numerical estimates
such as the difference between the shortest and longest cardiac
cycle (Parer & Parer, 1985). Newer distribution-based methods
were developed on more solid mathematical foundations (Kleiger,
Miller, Bigger, Moss, & Multicenter Post-Infarction Research Group,
1987). These approaches treat the population of R-R intervals or
pairs of adjacent R-R intervals as if they were a set of temporally
unordered data and express variability either by conventional sta-
tistical measures or by the geometric properties of histograms or
other graphical representations (Malik, 1995).

In basic research studies, however, it became apparent that
specific patterns of heart rate variability may be related to partic-
ular physiological processes and mechanisms. Modern analytical
methods that treat the R-R interval data as a series were sub-
sequently introduced to extract periodic components from the pat-
tern of heart period fluctuations. These approaches not only afforded
more complete and sophisticated representations of the data but
also fostered further refinements of theoretical constructs. Chess,
Tam, and Calaresu (1975) and Sayers (1973) introduced spectral
analyses to the measurement of heart rate variability, and Porges
and others introduced cross-spectral analysis as a method of eval-
uating the linkage between respiration and heart rate variability in
humans (Porges et al., 1980; see also Bernardi, Rossi, & Ricordi,
1992). Porges et al. speculated that the sum of the spectral densities
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in the heart rate spectrum associated with respiration may provide
an estimate of vagal control of the heart, and Akselrod et al. (1981)
proposed that the respiratory rhythm in the heart rate spectrum was
related to vagal control, whereas two slower frequency bands were
related to an interaction between vagal and sympathetic influences.
The history of psychophysiological research also reflects these
trends. Early research focused on the use of descriptive statistics
(e.g., Lacey & Lacey, 1958; Lang et al., 1967; Porges & Raskin,
1969), but by the late 1970s there was a growing awareness of
more sophisticated methods of quantifying heart rate variability
through time-series analyses. Time-series analyses offered a more
powerful method for modeling periodic components of heart rate
that might have physiological and psychophysiological signifi-
cance. It became increasingly clear that the procedures selected to
quantify this variability are critical both for extracting physiolog-
ically meaningful information and for developing models relating
physiological activity to psychological processes and behavior.

Overview of Measures and Methods

There are two basic approaches to quantifying heart rate variability:
(a) use of global descriptive statistics to characterize the distribu-
tion of heart periods (e.g., range, standard deviation, and variance)
and (b) modeling of periodic patterns to extract specific frequency
components of variance that relate to functional processes or phys-
iological mechanisms (e.g., RSA). The global descriptive statistics
generally consider the total population of R-R intervals (or differ-
ences between adjacent intervals) as isolated or independent data
samples, whereas periodic patterns focus on the serial linkages among
the data elements. These two approaches are not convergent with
the distinction between time-domain and frequency-domain anal-
yses. Time-domain methods can be used to model periodic pro-
cesses, and any frequency-domain method can be transformed into
the time-domain method if the data are stationary (Brillinger, 1975).
Numerous summary measures of heart rate variability have been em-
ployed or proposed over the past several decades. Some of the more
commonly employed methods are summarized here.

Descriptive statistical methods. A wide variety of estimates of
heart rate variability have been employed, including conventional
measures such as the standard deviation of heart periods within a
recording epoch. Many of the common time-domain statistical
measures have been summarized in the report of the Task Force
(1996). The Task Force recommended four time-domain measures
for general use in clinical studies: two that index overall heart rate
variability, one that estimates short-term variability, and another
that estimates long-term variability. The two measures recom-
mended for overall variability estimates are: (a) the standard de-
viation of all normal heart periods (SDNN) and (b) the triangular
index (Malik, 1995; Task Force, 1996). The triangular index mea-
sures the general dispersion of R-R intervals around the modal
value, expressed as the ratio of the total number of normal R-R
intervals to the number of R-R intervals within the modal bin of
the R-R interval histogram. The recommended estimate of short-
term variability is the root mean square of the successive beat
differences and that for longer-term variability is the standard de-
viation of the mean R-R interval for each 5-min epoch of the
recording. Although these simple time-domain measures are sen-
sitive to the distribution characteristics of the data, they entail
minimal quantitative assumptions. These measures may provide
important summary statistics for long-term recordings or when
ectopic beats preclude more sophisticated analyses. They have
limited application in basic psychophysiological research, how-
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ever, where a more precise parsing of the frequency components of
heart rate variability is desired.

Peak-to-valley statistic. One commonly employed time-domain
estimate of short-term variability does serve to parse respiratory
frequency oscillations (RSA) selectively from other periodic com-
ponents. In this method, RSA is quantified as a breath-by-breath,
peak-to-valley measure of heart rate fluctuations (Katona & Jih,
1975; Hirsch & Bishop, 1981; Eckberg, 1983; Raczkowska, Eck-
berg, & Ebert, 1983). This statistic represents the difference be-
tween the longest and shortest heart period within the respiratory
cycle. The peak-to-valley method was implemented by Grossman
and Svebak (1987) and Grossman, van Beek, and Wientjes (1990)
as the mean difference between the maximum heart period associ-
ated with inspiration and the minimum heart period associated with
the expiration for each respiratory cycle in the record. Adjustments
are made for respiratory cycles during which heart period does not
covary with respiratory phase. This approach yields a simple range
statistic that achieves respiratory-frequency selectivity by direct reg-
istration of heart rate changes to the ongoing respiratory rhythm.

Spectral analyses. Spectral methods produce a decomposition
of total variation of a data series into its frequency components,
which can be expressed in the form of a spectral density function
that depicts spectral power as a function of frequency. Spectral
power for a given frequency band can then be quantified by de-
riving the area under the spectral density function within the spec-
ified frequency range. Kay and Marple (1981) provided an extensive
overview of many of the techniques available for spectral analysis
(see also Chatfield, 1989). The two most common approaches to
spectral analysis of heart rate variability are the fast Fourier trans-
form (FFT) technique (e.g., Akselrod et al., 1981; Berger, Aksel-
rod, Gordon, & Cohen, 1986) and autoregressive (AR) modeling
(Pagani et al., 1986). The main difference between the FFT and
AR approaches is the way in which the data are viewed. The FFT
analysis assumes that the time series contains only deterministic
components, whereas the AR analysis treats data as a composite of
deterministic and stochastic components. The spectrum computed
with the FFT is derived from all the data regardless of how well
they fit a model based on peaks in the spectral distribution. With
AR techniques, the time-domain data are used to identify a best-fit
model from which a number of peaks and the final spectrum are
derived. AR techniques concentrate on the more significant peaks,
attempting to exclude “noise,” whereas FFT-based techniques in-
clude all data. Thus, in its worst basic application the FFT ap-
proach could be considered a descriptive method and the AR
approach would be more consistent with a stochastic or statistical
approach. In practice, this distinction is blurred by the common
application of smoothing algorithms or windowing to stabilize
variance estimates from FFT analyses. Although there are a num-
ber of advantages and disadvantages to each of these methods,
there are also many similarities that in practice usually lead to
essentially equivalent results (e.g., see Figure 3 in Parati, Saul, Di
Rienzo, & Mancia, 1995)4

4Regardless of the spectral technique used, it is important that spectra
be computed as spectral density (y-axis in units of ms?/Hz or bpm?/Hz) so
that the spectral amplitude is not dependent on the record length and
integration of the spectral area produces variance (ms? or bpm?). A quick
check to confirm that the correct units are being used is Parseval’s theorem,
which states that integration of the entire power spectrum should be equal
to the total variance of the data, when trends are dealt with similarly for
both the frequency- and time-domain computations.
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Moving polynomial method. An additional approach that has
been employed frequently in the literature is the proprietary mov-
ing polynomial method of Porges (Porges, 1986; Porges & Bohrer,
1990). This approach is basically a time-domain method but, like
spectral techniques, allows derivation of components of heart rate
variability within specified frequency bands. Briefly, this method
first derives a heart period time series and then applies a moving
polynomial filter to remove slow trends in the data. A specified
bandpass filter is then applied to the data to remove variance
outside the target frequency band. The statistical variance of the
residual data is derived as an estimate of heart rate variability
within the target frequency band.

Additional measures of heart rate variability. Other methods to
describe heart rate variability have been employed in the literature.
The quantification of RSA can be viewed as a spectral analysis
problem associated with a bivariate time series consisting of heart
period data and an appropriate measure of respiratory activity.
Porges et al. (1980) introduced cross-spectral analysis as a method
for evaluating the coupling between respiration and heart rate vari-
ability in humans (see also Bernardi et al., 1992). Berger et al.
(1989) and Saul et al. (1991) employed transfer function analysis
to quantify respiratory influences on heart rate variability. This
approach determines the frequency-dependent transfer of respira-
tory modulations to heart rate rhythms, with the magnitude and
phase angle associated with the transfer function providing in-
sights into the dynamics of respiratory—cardiac coupling. This rep-
resents a potentially powerful research approach but requires
broadband spectral power in the respiratory signal, which is not
generally feasible in psychophysiological studies.

A recent approach to the study of heart rate variability consid-
ers the beat of the heart to reflect the operations of nonlinear
dynamic systems. The Poincaré plot is a graphical approach that
plots the value of a given heart period (on the abscissa) against the
subsequent heart period (on the ordinate), with the overall shape of
the distribution then used to characterize the dynamics of the sys-
tem. Unfortunately, the standard construction of a Poincaré plot
does not reflect the number of samples at each point of the graph,
so that virtually identical plots could be constructed from R-R
interval sequences having remarkably different patterns of vari-
ability. Consequently, the visual judgment of the shape of a Poincaré
plot can be misleading (Hnatkova, Copie, Staunton, & Malik, 1995).
The Poincaré plot, however, is only a limited tool of the broader
approach derived from chaos theory, which treats data as reflecting
the operations of a deterministic system. In these approaches, R-R
intervals are assumed to be related through a complex nonlinear
relationship. Although chaos theory and estimation of the associ-
ated fractal dimension has been explored in the literature (Glass &
Mackey, 1988; Goldberger, 1992; Peng et al., 1995), implications
of the work for understanding the mechanisms of heart rate vari-
ability and autonomic control have yet to be fully clarified (e.g.,
Kanters, Holstein-Rathlou, & Agner, 1994; Kanters, Hojgaard, Ag-
ner, & Holstein-Rathlou, 1996). This remains a promising ap-
proach, but its ultimate utility in understanding cardiac control and
heart rate variability will depend on further development.

Guidelines, Recommendations, and Caveats

The following discussion highlights important issues and consid-
erations in the analysis and interpretation of heart rate variability
and offers suggestions and recommendations intended to promote
standardization and comparability across studies and disciplines.
These suggestions and recommendations should be viewed as gen-
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eral guidelines to foster research in a complex area rather than as
rigid rules that might impede novel research efforts or method-
ological developments. The discussion is not a comprehensive con-
sideration of methodological issues in this area but focuses on
selected issues and particular problem areas of relevance to psy-
chophysiological research. Additional discussion of methodology
can be found in Brockwell and Davis (1991), Chatfield (1989),
Grossman (1992b), Kay and Marple (1981), Mulder (1992), and
Porges and Byme (1992).
¢

Signal Acquisition and Preliminary Processing

Meaningful analysis of heart rate variability is dependent on the
integrity of the basic cardiac signal input, generally in the form of
the electrocardiogram (ECG). Details of recording equipment and
procedures are discussed elsewhere (Jennings et al., 1981; Pip-
berger et al., 1975; Sheffield et al., 1985). With modern methods,
the ECG signal is generally digitized by computer, and a series of
R-R intervals is then derived either on- or off-line. Although it
may not always be feasible, the raw ECG record ideally would be
preserved to permit evaluation of the integrity of the recorded
signal, to identify abnormal beats and for artifact editing.

An important consideration arises as to the accuracy of R-wave
timing because this timing defines the basic resolution of sub-
sequent analyses. The digitization rate sets a limit on this resolu-
tion because it defines the minimal amplitude of an oscillation (in
milliseconds) that can be detected. Because experimental effects
for some subjects or conditions may represent only small varia-
tions in the amplitude of cardiac rhythms, an optimal and generally
applicable digitization rate would be 500-1000 Hz (Merri, Arden,
Motley, & Titlebaum, 1990; Riniolo & Porges, 1997). This rate
would provide a basic resolution of 1-2 ms, which may be nec-
essary to resolve very-low-amplitude heart period fluctuations as
seen, for example, in premature infants, rats, or denervated hearts
of transplant patients (e.g., see Riniolo & Porges, 1997). Quanti-
tative examinations of this issue by Merri et al. (1990) and Riniolo
and Porges (1997), however, indicate that a resolution of 4 ms
(250-Hz digitization rate) may be adequate for typical levels of
RSA in normal human adults. This is the lowest sampling rate that
can be recommended for most psychophysiological studies. Al-
though the 128-Hz digitization rate provided by some versions of
the Holter monitor is not optimal, it may be useable for some
studies with large-amplitude rhythms in normal adults (Riniolo &
Porges, 1997). In view of the inherent error in R-waving timing,
some type of template matching or interpolation algorithm should
be used, especially with digitization rates below 250 Hz, to im-
prove the temporal accuracy of R-wave peak identification (Bar-
toli, Baselli & Cerutti, 1982; Friesen et al., 1990). Digitization
rates below 100 Hz are not acceptable because they provide in-
sufficient sampling of the QRS complex.

In addition to the basic limits of resolution afforded by the
digitization rate, errors in R-wave timing can be introduced by
noise in the ECG signal. Noise can lead to the spurious identifi-
cation of the R-wave due to variations in peak amplitude, or may
result in the voltage of an off-peak sample being higher than one
at the peak of the R-wave. Consequently, simple maxima-based
peak-finding algorithms applied to raw digitized records are not
optimal. There are many approaches to this problem, ranging from
simple smoothing or filtering of the digitized data to more sophis-
ticated algorithms that use the derivative or template matching to
improve the accuracy of R-wave timing (Friesen et al., 1990). One
commonly employed approach entails a parabolic interpolation of
the sample points around the R-wave (Bartoli et al., 1982; Merri
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et al., 1990). Parabolic interpolation reduces the effects of extra-
neous noise on R-wave timing and appropriately interpolates be-
tween adjacent sample points. This or other appropriate method is
highly recommended in deriving R-R intervals, especially from
recordings acquired at lower sample rates. Such approaches can
reduce, but do not completely eliminate, the effects of noise on
R-R interval timing. Consequently, it is always important to min-
imize noise by rigorous recording methods.

In some cases, R-R intervals may be derived from analog
systems (such as Schmitt triggers, window discriminators, or slope
detectors) rather than from digitized records. In this case, digiti-
zation rate is not a factor, but noise and other errors of R-wave
timing can similarly limit the accuracy of R-R interval estimation.
A variety of other sources of error may also be inherent in record-
ing systems. If the ECG is recorded on FM tape for off-line pro-
cessing, for example, the basic fidelity of the recording system and
errors introduced by stretch of the magnetic media will limit res-
olution further. Regardless of the nature of the hardware, it is
highly recommended that the accuracy of any recording system be
evaluated on a regular basis by the use of simulated calibration
signals with known characteristics (for guidelines, see Task Force,
1996).

A heart period series could also be derived from biological
signals other than the ECG, such as photoplethysmographic records
or continuous blood pressure recordings. Accurate fiducial point
identification can be especially problematic with these signals be-
cause they often lack sharp peaks. When these signals are derived
from distal sources, such as the arm or finger, the timing of pres-
sure or photo-optical signals and the precise shape of the wave-
form may be influenced by factors such as stroke volume and
vascular tone. A template-matching approach to peak identification
is particularly important with such signals (Daffonchio et al., 1995).
Although the ECG signal is greatly preferred for research pur-
poses, direct comparison between ECG and blood pressure pulse
intervals derived from a femoral artery catheter in the rat has
revealed virtually identical R-R interval means and standard de-
viations (Daffonchio et al., 1995). Similarly, spectral analyses based
on the ECG and pulse intervals derived from the radial artery in
humans were also comparable, although some modest deviations
were apparent (Parati et al., 1990). Given available information,
the use of intra-arterial pressure pulses and a sophisticated peak
detection algorithm may be acceptable, at least for moderate to
high levels of heart rate variability. More indirect measures, such
as photoplethysmographic signals or Finapres-type measures, re-
quire further validation.

The use of analog cardiotachometers to derive an R-R interval
series is not recommended. These devices provide on-line trans-
formation of R-R intervals into DC output levels and have been
used to monitor heart rate in psychophysiological studies. The R-R
interval to DC level transformations must ultimately be retrans-
formed into the R-R interval series required for heart rate vari-
ability analyses. Each of these transform steps is associated with
both random errors and nonlinearities, which add to the overall
error variance and may mask experimental effects. This approach
may be adequate for measures of basal chronotropic state and
reactive response but is generally not appropriate for studies of
heart rate variability. Although modern digital cardiotachometers
are far more accurate and linear than older devices, all suffer from
a second major disadvantage. The DC output of a cardiotachom-
eter at any time is related to the prior heart period, but the duration
of that output is a function of the current beat (de Boer et al., 1985;
Thorne, Engel, & Holmblad, 1976). This inherent dissociation be-
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tween the R-R interval and real time adds considerable complexity
in maintaining temporal registration of the R-R series with other
events or signals. Although an adequately calibrated cardiotachom-
eter with appropriate resolution may be usable for analysis of heart
rate variability, it is generally easier and more accurate simply to
time the R-wave-detector output that is typically provided by these
devices. 5

Artifact processing. With the possible exception of anesthetized
or immobilized subjects, artifacts from a variety of sources are likely
to contaminate the ECG signal. Adequate resolution of these arti-
facts is important because they can substantially bias results (Bernt-
son & Stowell, in press; Malik et al., 1993; Ramanathan & Myers,
1995; Xia, Odemuyiwa, Gill, Malik, & Camm, 1993). Unfortu-
nately, artifact-laden epochs within an R—R series cannot simply be
deleted because this would disturb the continuity of the series that
is necessary for analysis of rhythmical variations. Artifacts (either
missed R-waves or spurious detections) produce large deviations in
estimated R-R intervals that usually can be identified visually in
graphical displays of the R-R interval series. This method is te-
dious, especially with large numbers of participants or long-term re-
cordings and requires subjective judgments that may be difficult in
records with a high basal level of variability. Therefore, it is gen-
erally preferable to use a distribution-based artifact-detection algo-
rithm with known performance characteristics (e.g., Cheung, 1981;
Bemtson, Quigley, Jang, & Boysen, 1990; Linden & Estrin, 1988).
A combination of both automated and visual approaches is optimal
because automatically detected outliers need to be classified as ar-
tifacts or abnormal beats and handled accordingly.

For artifacts arising from a spurious R-wave detection, no in-
formation is lost in the R-R series, and the actual heart period can
be restored precisely by simply summing the two (or more) spu-
riously short periods that constitute the actual heart period. Review
of the ECG record may be useful in this process and is valuable for
differentiating an artifact from an ectopic or abnormal sinus beat.
Because an abnormal beat may reset or otherwise alter the ongoing
cardiac rhythm, it may not be possible for the R-R series to be
simply “corrected.” The issue of abnormal beats will be considered
below.

In contrast to spurious R-wave detections, information is lost if
an R-wave goes undetected. In such cases, the location of the
missed beat within the spuriously long R-R interval is unknown
and cannot be derived precisely from the R-R interval series.
There are several approaches to the resolution of missed beats. In
order of preference, these are (a) measuring the actual R-R inter-
vals, if identifiable, from the ECG record; (b) interpolating the
missing R-waves from surrounding beats; and (c) splitting the
spuriously long beat into two (or more) equivalent R-R intervals.
None of these approaches would bias estimates of the overall mean
of the heart period series, although they may have some effect on
the variance. As long as the incidence of missed R-waves is small,
such approaches would be expected to introduce minimal distor-
tion in estimates of heart rate variability, although validation stud-
ies are needed to formulate specific guidelines. Far more serious
are biases associated with unresolved artifacts because a single
missed R-wave within a 2-min recording epoch can increase esti-
mates of heart rate variability severalfold (Berntson & Stowell, in
press).

An alternative approach to resolving artifacts is to correct the
time series rather than the R-R series by interpolation (Saul, Arai
et al., 1988). In this approach, deviations from the typical (crite-
rion) statistics of the time series are identified as undesirable for
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spectral analysis because of the gross broadening of spectral power
they produce. The LF information is preserved without adding
spurious power but at the cost of some reduction in HF information
(Albrecht, Cohen, & Mark, 1988). This method treats abnormal
beats as artifacts, however, and may not be appropriate for indi-
viduals with low-amplitude variability, where small deviations can
account for a large percentage of the variance. However, this ap-
proach would be expected to produce minimal distortion in normal
individuals with few abnormal beats.

Abnormal beats. Artifact detection and processing of abnormal
beats are more problematic in individuals with cardiac arrhyth-
mias. The value of heart rate variability in psychophysiological
studies is related to the fact that the sinus rhythm is under pre-
dominant autonomic control, and periodicities in this control may
offer insights into physiological mechanisms and psychophysio-
logical relationships. Cardiac arrhythmias, however, may arise from
abnormalities in the sinus rhythm generator or may reflect ectopic
sources that can override, bypass, or even reset the normal sinus
rhythm. Although these arrhythmias may be modulated by auto-
nomic outflow, the relationships between autonomic control and
the occurrence and timing of arrhythmic beats have not been well
characterized. Moreover, abnormal rhythms can distort the distri-
bution characteristics of the R-R intervals and seriously violate the
assumptions underlying many analytical methods. Consequently, it
may be difficult to interpret heart rate variability in the presence of
abnormal rhythms. Although the pattern of heart rate variability
may be useful to characterize the nature of the arrhythmia or to
predict clinical outcomes, arrhythmias can compromise inferences
concerning autonomic control. Moreover, the frequency of abnor-
mal beats may be altered by experimental manipulations such as
stress, thus confounding experimental comparisons.

If interest is in the normal rhythm of the heart, interpolation
could be used to replace occasional abnormal beats or to correct
the time series (Saul, Arai et al., 1988). Alternatively, analyses
could be limited to data segments that are free of anomalies, but
that can lead to selection bias, and the problem would be exag-
gerated with increasing numbers of abnormal beats. This problem
should be acknowledged explicitly, and some indication of the
extent of data selection should be given. Application of both of
these approaches may be desirable, if abnormal beats are more
frequent, because concordance between results from segments of
normal R-R intervals and from interpolated data would raise con-
fidence in the outcome. In any event, the specific procedures should
be clearly described, and their potential contributions to the results
discussed. For recordings with a high rate of abnormal beats, anal-
yses probably should be limited to time domain statistics (see
Selection of Appropriate Analytical Methods).

Heart period versus heart rate. Both heart rate and heart period
have been employed as basic metrics in studies of cardiac rhythms.
Heart period is more typically employed and is generally preferred,
especially when the interest is in indexing parasympathetic control
(Eckberg & Sleight, 1992; Faes, De Neeling, Kingma, TenVoorde,
& Karemaker, 1995). Heart rate is a nonlinear transformation of
the basic R-R interval measure and transforms require an explicit
rationale. A consistent finding in the literature is that the function
relating the frequency of vagal activation to heart rate is hyper-
bolic, whereas that for heart period is relatively linear, at least over
typical operating ranges (Dexter, Levy, & Rudy, 1989; Parker
et al., 1984; Rosenblueth & Simeone, 1934; for reviews, see
Berntson et al., 1995; Eckberg & Sleight, 1992). The approximate
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linearity with heart period confers a considerable advantage on this
metric because the derived amplitude of RSA or other para-
sympathetic-based rhythms should be independent of basal chro-
notropic state—a relationship that does not hold for heart rate.> The
issue is somewhat more complex for sympathetic contributions to
lower frequency rhythms because functions relating the frequency
of sympathetic neural activity are nonlinear for both heart rate and
heart period. Over much of its operating range, however, the sym-
pathetic function also is reasonably linear when expressed in heart
period (see Berntson et al., 1995; Eckberg & Sleight, 1992). More-
over, the dynamic range of parasympathetic control is considerably
greater than that of the sympathetic branch, and variations in basal
vagal control also can introduce baseline dependencies in sympa-
thetic estimates when the chronotropic state is expressed in heart
rate (Berntson et al., 1995). This baseline dependency can appear
as an interaction between sympathetic and vagal controls of the
heart (see Quigley & Berntson, 1996) and can complicate inter-
pretation of heart rate variability.

Although heart period has advantages for analysis of cardiac
rhythms, heart rate has often been employed, and analyses based
on heart period and heart rate may produce generally similar pat-
terns of results (for exceptions, see Faes et al., 1995; Janssen,
Swenne, de Bie, Rompelman, & van Bemmel, 1993). To maintain
comparability with previous studies or for other pragmatic reasons,
heart rate also may be useable. To avoid loss of HF resolution,
heart rate should be derived on a beat-by-beat basis and a time
series should be derived.

These considerations raise an issue as to the appropriate use of
the phrases heart rate variability and heart period variability.
Heart rate variability has been used as a general descriptor in the
literature for measures derived from either heart rate or heart pe-
riod data. By this convention, heart rate variability may be used
regardless of the specific metric by which the data are expressed.
It is recommended, however, that heart period variability be used
as a descriptor only when the analyses are based on R-R interval
data.

Derivation of a data series. Successive R-R intervals entail a
series of data points spaced unevenly in time, whereas time-series
analyses assume the data are sampled at equal time intervals. Spec-
tral analysis of R-R series (or beat-by-beat heart rate series) can be
analyzed by spectral methods because the data points are equidis-
tantly spaced in the beat series (de Boer, Karemaker, & Strackee,
1985; Rompelman, Snijders, & van Spronsen, 1982). The direct
submission of an R-R series to spectral analyses is not optimal for
most purposes, however, because the abscissa of the spectral plot
is expressed in units of cycles/beat rather than of cycles/second. A
problem with this approach is that beats vary in duration, and the
results may not be related easily to events or processes (such as
respiration) in the time domain (Berger et al., 1986; de Boer et al.,
1985). The dimension of cycles/beat can be translated roughly to

SDifferent versions of the integral pulse frequency modulation (IPFM)
model have been suggested to be more compatible with either heart rate or
heart period as the preferred metric (e.g., see Berger, Akselrod, Gordon, &
Cohen, 1986; de Boer, Karemaker, & Strackee, 1984; Janssen et al., 1993;
Rompelman, Coenen, & Kitney, 1977). The IPFM model, however, does
not consider all determinants of chronotropic state and remains limited
(e.g., see Janssen et al., 1993). Recent studies have clarified considerably
the cellular dynamics of synaptic processes at the sinoatrial node. The
model of Dexter, Levy, and Rudy (1989), based on these studies, is in
accord with the uniform finding of a linearity between vagal frequency and
heart period (for review, see Berntson, Cacioppo, & Quigley, 1995).
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the time dimension by multiplying by the mean heart period, and
as long as heart periods do not vary appreciably, time series and
R-R series produce generally comparable results (Baselli et al.,
1987). The translation is not precise and becomes less accurate as
heart period varies (Berger et al., 1986) because beats differ in
duration, and for analyses of R-R series, beats are not appropri-
ately weighted by the time they occupy.® A related problem is that
analyses of a fixed number of beats across experimental conditions
would be based on differing time epochs if basal heart periods
differed, which is potentially problematic because heart period
variability tends to increase over time. This problem is exacerbated
by laboratory stressors or other manipulations that may lead to
sizeable differences in basal heart periods across experimental groups
or conditions. In view of these considerations, the use of equal
interval time-based data is preferred for spectral analyses unless
the interpretation does not entail relations to the time domain or
adequate justification is provided for the use of an R-R series.

A variety of methods have been used to derive a time series (de
Boer, Karemaker, & Strackee, 1984; de Boer et al., 1985; Janssen
et al., 1993; van Steenis, Tulen, & Mulder, 1994). One approach is
to sample, at fixed time intervals, the value of the current heart
period at each sample point. This approach assigns an identical
value to data points falling within a given beat and results in sharp
transitions for samples that fall just before and just after the oc-
currence of an R-wave, which can lead to spurious noise in
frequency-domain analyses. Consequently, it is preferable to use a
sampling approach in which the value at a given point represents
a weighted average of the beats that fall within the sample interval
(e.g., see Berger et al., 1986; Berntson et al., 1995).

An important consideration in generating a time series is the
selection of the optimal sample interval. By definition, an R-R
interval represents a single sample per beat and has a maximum
frequency content of half the sampling frequency, or 0.5 cycles/
beat. For an average heart rate of 60 bpm (1 Hz), the maximum
frequency content is 0.5 Hz. To avoid aliasing, the required sam-
pling rate must be at least twice the lowest resolvable frequency
(i.e., 1 Hz), and a sampling rate of 4 times the target frequency is
more appropriate. For 0.5-Hz information, therefore, a sampling
frequency of at least 2.0 Hz (500-ms sample interval) should be
used. For children or other individuals with high heart rates, 4.0 Hz
may be more prudent. Oversampling is inefficient, and although it
may create the illusion of greater temporal resolution, it does not
enhance the basic resolution afforded by the timing of the actual
heart periods and the duration of the recording. For humans, a
sample rate of 4 Hz would be applicable generally and would be
sufficient to capture HF rhythms even at the high respiratory rates
of infants and of adults during exercise.

%Graham (1978) offered an example of a 60-mile trip between two
points (A and B) at 60 mph and a return trip at 30 mph. Graham posed the
question of the average speed over the combined trips. The answer of 45
mph may seem intuitive, but it is incorrect. Although 45 mph represents the
arithmetic mean of the speed across the two trips (i.e., speed/trip), the trips
differ in duration and are not appropriately scaled by time. Because the
outbound trip takes 1 hr and the return trip 2 hr, the average speed over both
trips is 40 mph (1 hr at 60 mph, and 2 hr at 30 mph = [60 + 30 + 30]/3 =
40). Because the 45-mph estimate does not appropriately weight the two
trips for their duration, it is a biased estimate of the average speed. If the
speed were estimated to be 45 mph, for example, and the overall outbound
and return trips took 3 hr, the estimated distance traveled would be 135
miles (45 mph X 3 hr), and the estimated distance between points A and B
would be 67.5 miles. In fact, the distance between A and B is only 60 miles,
and the overall trip is 120 miles.
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The Issue of Stationarity

Spectral analysis inherently assumes that the data series is at
least weakly stationary. Strict stationarity requires that the dis-
tributional characteristics of a series (including all moments) be
invariant over time, whereas weak stationarity requires only
that the first and second moments (mean and covariance) are
stable across time. Stationarity is an important consideration be-
cause the presence of slow or irregular trends in the series can
potentially distort analyses and lead to misinterpretations. This
concern is not limited to frequency-domain analyses. Any esti-
mates that attempt to extract and characterize specific periodic-
ities over time may be distorted by slow linear or complex trends
(Weber, Molenaar, & van der Molen, 1992a). This is a difficult
issue because violations of stationarity in actual heart period
data may be quite common (Grossman, 1992a, 1992b; Porges &
Bohrer, 1990; Weber et al., 1992a).

The initial approach to this problem should always be to min-
imize nonstationarities by maintaining testing and subject condi-
tions as stable as possible throughout the recording period. Moreover,
because the probability of nonstationarities increases with the length
of the sample epoch, it is generally advisable to avoid test epochs
much beyond those necessary to extract the periodicities of inter-
est. The ultimate goal is to avoid changes in context or subject state
0 as to minimize associated time-varying changes in the pattern of
autonomic modulation of the heart, which is the dimension to be
indexed by heart rate variability measures. In this regard, repetitive
or time-varying experimental stimuli or events (e.g., task re-
sponses) may evoke phasic heart rate changes that could confound
measures of heart rate variability. This is especially problematic if
the event repetition rate falls within the frequency band of the
cardiac rhythm of interest. Consequently, if a paradigm entails
repeated experimental events, the repetition rate should be well
outside the frequency band of interest for heart rate variability
measures. Even so, caution needs to be exercised because stimulus-
or response-driven cardiac reactions are rarely sinusoidal and may
introduce broadband spectral noise or harmonics that lie well out-
side the basic event repetition rate. Irregularly presented stimuli
could be used to minimize the rhythmical driving of heart rate but
would not eliminate the problem of broadband noise and harmonic
leakage and may lead to violations of stationarity. Consequently,
transient experimental stimuli or events that evoke sizeable phasic
heart rate responses probably should be avoided during recordings
from which estimates of heart rate variability are to be derived
unless specific methods are implemented to evaluate the potential
impact on estimates of heart rate variability. Even stimuli that do
not evoke sizeable cardiac responses should be employed only as
necessary and then presented on an irregular basis or at a repetition
rate that does not overlap the frequency bands employed for heart
rate variability measures.

Despite reasonable precautions, nonstationarities may emerge
in heart period data. Weber and colleagues suggested that local
epochs of heart period data should be explicitly tested for nonsta-
tionarities and that only stationary segments should be selected
for analysis (Weber et al., 1992a; Weber, Molenaar, & van der
Molen, 1992b). A concern with this approach is that the preva-
lence of nonstationary segments may result in highly selected
samples, which may not be representative of the data as a whole
(Grossman, 1992a, 1992b). Other methods seek to remove slow
nonstationary trends prior to analysis, based on linear or poly-
nomial models (e.g., Litvack, Oberlander, Corney, & Saul, 1995;
Porges & Bohrer, 1990). The application of bandpass filters to
isolate the periodicities of interest may minimize the effects of
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nonstationarities further (e.g., Litvack et al., 1995; Porges, 1986;
Porges & Bohrer, 1990).

These approaches can improve the accuracy of estimate of a
constant periodicity that is superimposed on slower trends in the
data. Biological rhythms (such as RSA), however, often vary over
time. This variation would violate assumptions of stationarity, not
because the target thythms are superimposed on lower frequency
trends (i.e., changing mean levels) but because of inherent changes
over time in the amplitude of variability (i.e., changing variance).
In other words, the target signal itself might be nonstationary (We-
ber et al., 1992a). Because it may be an inherent dynamic feature
of the signal, this nonstationarity cannot simply be removed
or extracted. Indeed, alterations in RSA over time may be of pri-
mary interest in some psychophysiological studies. One approach
to this problem is to analyze multiple short epochs within which
stationarity is satisfied and to examine the dynamics of the signal
by comparing results over time (e.g., Barbieri et al., 1996; Porges,
1986; Porges & Bohrer, 1990). In addition, Kitney and Darvish
(1995) described several methods that are explicitly designed to
characterize nonstationary signals and their dynamic changes, in-
cluding modified Wigner distributions, moving periodograms, wave-
let transforms, and short-term FFTs. Although these methods have
not been widely employed in the literature on heart rate variability,
they clearly warrant further consideration.

In summary, nonstationarities in heart period data may be com-
mon and can bias estimates of heart rate variability. Of special
concern are experimental comparisons in which nonstationarities
are more prevalent in one condition than in another because this
difference would confound the results. Under many circum-
stances, however, moderate violations of stationarity may not se-
riously affect RSA measures (Grossman, 1992a, 1992b). Clearly,
more research is necessary to clarify the consequences of viola-
tions of stationarity and the determinants of the magnitude of
resulting biases. In the meantime, the issue of stationarity cannot
be ignored. Prudent steps could include (a) minimizing nonstation-
arities in data, (b) removing slow trends by filtering procedures, (c)
avoiding excessively long analytical epochs, (d) testing for the
presence of nonstationarities (Weber et al., 1992a, 1992b).7 (e)
omitting highly nonstationarity segments in the data, and/or (f)
applying analytical techniques explicitly designed to evaluate non-
stationary signals

Selection of Appropriate Analytical Epochs

Standardization of recording lengths is important for compar-
isons among studies and is essential for within-study experimental
contrasts. Heart rate variability tends to increase with the length of
the analyzed record (Saul, Albrecht, Berger, & Cohen, 1988), so
total variance (and to some extent that of its spectral components)
is not a well-defined measure in the absence of information on the
duration of the recording. The duration of the ECG recording
should not be prolonged artificially because this increases the like-
lihood that assumptions of stationarity will be violated. However,
biological rhythms are generally variable from cycle to cycle, and
recordings should be sufficiently long to sample across these short-
term variations. A recording duration of at least 10 times the wave-
length of the lower frequency bound of the investigated component

"Brockwell and Davis (1991) described methods for testing stationar-
ity. Tests are also available in some statistical packages, such as SAS and
S-Plus. The method of Weber, Molenaar, and van der Molen (1992a) is
tailored to heart rate data and is available gratis from M. W. van der Molen.
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has been recommended (Task Force, 1996). Based on this guide-
line, a recording of approximately 1 min is needed to assess the HF
component of heart rate variability, and approximately 2 min are
needed to address the LF component. For clinical studies of HF
and LF variability, standard recording periods of 5 min of a sta-
tionary system have been recommended (Task Force, 1996).

In many psychophysiological studies, it may not be possible to
maintain a stable psychological or cognitive state over a 5-min
period. In the interest of developing flexible standards that are
broadly applicable among disciplines and over baseline and chal-
lenge conditions, the following guidelines are offered as an expan-
sion of the Task Force (1996) recommendations. In accord with the
basic Task Force guideline of at least 10 cycles of the target rhythm,
standard recording periods of 1 min are recommended for HF
variability and 2 min for LF (or LF and HF) variability.® When
replicate samples are desired, they could be obtained over succes-
sive minutes or over discrete trials séparated in time. In either case,
analyses of multiple, short recording epochs (1-2 min) would min-
imize the likelihood of nonstationarities and permit evaluation of
trial-to-trial variance and potential systematic changes over trials.
In the absence of systematic change, the aggregate results of this
approach should be comparable to analyses over longer (e.g.,
5 min) epochs.

The criterion of approximately 10 cycles per analytical epoch
also represents a reasonable standard for lower frequency rhythms.
Based on this criterion, measurement of the lowest VLF frequen-
cies (0.0033 Hz) would require about 50 min of recording. Be-
cause nonstationarity of the data becomes more likely and spectral
components of heart rate variability become less well defined over
time, analysis of ambulatory data and other long-term recordings is
particularly problematic. One approach is to analyze 1- or 2-min
segments at strategic points in the data set. An alternative is to limit
analyses to time-domain descriptive statistics.

Selection of Analytical Method

Simple descriptive statistics provide only global estimates of
heart rate variability or achieve at best crude frequency differen-
tiation. Although these methods may have utility in clinical stud-
ies, they have minimal application in psychophysiological research,
where a more precise parsing of frequency components is desired.
There are a number of methods available to extract specific peri-
odic components of heart rate variability. Each of these approaches
has advantages and disadvantages, and no general consensus has
emerged as to a single optimal approach. This discussion is limited
to several of the more commonly employed methods.

Of the spectral methods, the FFT and AR modeling are most
frequently employed. The spectrum computed with the FFT rep-
resents all the data in the analyzed series. In contrast, AR methods
employ a model-fitting approach, from which a number of more
significant peaks and the final spectrum are derived. When there is
no a priori reason to believe that the data are generated from a
system that produces fixed-rate oscillations or the oscillatory fre-
quency is expected to vary with time, the FFT approach may be
optimal. Alternatively, when a rhythm is expected at a discrete
frequency, such as 0.1 Hz, or when the number of data points is
low, the frequency resolution provided by an AR technique may be

8These periods could be extended to 64 s and 128 s, respectively, for
FFT analyses that require 2" data points. It is possible to analyze even
shorter periods and aggregate results over multiple analyses. In keeping
with the present recommendation, however, the aggregate estimate should
be composed of at least 10 cycles.



Heart rate variability

preferred. It is important to recognize, however, that AR results for
a particular frequency band may differ dramatically, depending on
the choice of the order for the AR model (Kashyap, 1980). This is
an important issue because the specific implementation of an AR
technique is likely to influence the results. Therefore, methodolog-
ical consistency is important for comparisons among different stud-
ies, conditions, and individuals.

Practical considerations also may influence the selection of
methods. The FFT requires 2" data points, for example, which sets
constraints on the duration and sampling rate of the recording to be
analyzed. The moving polynomial method requires data points
before and after the analytical epoch to “prime” the polynomial
filter, and the peak-to-valley statistic is limited to RSA. These and
other pragmatic issues may be important considerations in the
selection of an appropriate analytical method.

Methods that extract periodic components of variance over time
require that the data be at least weakly stationary and may produce
biased results if this assumption is not met (Weber et al., 1992a).
When the data satisfy stationarity assumptions and variance com-
ponents are regular and sinusoidal, each of these approaches can
yield essentially equivalent results. Moreover, the total spectral
power derived by FFT and the sum of the band variances derived
by the moving polynomial method will equal the total statistical
variance of the data sample (minus the variance that is removed by
trend removal and filtering). This result is also true of the AR
approach if a sufficiently high-order model is employed. Although
there are fundamental differences in the conceptual strategies un-
derlying these quantitative modeling approaches, each can provide
viable estimates of periodic components of heart rate variability
when the data are reasonably stationary and the target rhythms are
of moderate to high amplitude.

When applied to actual heart period data, however, some dif-
ferences among the results of these alternative approaches may
emerge. These differences are due in part to the fact that heart rate
rhythms are rarely sinusoidal and often nonstationary (Weber et al.,
1992a). Detrending methods can effectively remove some slow non-
stationarity trends prior to analysis. Trend removal is inherent in the
moving polynomial method, but it also has been employed prior to
spectral analysis, although a simple linear model has typically has
been used in this case (e.g., Litvack et al., 1995). In fact, removal
of more complex trends (quadratic, cubic, adaptive filtering, mov-
ing polynomial filter) could be employed prior to any analysis. This

" approach warrants further study and development because the se-
lection of an optimal filter model may increase the accuracy of heart
rate variability estimates and diminish differences among the meth-
ods. Other differences can arise from the manner in which the re-
sults are expressed. Because the distributional characteristics of heart
rate variability estimates may not meet the assumptions of para-
metric analyses, a natural log transformation of variance estimates
has been suggested and is incorporated into the moving polynomial
method (Porges & Bohrer, 1990; Riniolo & Porges, 1997).

When applied under comparable conditions (trend removal, band-
pass filtering, natural log transformations, and aggregation across
short analytical epochs), virtually identical estimates of RSA were
obtained with FFT analyses and the moving polynomial method for
both actual and simulated data (Litvack et al., 1995). Moreover, sim-
ilar results have been reported with the moving polynomial method,
FFT analysis, and the peak-to-valley statistic (Fahrenberg & Foe-
rster, 1991; Grossman et al., 1990). A remaining issue is how well
different methods fare under unfavorable conditions, such as when
the amplitude of variability is very low or the data are nonstation-
ary. This is an area that clearly warrants additional study.
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In summary, there are substantial differences in the various
methods used for deriving estimates of heart rate variability and in
the assumptions and requirements of these methods. The relative
advantages and limitations of alternative methods and comparisons
between approaches have been considered (e.g., Byrne & Porges,
1993; Fahrenberg & Foerster, 1991; Grossman et al., 1990; Litvack
et al., 1995; Parati et al., 1995; Porges & Bohrer, 1990; van Steenis
et al., 1994). No consensus has emerged, however, on a single
optimal approach.

Deriving Inferences From Heart Rate Variability

Gold Standards and Criterion Measures

Current scientific interest in heart rate variability emphasizes the
potential relation of variance components to functional dimensions
that presently cannot be measured directly. Given the broad claims
concerning what heart rate variability measures represent, it is
essential to identify reference criteria against which these mea-
sures may be validated. The relevant functional dimension may
vary from discipline to discipline. In clinical cardiology, reference
criteria have included cardiovascular morbidity and mortality (Big-
ger, Rolnitzky, Steinman, & Fleiss, 1994) and risk stratification for
sudden cardiac death (Odemuyiwa et al., 1991). In cognitive psy-
chophysiology, heart rate variability measures have been proposed
as markers of mental effort, workload, and attentional develop-
ment (Mulder, 1985, 1992; Richards & Casey, 1991; Weber, van
der Molen, & Molenaar, 1994). In anesthesiology, attempts have
been made to use heart rate variability as an index of depth of
anesthesia (Baumert, Frey, & Adt, 1995). Whatever the focus of
the study, however, putative autonomic mechanisms are generally
invoked as mediators of these relationships (Binkley et al., 1995;
Deutschman, Harris, & Fleisher, 1994; Mulder & Mulder, 1981).
Consequently, false inferences about autonomic mediation, based
on inadequate evaluation of validity, can hamper a valuable line of
research. In fact, the pattern of autonomic control is often the
primary interest in many psychophysiological studies of heart rate
variability. It is at this most fundamental level that heart rate vari-
ability measures must be validated.

Unfortunately, the most direct measures of activity in cardiac
autonomic nerves have limited applicability and are associated
with methodological and interpretive problems of their own. The
effects of anesthesia, invasiveness of the procedures, and limited
applicability to broader functional and behavioral contexts se-
verely restrict the utility of this direct approach. Although techni-
cally difficult, recording of cardiac autonomic nerve activity may
be possible in unanesthetized animals but is not feasible currently
in humans.

Despite the difficulty of obtaining direct measures of cardiac
nerve traffic, some confirmatory approaches are available and are
applicable to humans. Perhaps the most widely applied method is
the use of selective pharmacological blockade of the vagal and
sympathetic innervations of the heart. The change in the functional
state or response of an organ after selective blockade of an auto-
nomic branch, for example, provides an index of the contribution
of that branch to the autonomic control of the organ. The change
in mean heart period after vagal blockade with atropine has been
used often as a criterion index of basal vagal control of the heart.
Moreover, the remaining cardiac control after vagal blockade as
opposed to combined sympathetic and vagal blockade can serve as
an index of residual sympathetic control. The blockade approach
has been most useful in elucidating the autonomic origins of var-
ious frequency components of heart rate variability (Akselrod



636

et al., 1985; Cacioppo et al., 1994; Grossman & Kollai, 1993;
Katona & Jih, 1975; Koh et al., 1994; Pagani et al., 1986; Pomer-
anz et al., 1985; Saul et al., 1991) and produces results that are in
accord with other measures of sympathetic and parasympathetic
control. Pharmacological studies are subject to a wide range of
potential biases associated with incomplete blockades, nonspecific
or remote receptor actions of the pharmacological agents, and
reflexive or other indirect changes in the response system being
measured. These complications can be minimized by the judicious
selection of drugs and doses and by the use of quantitative methods
that permit the assessment of the validity of blockade analyses
{(Berntson, Cacioppo, & Quigley, 1994).

Another approach that may be useful is the direct microneuro-
graphic measurement of activity in sympathetic nerves of the skin
and muscle in human participants (e.g., see Eckberg et al., 1985,
1988; Eckberg & Sleight, 1992). The ultimate utility of this method
for heart rate variability analyses will depend on the extent to
which a close relationship can be demonstrated between cardiac
and muscle sympathetic activity among individuals and contexts.
Under controlled conditions, sympathetic nerve activities of dif-
ferent organ systems may covary in response to baroreceptor ma-
nipulations (Ninomiya, Nisimaru, & Irisawa, 1971). In addition,
Wallin et al. (1992) reported significant correlations between mus-
cle sympathetic nerve activity and cardiac norepinephrine spillover
at rest, during mental arithmetic, and with isometric handgrip.
However, such concordance is not universal (Kingwell et al., 1994),
and it will be important to identify the broader range of conditions
under which a predictive relationship obtains.

Additional noninvasive indices, although less direct, also may
offer independent confirmatory measures of autonomic cardiac
control. For example, the duration of the preejection period de-
rived from systolic time intervals has long been considered as an
index of sympathetic control of the heart. Because the preejection
period is also influenced by ventricular preload and afterload, how-
ever, these factors must be controlled or accounted for (e.g., see
Cacioppo et al., 1994). An additional consideration is that the
preejection period reflects the inotropic state of the heart, whereas
sympathetically mediated fluctuations in heart period reflect chro-
notropic influences. It is uncertain whether and under what con-
ditions inotropic effects predict sympathetic chronotropic actions.
Sympathetic inotropic and chronotropic influences do appear to
covary during typical cognitive stressors when preload and after-
load are held constant (Berntson, Cacioppo, Binkley, et al., 1994).

HF Heart Rate Variability and RSA

RSA is mediated predominantly by parasympathetic influences
on the sinus node, and HF heart rate variability is often employed
as an index of vagal control. Several aspects of parasympathetic
control are relevant to these relationships: (a) central vagal outflow
to the heart, (b) mean level of vagal effect on the heart (often
referred to as cardiac vagal tone), (c) phasic variation of vagal
effects on the heart associated with respiration, and (d) dynamic
vagal responses affecting R-R interval, including the parasympa-
thetic baroreflex response. These dimensions of parasympathetic
cardiac control are often closely related to one another, but they
can be dissociated under certain conditions. Moreover, intraindi-
vidual and interindividual validations need to be considered sep-
arately because factors producing changes in vagal control and
RSA may be different within and between individuals (Grossman
& Kollai, 1993). Thus, the most relevant gold standards of vagal
activity depend on which aspects of parasympathetic control are of
interest.
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Central vagal outflow. There is no currently available method
to evaluate central vagal outflow in humans directly. In animals,
however, it is possible to measure central parasympathetic efferent
activity from the vagus nerve. Within-subject variations in mean
vagal outflow have been shown to be related closely to basal heart
period and to heart period fluctuations associated with RSA and
baroreceptor activation (Katona, Poitras, Barnett, & Terry, 1970,
Koizumi, Terui, & Kollai, 1985; Lumbers, McCloskey, & Potter,
1979). Vagal outflow can be dissociated from RSA if peripheral
transduction of efferent outflow is interrupted, for example, by
blockade at the sinus node or conduction disturbances that may
occur with drugs or clinical disorders (Katona, Lipson, & Danchot,
1977).

Additional factors that may modulate the effects of central
vagal outflow to the heart are potential sympathetic—vagal inter-
actions at the sinus node. In anesthetized animals, SA responses to
vagus nerve stimulation are proportional to ongoing sympathetic
nerve activity, a relation termed accentuated antagonism (Levy,
1971). This activity may result from interactions of sympathetic
and parasympathetic innervations of the heart (Levy & Warner,
1994), and these interactions may modulate HF heart rate variabil-
ity in animals (Hedman, Tahvanainen, Hartikainen, & Hakumaki,
1995). With moderate levels of sympathetic activation, autonomic
interactions in chronotropic control appear to be minimal when
indexed by heart period (Quigley & Berntson, 1996). At extremes
of sympathetic activation, sizeable and prolonged attenuation of
vagal control of the heart may be mediated by neuropeptides (e.g.,
neuropeptide Y and galanin) that are colocalized with norepineph-
rine in sympathetic nerve terminals (Potter et al., 1989; Yang,
Senturia, & Levy, 1994). There appear to be considerable species
differences in these neuropeptide effects, however, and data are not
yet available on their relevance to humans (Potter et al., 1989;
Ulman, Moriarity, Potter, & McCloskey, 1993).

Cardiac vagal tone and RSA. Cardiac vagal tone is typically
defined as the difference in mean R-R interval between a resting
intact baseline and complete vagal blockade. In animals, mean
level of vagal effects on R-R interval (cardiac vagal tone) has been
assessed by employing a number of techniques, including dissec-
tion of the vagus nerve and reversible cooling of the vagus or
pharmacological blockade (Katona & Jih, 1975; Rigel, Lipson, &
Katona, 1984). In humans, the gold standard for estimating cardiac
vagal tone is derived from pharmacological blockade. Vagal tone
has been defined as the change in mean R-R interval after atropine
(e.g., Jose & Taylor, 1969) or has been derived from the effects of
blockade of both autonomic branches (Berntson, Cacioppo, Bin-
kley et al., 1994; Berntson, Cacioppo, & Quigley; 1994; Cacioppo
et al., 1994; Grossman & Kollai, 1993).

An advantage of the pharmacological approach is that gradu-
ated administration of atropine can reveal a dose—response rela-
tionship, which can be used to evaluate the relationship between
RSA magnitude and changes in cardiac vagal tone. Studies in
humans have indicated that within-subject variations in RSA am-
plitude mirror changes in cardiac vagal tone across the dose-
response function of parasympathetic blockade (Katona & Jih,
1975; Katona et al., 1977; Raczkowska et al., 1983). Conversely,
the correspondence between mean R-R intervals and RSA can be
evaluated after the contribution of sympathetic influences have
been eliminated by cardiac beta-adrenergic blockade. Results re-
veal that behavioral tasks known to influence cardiac vagal tone
produce closely corresponding within-subject changes in mean R-R
intervals and RSA, when respiratory parameters are controlled
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experimentally or statistically (Grossman et al., 1991; Grossman &
Kollai, 1993). This relationship appears to hold even when alter-
ations of cardiac vagal tone are modest (Grossman et al., 1990).
Use of RSA to assess individual differences in cardiac vagal tone
is more controversial. A few reports have described very close as-
sociations between RSA and atropine-derived measures of cardiac
vagal tone (Fouad, Tarazi, Ferrario, Fighaly, & Alicandro, 1984; Hay-
ano et al., 1991). Other investigations, however, have reported lower
between-subject correlations among these measures (Grossman &
Kollai, 1993; Kollai & Mizsei, 1990; Maciel et al., 1985). The lower
correspondence between RSA amplitude and pharmacologically de-
fined vagal tone between participants may be attributable to indi-
vidual differences in respiratory parameters, respiratory—vagal
coupling, or other factors. In view of these findings, caution should
be exercised in interpretation of individual differences in vagal tone
based on RSA amplitudes. Prediction of individual differences in car-
diac vagal tone may be improved by including both RSA and mean
R-R interval in the prediction model (Grossman & Kollai, 1993),
although results using this approach need to be replicated.

Dynamic parasympathetic baroreflex control. Baroreflex con-
trol of efferent vagal effects on R-R interval are mediated by
afferent carotid, aortic, and cardiopulmonary baroreceptors that are
responsive to short-term systemic blood pressure variations. The
baroreflex serves to buffer abrupt blood pressure fluctuations by
making vagal outflow to the heart directly proportional to baro-
receptor stretch associated with blood pressure. The baroreceptor—
cardiac reflex is measured as the R-R response (in milliseconds)
per mmHg change in blood pressure. Interindividual correlations
between RSA and different measures of baroreflex control are on
the order of 0.6 (Bigger & Schwartz, 1994; Grossman, Watkins,
Wilhelm, Manolakis, & Lown, 1996). In addition, a linear within-
subject relationship has been reported between RSA magnitude
and vagal baroreflex response during graded doses of phenyleph-
rine (Zweibel, Bloomfield, & Bigger, 1995). RSA is nearly abol-
ished, however, at very high levels of vagal activity (Anrep et al.,
1936a; Eckberg & Orshan, 1977; Goldberger, Ahmed, Parker, &
Kadish, 1994). This finding suggests a ceiling effect on respiratory
modulation of vagal control of the heart and indicates that RSA
and cardiac vagal tone may be dissociated under some conditions.
Consequently, caution should be exercised in interpreting RSA at
_ extreme levels of vagal or sympathetic activation (Malik & Camm,
"1993).

In summary, RSA appears to be associated with a number of
different parasympathetic parameters, including central vagal out-
flow to the heart, cardiac vagal tone, baroreflex activity, and the
phasic respiratory modulation of vagal activity. Consequently, cau-
tion needs to be exercised in interpreting RSA, especially for
between-subjects comparisons.

LF Heart Rate Variability

The LF R-R and blood pressure rhythms, with a center fre-
quency of about 0.1 Hz, appear to reflect a baroreflex resonance
frequency (de Boer et al., 1987; Sleight et al., 1995). The conven-
tional LF bandwidth, however, is considerably broader (0.04 or
0.05-0.15 Hz). This broader bandwidth allows the 0.1-Hz rhythm
to be contaminated by RSA, when respiration rate is lower than
about 10 breaths/min, and by partial overlap from adjacent slower
rhythms that sometimes are observable at a (center) frequency of
about 0.03 Hz. These factors present problems for the internal
validity of the LF component of heart rate variability and can
complicate interpretation.
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Scores of published reports have appeared on this LF band of
R-R interval variability, but its significance remains controversial.
Many authors have assumed that this component of variability pro-
vides an index of cardiac sympathetic activation when expressed in
normalized units (see Footnote 3) and that the LE/HF ratio offers a
measure of sympathovagal balance (Malliani et al., 1994; Pagani
et al., 1986). Studies of graded orthostatic challenge, known to in-
crease sympathetic efferent traffic (Burke, Sundlof, & Wallin, 1977,
Iwase, Mano, & Saito, 1987) and decrease vagal outflow, have pro-
vided the most consistent evidence of an association between nor-
malized LF power and grade of head-up tilt, although the correlation
coefficients are rarely above 0.7 (Bootsma et al., 1994; Montano
et al., 1994). Cardiac sympathetic activation induced by exercise,
however, has evoked a decrease rather than the expected increase in
LF variability, whether calculated in absolute or normalized units
(Ahmed, Kadish, Parker, & Goldberger, 1994; Arai et al., 1989;
Perini, Orizio, Baselli, Cerutti, & Veicsteinas, 1990).

Other investigations also have failed to find relations between
LF power and direct measures of cardiac sympathetic activity in
humans. The LF R-R variability, whether expressed in absolute or
normalized units, does not change consistently with pharmacolog-
ical manipulations that enhance or reduce sympathetic adrenergic
influences on the heart (Ahmed et al., 1994; Jokkel, Bonyhay, &
Kollai, 1995; Kingwell et al., 1994; Saul et al., 1990). In addition,
changes in LF variability do not correspond to variations in direct
measurements of sympathetic outflow to the heart and periphery
(Kingwell et al., 1994; Saul et al., 1990), nor do they significantly
correlate with circulating catecholamines (Sloan et al., 1996). Ad-
ditional studies have clearly indicated that LF rhythms are influ-
enced by both sympathetic and parasympathetic mechanisms
(Pomeranz et al., 1985; Saul et al., 1991). Atropine, a selective
parasympathetic antagonist, produces a dose-response reduction
of LF R-R oscillations, with an eventual elimination of this cardiac
rhythm at doses corresponding to complete vagal blockade (Koh
et al., 1994). Clearly, the available evidence does not support the
use of LF heart rate variability as an index of cardiac sympathetic
control or sympathovagal balance, at least not across a range of
conditions and groups.

There is considerable evidence for a causal relationship be-
tween LF R-R interval rhythms and baroreflex-mediated cardiac
vagal responses to arterial blood pressure fluctuations of sympa-
thetic vasomotor origin. Arterial pressure and R-R interval oscil-
lations of about 0.10 Hz (10-s rhythm) are very tightly linked
(Cevese, Grasso, Poltronieri, & Schena, 1995). Selective phar-
macological blockade of sympathetic efferent traffic to the vascu-
lature reduces the magnitude of 10-s blood pressure and R-R
interval oscillations (Scheffer, TenVoorde, Karemaker, & Ros, 1994),
indicating that R-R rhythms at this frequency are mediated by
vagal baroreflex responses to 0.10-Hz sympathetic vasomotor fluc-
tuations. Similarly, experimentally induced changes in arterial baro-
receptor stimulation produce corresponding alterations in LF R—R
variability (Bernardi et al., 1994; Koh et al., 1994; Sleight et al,,
1995), and exercise-induced changes in LF R-R variability appear
to be mediated by vagal baroreflex responses to blood pressure
rhythms (Mukai & Hayano, 1995). Baroreflex slopes obtained
from cross-spectral analysis of 0.1-Hz fluctuations of systolic pres-
sure and R-R intervals are comparable to slopes obtained after
bolus phenylephrine injection (Airaksinen et al., 1997; Walikins,
Grossman, & Sherwood, 1996).

Tetraplegic patients, with intact central vagal control of the
heart but severed brainstem—spinal sympathetic pathways, still man-
ifest LF R-R rhythms (Koh et al., 1994). Moreover, the response
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of LF R-R variability to baroreceptor stimulation is similar to that
of normal subjects (Koh et al., 1994). Because descending baro-
reflex control of sympathetic outflow is abolished in tetraplegics,
baroreflex-induced changes in vagal control must be responsible
for LF heart rate oscillations. A vagal contribution to LF R-R
interval fluctuations is also suggested by their reduction following
atropine. Similarly, studies of high spinally transected animals show
slow arterial pressure rhythms mediated by spinal sympathetic
reflexes, and these pressure oscillations in turn evoke baroreflex-
mediated rhythms of cardiac vagal response (Polosa, 1984). This
result is in accord with several validated models of human baro-
reflex mechanisms that account for LF R-R interval oscillations in
terms of simple cardiac vagal responses to periodic baroreceptor
stimulation (de Boer et al., 1987; Madwed et al., 1989). These
models are based on known characteristics of each of the compo-
nents of the baroreflex (e.g., delays and time constants of vagal and
sympathetic responses) and correspond closely to observed behav-
ior of the cardiovascular system.

To summarize, the LF heart rate variability band encompasses
a wide range of frequencies that may confound three distinct car-
diac rhythms: RSA, 10-s (0.1-Hz) oscillations associated with the
baroreflex, and 30-s (0.03-Hz) oscillations. This range complicates
interpretation of underlying autonomic indices related to the cen-
tral frequency (i.e., the 10-s rhythm). The LF heart rate variability
has been related consistently to cardiac sympathetic activity or
sympathovagal balance primarily with graded orthostatic stimuli.
Exercise and adrenergic manipulations fail to reveal clear and
reproducible associations with the magnitude of LF oscillations.
Rather, LF variability appears to reflect both sympathetic and va-
gal influences related to baroreflex mechanisms. Changes in the
magnitude of LF R-R variability may be due to variations in
vagally mediated baroreflex responses brought about by alterations
in amplitude of sympathetic blood pressure rhythms or by changes
in sensitivity of baroreceptors. To characterize LF R-R interval
rhythms more fully, it is necessary to analyze concurrent beat-to-
beat arterial pressure.

In conclusion, many validation studies are available to evaluate
periodic components of R-R variability as distinct attributes of
autonomic control of the heart. They provide a substantive knowl-
edge base that needs to be considered in the interpretation of heart
rate variability.

"Considerations in the Interpretation of HF Variability
Respiratory parameters. RSA is a product of both peripheral
afferents and central respiratory mechanisms (Anrep et al., 1936a,
1936b; see also Berntson, Cacioppo, & Quigley, 1993a). During
inspiration, thoracic stretch receptor afferents produce a reflex in-
hibition of vagal motor outflow, resulting in a phasic increase in
heart rate. Although peripheral afferent activity contributes sub-
stantially to HF variability, RSA may be apparent even during
sustained breath-hold in humans (Hirsch & Bishop, 1981), during
apnea in animals (Horner, Brooks, Kozar, Gan, & Philipson, 1995),
and after paralysis of respiratory muscles or pulmonary denerva-
tion in animals (Hamlin, Smith, & Smetzer, 1966; see also Anrep
et al., 1936b). These findings implicate a central respiratory rhythm
generator in the origin of HF heart rate variability. The interactions
and dynamics of the peripheral and central sources of RSA intro-
duce considerable complexity in the interpretation of HF variabil-
ity. Within limits, increasing the amplitude of inspiration increases
the magnitude of the associated RSA. Hirsch and Bishop (1981),
for example, reported a twofold difference in peak-to-valley RSA
over tidal volumes of 1.0-3.0 L. In addition, the transfer function
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that relates heart rate variability to respiratory frequency has a
negative slope (Berger et al., 1989; Saul et al., 1989), so that
increases in respiratory frequency are associated with a progres-
sive decrease in RSA amplitude (Angelone & Coulter, 1964; Gross-
man & Kollai, 1993; Hirsch & Bishop, 1981; Saul et al., 1989). In
general, a two- to three-fold difference in the amplitude of RSA
has been reported for variations in respiratory rate within the typ-
ical respiratory frequency range of 0.15-0.4 Hz (Brown et al.,
1993; Grossman & Kollai, 1993; Hirsch & Bishop, 1981; Saul
et al., 1989). Several authors have argued that the changes in R-R
interval power with variations in respiratory frequency do not reflect
variations in overall vagal-cardiac nerve traffic because average
R-R intervals are nearly constant across all breathing frequencies
(Brown et al., 1993; Grossman et al., 1991; Grossman & Kollai,
1993). These findings highlight the importance of respiratory pa-
rameters in the interpretation of RSA.

This is an important issue because healthy individuals do not
breathe uniformly at fixed frequency and depth (Priban, 1963; van
den Aardweg & Karemaker, 1991). In fact, Grossman and Wientjes
(1986) reported that, for some individuals, a substantial percentage
of breaths may occur at frequencies below 0.15 Hz (9 breaths/min)
or above 0.33 Hz (20 breaths/min) and can extend beyond the
typical frequency window for RSA. Moreover, experimental con-
ditions such as stress or exercise may alter respiratory parameters
substantially. In view of these considerations, it has been suggested
that the influence of breathing on RSA must be controlled or
accounted for (Bianchi et al., 1990; Brown et al., 1993; Grossman
et al., 1991; Grossman, Stemmler, & Meinhardt, 1990). A potential
problem with experimental control of breathing is that the requisite
mental effort itself may reduce heart rate variability (Patwardhan,
Vallurupalli, Evans, Bruce, & Knapp, 1995).

Several groups have compared heart rate variability during spon-
taneous and controlled breathing. Pagani et al. (1986) reported that
controlled metronomic breathing increases both heart rate variabil-
ity and average R-R intervals, whereas tidal volume (which was
not controlled) is slightly greater during spontaneous breathing.
These results, however, have not been reproduced by others (Brown
et al., 1993; Eckberg, 1983; Hirsch & Bishop, 1981) who have
generally reported that rapid breathing reduces rather than in-
creases heart rate variability. Hirsch and Bishop (1981) measured
heart rate changes during spontaneous breathing and controlled
breathing at constant tidal volumes. They found that heart rate
fluctuations during spontaneous breathing were within the 95%
confidence limits of those measured during controlled breathing
and concluded that voluntary control of breathing does not affect
heart rate variability (see also Grossman et al., 1991; Hayano et al.,
1994; Madden & Savard, 1995). Patwardhan and coworkers pub-
lished two seemingly contradictory articles on this subject. In an
initial study, Patwardhan, Evans, Bruce, Eckberg, and Knapp (1995)
found that power spectra were similar during spontaneous and
metronomic breathing at a fixed frequency that corresponded to
the spontaneous rate (tidal volume was uncontrolled). In a second
study, participants voluntarily reproduced breath-by-breath tidal
volumes and respiratory intervals that had been recorded during an
earlier period of spontaneous breathing (Patwardhan, Vallurupalli,
et al.,, 1995). In this study, breathing control increased mean heart
rate and arterial pressure slightly and reduced low, mid, and re-
spiratory frequency R-R interval power moderately. Inconsisten-
cies in the literature may be due to differences in mental effort
involved among different studies. When individuals breathe steadily
at a constant rate and tidal volume, as in the study of Hirsch and
Bishop (1981), the mental effort involved may be minimal and the



Heart rate variability

influence on heart rate variability negligible. However, when in-
dividuals breathe at constantly changing tidal volumes and respi-
ratory intervals, as in the study of Patwardhan, Vallurupalli, et al.
(1995), the mental effort involved may be high, and this effort may
lead to reduced heart rate variability. This is an issue that should be
investigated further.

Recommendations. In interpreting HF heart rate variability, the
potential influence of respiration on RSA must be considered. In
general, this consideration calls for the concurrent measurement of
respiratory parameters, especially rate because it is a more potent
determinant of RSA amplitude than depth within typical breathing
ranges. The lack of respiratory measures may not preclude some
group contrasts in well-defined populations with known respira-
tory patterns and large amplitude RSA and when experimental
conditions do not alter respiratory parameters appreciably. In most
cases, however, measurement of respiratory frequency and depth
are recommended, although frequency appears to be a more potent
determinant than depth. This method permits identification and
exclusion of participants with respiratory rates outside the selected
HF variability band. It also allows evaluation of potential biases
resulting from differences in respiratory parameters between sub-
ject groups or across experimental conditions.

If experimental conditions show significant changes in respira- -

tory parameters, interpretation of associated changes in RSA can be
problematic. Two general approaches can be used to adjust for these
differences. One is to use respiratory frequency and possibly depth
as covariates in statistical analysis or to remove possible contribu-
tions by regression prior to analysis (Berntson, Cacioppo, Binkley,
et al., 1994; Grossman et al., 1991). An additional approach is to
model the expected respiratory contributions to heart rate variabil-
ity based on established relationships or on parametric investiga-
tions of the target population (Grossman et al., 1991; Hirsch &
Bishop, 1981; Saul et al., 1989).° Although relationships between
respiratory parameters and RSA have been examined quantitatively,
these studies have generally been pursued with experimentally con-
trolled respiration under restricted conditions. Consequently, a ques-
tion arises as to the applicability of the derived correction model to
a broader range of experimental contexts and conditions. The most
straightforward interpretations would be possible when a signifi-
cant experimental effect is observed both with analysis of the raw
_data and after extraction of possible respiratory contributions. In this
case, it would be possible to rule out the necessary contribution of
simple linear respiratory relationships to the experimental effects.
These correction approaches are conservative, however, and
may remove actual experimental effects that correlate with respi-
ratory changes. Moreover, the correction procedures assume a uni-
directional causal model, in which experimental manipulations alter
respiration, more or less directly, and these respiratory alterations
then produce secondary changes in RSA. However, respiratory—
vagal coupling itself may be altered in specific behavioral contexts
because descending projections from rostral neurobehavioral sub-
strates modulate brainstem autonomic mechanisms (e.g., Inui,
Nomura, Murase, & Nosaka, 1995; Loewy & Spyer, 1990; Neaf-

Such a correction could be performed by using a predefined corner
frequency near 0.1 Hz (e.g., 20.1 bpm/L for Hirsch & Bishop, 1981; see
their Table 3) and the change in RSA with frequency (20.7 dB/decade of
frequency for Hirsch & Bishop, 1981, Table 3). These values could be used
to normalize the data at the observed respiratory frequencies to a value at
a single frequency near the average mean for the age group (e.g., 0.25 Hz
for adults).
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sey, 1990). Moreover, it is clear that stressors, even as mild as
mental arithmetic, can modulate the sensitivity or set point of the
baroreceptor-heart rate reflex (Ditto & France, 1990; Lawler, Sand-
ers, Cox, & O’Connor, 1991; Stephensen, Smith, & Scher, 1981;
Steptoe & Sawada, 1989). Because central substrates determine
respiratory parameters, it may be overly simplistic to consider
covariations between RSA and respiration to be merely secondary
to respiratory effects under all conditions (e.g., see Porges, 1995).
Clearly, this is a complex issue that calls for additional research.
Of particular relevance would be a systematic examination of the
impact of respiratory parameters on RSA amplitude during typical
psychological tasks and laboratory stressors and under different
levels of basal vagal control.

Rather than attempting to adjust for respiratory effects, respi-
ration could be experimentally controlled (Brown et al., 1993; Gross-
man et al., 1991; Grossman, Stemmler, & Meinhardt, 1990).
Moderate control of breathing under basal conditions may have min-
imal effects on relationships between respiration and heart rate vari-
ability. RSA may be altered, however, if respiratory control requires
appreciable effort. This alteration could be especially problematic
for psychophysiological studies in which experimental manipula-
tions often require considerable mental effort. This is an issue that
needs to be considered in studies involving controlled breathing.

Additional caveats and considerations. Early studies identified
a respiratory rhythm in the heart rate spectrum that composed the
frequency domain representing RSA. Because the spectrum also
contained other frequency components, they also were categorized
into distinct frequency bands. It is clear that the HF band for adults
is usually related to RSA, but the functional and mechanistic bases
for segregating other frequency bands are less well established.
Moreover, even the common ranges employed for the HF band
may not always include the respiratory frequencies for the popu-
lation being studied. Although 0.15 Hz is often used as the lower
cutoff for the HF band, a significant number of individuals show
peak respiratory frequencies or a considerable proportion of respi-
ratory power at slightly lower frequencies. For these individuals,
RSA will contribute to the variance in lower frequency bands, and
HF variability will not provide an accurate quantification of RSA.
This problem can be avoided or at least identified by evaluating
either the peak of the heart rate spectrum in a broader frequency
band to confirm that RSA is included in HF or by calculating the
spectrum of respiration.

Additional problems can occur when frequency bands gener-
ated for adults are applied to populations with different periodic
activity in the heart rate spectrum. Human neonates, for example,
have much higher respiratory frequencies than adults, and an ap-
propriate respiratory frequency band must be selected. A related
problem with “cardiac aliasing” may arise with some infants or
with other populations showing high respiratory frequencies and
relatively low heart rates. The Nyquist frequency (half the sam-
pling rate) is the highest frequency signal that can be measured for
a given sample rate. Because the respiratory rhythm in heart rate is
sampled by each R-R interval, heart rate must be at least twice the
respiratory rate to produce the minimum of two R-R intervals per
respiratory cycle. With a lower sample rate (heart rate), respiratory
frequency fluctuations in heart rate will not be captured reliably,
and this variance will appear in lower frequencies as aliasing prod-
ucts. Cardiac aliasing is not a significant problem in normal human
adults because heart rates are typically well beyond twice the
respiratory frequency. Aliasing, however, may present a problem
in some animal studies (Witte, Zwiener, Rother, & Glaser, 1988;
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Zwiener et al., 1994). Rother, Witte, Zwiener, Eiselt, and Fischer
(1989) reported that about 20% of their sample of healthy full-term
newborns had a mean respiratory rate that exceed half the heart
rate. Fortunately, the possibility of cardiac aliasing is easy to iden-
tify if concurrent measures of respiration are obtained.

With adequate recording and data processing procedures, con-
trol or correction for respiratory parameters, and the appropriate se-
lection of frequency band, variations in HF heart rate variability
appear to provide a selective index of vagal control of the heart. As
with most psychophysiological measures, RSA is a more accurate
index of change than of absolute level. Consequently, within-subject
differences among experimental conditions are likely to be more ac-
curate than estimates of the mean or absolute level of vagal control.
RSA represents the phasic inspiratory inhibition of vagal outflow,
and hence its magnitude is correlated with mean vagal control of the
heart. Grossman and Kollai (1993), however, reported that inspira-
tory inhibition may not be complete at normal respiratory volumes,
and the extent of this inhibition may differ from individual to indi-
vidual. These authors reported close within-subject correspondence
between the magnitude of RSA and cardiac vagal tone, as indexed
by the change in heart period with vagal blockade. However, a much
lower correlation was observed for between-subject comparisons.
Potential contributions of age, sex, respiratory parameters, and other
individual characteristics need to be considered carefully in inter-
preting between-subject differences in RSA. In some cases, how-
ever, individual differences may reflect actual differences in vagal
tone, as in age effects, for example (Jose & Taylor, 1969). In the ag-
gregate, however, these findings suggest caution in inferring abso-
lute levels of mean vagal control across individuals or groups. Even
for within-subject contrasts, caution should be exercised in inter-
preting RSA at extreme levels of vagal or sympathetic activation,
given the possibility of ceiling effects or autonomic interactions.

Considerations in Interpretation of LF Variability

The LF variability is a product of both sympathetic and parasym-
pathetic influences on the heart. Consequently, a change in LF power
cannot be taken as an index of alterations in sympathetic cardiac con-
trol. Some researchers have suggested that the LF/HF ratio may af-
ford an index of the sympathovagal balance, reflecting the relative
operating point along a continuum from parasympathetic to sym-
pathetic dominance (Malliani et al., 1994; Pagani et al., 1986). The
autonomic branches are not always reciprocally controlled, how-
‘éver, and can vary independently or demonstrate coactivation or co-
inhibition (Berntson, Cacioppo, & Quigley, 1993b; Berntson,
Cacioppo, Quigley, & Fabro, 1994; Koizumi & Kollai, 1992), which
raises a question as to the formal status of the construct of sympa-
thovagal balance. Another complexity stems from the fact that para-
sympathetic contributions to HF and LF variability derive from at
least partially distinct mechanisms (respiratory vs. blood pressure—
baroreflex processes) and may not be highly correlated under all con-
ditions. The LF variability may serve as a useful clinical marker and
may provide an important index of mental effort or other cognitive
processes in psychophysiological studies. In the absence of explicit
validation over a broad range of conditions, however, the LF/HF
ratio cannot be considered as a specific index of sympathetic car-
diac control or sympathovagal balance.

Summary Guidelines and Recommendations

Signal Acquisition .
Meaningful analysis of heart rate variability is dependent on the
integrity of the basic cardiac input signal and the accuracy of
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R-wave timing. The accuracy of R-wave timing will determine the
basic resolution of estimates of variability and limit the size of
experimental differences that can be detected. For healthy adult
individuals with moderate amplitude variability, a basic digitiza-
tion rate of 250—500 Hz is suitable, although rates of 500—1000 Hz
may be necessary for low-amplitude rhythms in some populations.
Even with an adequate digitization rate, R-wave timing can be
degraded by noise in the input signal. This timing may require
signal filtering or the application of a peak-finding algorithm to
improve the localization of the fiducial point. An overall resolution
of the entire recording/analytical system of 2—4 ms is adequate for
most applications, but a resolution of 1-2 ms is preferable for
low-amplitude rhythms. The entire recording system should be
calibrated at regular intervals.

Artifacts can seriously corrupt estimates of heart rate variabil-
ity, so the data processing regimen should include suitable methods
to identify and resolve potential artifacts. It is equally important to
identify and adequately deal with abnormal beats because they can
misguide interpretations of heart rate variability. An occasional
abnormal beat can be removed by interpolation, or analyses can be
limited to data segments that are free of such anomalies. Records
with a high rate of ectopic beats, however, may not be suitable for
time-series analyses. In any event, the specific approaches and
procedures for dealing with abnormal beats need to be clearly
specified, and their potential contributions to the results need to be
considered.

Heart Period Versus Heart Rate

Estimates of heart rate variability have been derived from either
heart rate or heart period data. Heart period data are preferred on
biometic grounds, especially when the interest is in indexing para-
sympathetic control because the relative linearity between vagal
frequency and heart period offers considerable advantage to this
metric. The designation heart rate variability can be used as a
general descriptor, whether the analyses are based on rate or pe-
riod. It is recommended, however, that the phrase heart period
variability be used only when referring to results based on heart
period data.

Derivation of a Data Series

An R-R interval series, or a beat-by-beat heart rate series, consists
of a stream of data points that are unevenly spaced in time. The di-
rect submission of these data series to spectral analysis is not op-
timal because the results are expressed in cycles/beat and are not
easily relatable to the time domain. For analysis of heart rate vari-
ability by time-series statistics, the preferred approach is to derive
an equal interval time series, in which the data points are equally
spaced in time. In generating a time series, it is important that the
data be neither undersampled nor oversampled. In general, a sam-
ple interval equal to one-fourth of the heart period is appropriate.

Stationarity

Time-series analyses assume that the data show at least weak sta-
tionarity, having a stable mean and variance over time. Stationarity
is a problematic issue because violations in actual heart period data
may be quite common. It is important to minimize nonstationari-
ties to the extent possible by maintaining a constant and controlled
testing context. One approach to dealing with residual nonstation-
arities is to select stationary data segments for analysis. A concern
over this approach is that the prevalence of nonstationarities may
result in samples that are not representative of the data as a whole.
An alternative approach is to remove slower nonstationary trends
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based on linear or more complex (e.g., polynomial) models. The
target cardiac rhythm itself may vary over time, however, and this
inherent nonstationarity cannot be removed or extracted. Ap-
proaches to this problem include the analysis of multiple short
epochs, within which reasonable stationarity obtains, or the use of
approaches explicitly designed to characterize nonstationary sig-
nals (e.g., modified Wigner distributions, moving periodograms,
wavelet transforms, or short-term FFTs). Although moderate vio-
lations of stationarity may not seriously affect estimates of heart
period variability under some conditions, the issue of stationarity
is important and should not be ignored.

Selection of Appropriate Analytical Epochs

To minimize nonstationarities, it is generally desirable to avoid
prolonged analytical epochs. Cardiac rhythms may vary from cycle
to cycle, however, and recordings should be sufficiently long to
sample short-term variations adequately. A recording duration of at
least 10 times the wavelength of the lowest frequency of interest
has been recommended (see Task Force, 1996). Based on this
criterion, 1-min recording epochs are recommended to assess the
HF component of heart rate variability (0.15-0.4 Hz), and 2 min
are needed for the LF band (0.05-0.15 Hz). When desired, repli-
cate recordings could be obtained over contiguous or temporally
discrete epochs (see Footnote 8).

Analytical Methods

A number of approaches are currently available for analyzing pe-
riodic components of heart rate variability; the FFT, AR modeling,
the moving polynomial method, and the peak-to-valley statistic are
among the most common. Each of these methods can provide valid
estimates of periodic components of heart rate variability when the
target rhythm is sinusoidal and the data are stationary, and direct
comparisons have revealed generally comparable results. Each of
these approaches has advantages and disadvantages, and no con-
sensus has emerged on a single optimal analytic method.

Caveats in Interpreting Heart Rate Variability
The RSA is mediated predominantly by parasympathetic influences
on the sinus node, and HF heart rate variability is often employed
as an index of vagal control of the heart. There are many caveats in
- such interpretations. Ceiling and floor effects, interactions among
the autonomic branches, cardiac or neural abnormalities, and vari-
ations in respiratory parameters can degrade predictive relation-
ships between RSA and vagal outflow. In particular, respiratory
parameters are important determinants of RSA and may have sub-
stantial impact on HF variance independent of changes in cardiac
vagal tone. Consequently, potential contributions of respiration must
be considered in interpretations of RSA. It is also important to en-
sure that respiratory frequencies fall within the selected HF band and
that this band does not include appreciable LF power. In general,
within-subject variations in HF variability appear to be more closely
related to variations in vagal control than do between-subject dif-
ferences because age, sex, and other individual characteristics may
be important determinants of RSA amplitude. At best, HF variabil-
ity affords only an indirect and imprecise measure of vagal control,
and interpretations should be tempered appropriately.

In contrast to HF variability, both autonomic branches contrib-
ute to LF heart rate variability. Consequently, LF variability does
not constitute a specific index of either autonomic branch. Although
LF power may covary with sympathetic control under limited con-
ditions, the available data do not support the use of either LF vari-
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ability or the ratio of LF-to-HF variability as a general index of
sympathetic cardiac control or sympathovagal balance.

Future Directions

This report recognizes the importance of heart rate variability as a
tool for assessing the integrity of the autonomic nervous system, the
interaction between psychological states and autonomic control, and
the pathophysiology of diseases that involve or are influenced by
autonomic function. In recommending that large longitudinal stud-
ies include measures of heart rate variability to delineate its clinical
significance, the Task Force (1996) also affirmed that this nonin-
vasive measure provides important information about cardiovascu-
lar function in health and disease not otherwise available. The present
report extends that affirmation to psychophysiological research.

Psychology and physiology are interwoven inextricably. Psy-
chological processes are also physiological processes; they cannot
be understood fully without detailed consideration of the struc-
tural and functional aspects of the neuroendocrine and nervous
systems. Similarly, many physiological systems cannot be under-
stood completely without a consideration of the role of psycho-
logical and behavioral processes in the operations of these systems.
However, the complexities of these interactions often seem daunt-
ing. Because the methods for deriving heart rate variability are
noninvasive, they provide a window through which some of these
complexities can be studied without perturbing the underlying sys-
tems. Measures of heart rate variability possess an additional, highly
desirable feature: they are easily obtained with sophisticated, com-
mercially available instruments for clinical applications and re-
search. Thus, it is not surprising that an extensive literature is
available on the mechanisms underlying heart rate variability and
on relationships between heart rate variability and psychological
states and processes. Although the widespread application of these
measures serves as an indication of their potential merit, resolution
of a number of issues would enhance the value of heart rate vari-
ability as a clinical and research tool.

First, it is important to advance the status of heart rate vari-
ability measures from psychophysiological outcomes of a state or
process to markers of that state or processes (Cacioppo & Tassi-
nary, 1990). Both outcomes and markers capture the predictive
relation from a psychological variable to a physiological response.
The state of a psychophysiological marker, however, also permits
inferences concerning the psychological variable, whereas out-
come measures do not. The mere fact that a psychological event is
associated with change in heart rate variability is not sufficient to
infer that psychological event from the occurrence of the variabil-
ity change. Markers permit stronger inferences than do outcome
measures. At this point, RSA can be considered as a marker of
vagal control of the heart. If variables such as respiratory rate and
depth, age, and other known determinants are taken into account,
a change is RSA can be used meaningfully to index changes in
vagal control. There are two related approaches to the development
of psychophysiological markers of psychological processes. One is
to identify more thoroughly the psychological determinants of heart
rate variability, and another is to elucidate the physiological mech-
anisms that underlie the relations between psychological processes
and cardiac rhythms. Both of these approaches would foster the
development of more comprehensive theories and models of psy-
chophysiological relationships, identify relevant organizing dimen-
sions, and clarify extraneous influences that need to be controlled
or accounted for in psychophysiological studies.
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A related area that deserves attention is the further development
of criterion measures of psychological processes. A close predic-
tive relation between a psychological variable and a pattern of
heart rate variability could not be expected if there is appreciable
error variance in the psychological measure. For example, al-
though baseline heart rate variability can be highly reproducible
over time, temporal reproducibility of variability indices for stress
reactivity may be considerably poorer (Sloan, Shapiro, Bagiella,
Gorman, & Bigger, 1995). This difference does not necessarily
imply a lack of relationship between stress and heart rate variabil-
ity, however, because stress reactions to an identical stimulus may
change over time and may do so differentially across individuals.
In the absence of a criterion measure of stress, these changes
would appear as error variance. This problem is exacerbated for
comparisons among studies because significant variations are pos-
sible in the potency of stressors employed, methods of delivery,
and their duration. In view of these considerations, independent,
criterion measures of psychological states or processes would be of
considerable benefit in identifying and validating psychophysio-
logical relationships. In the absence of stable criterion measures,
meaningful analyses may be limited to group effects.

Analytical methods also warrant further development and stan-
dardization. Although reproducibility of resting heart rate variabil-
ity can be very high when a single system is used by trained staff,
analysis of identical data by different commercially available sys-
tems may lead to substantially different results (Jung et al., 1996).
Differences in outcomes and interpretations of data from otherwise
similar studies can only lead to confusion and impede progress.
Analysis of heart rate variability is methodologically difficult and
is fraught with pitfalls. The present recommendations and guide-
lines should help to standardize methods and improve the accuracy
of heart rate variability measures. Continued research and devel-
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opment on analytical methods are important to enhance the accu-
racy of measures further and more effectively quantify time-
varying changes in heart rate variability. Also helpful would be
methods for calibrating the analytical processes of different labo-
ratories to a common standard. Such a standard would require a
suitable data set, with known characteristics, that could serve as a
tool for calibrating performance of an analysis system and its
operators.

Ideally, this data set would be simulated by computer, so that
the variance components could be specified precisely. The set should
be comprised of data that approximate the ranges of heart rate,
heart rate variability, artifact levels, nonstationarities, and other
dimensions that could be encountered in actual populations. The
data set would minimally be comprised of R-R interval series or,
better yet, of simulations of digitized ECG records. These records
could be processed by an analytical system, and the precise per-
formance of the system could then be specified against an absolute
standard. This process would be analogous to the practice of cal-
ibrating biochemical assay laboratories to establish internal and
external validity. The availability of a standard data set would not
preclude development of new or advanced systems because their
attributes could be understood in relation to the established stan-
dards, thus providing for orderly evolution of improved systems.

In summary, patterns of heart rate variability hold considerable
promise as psychophysiological measures and have already proved
useful in psychophysiological applications. Further developments
in measurement and analysis of cardiac rhythms and advances in
concepts and metrics of psychological processes would foster fur-
ther psychophysiological applications of heart rate variability. A
multifactorial, interdisciplinary approach, at both the physiological
and psychological levels, would undoubtedly contribute to the de-
velopment of the field.
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