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Stanley, Garrett, Davide Verotta, Noah Craft, Ronald
A. Siegel, and Janice B. Schwartz. Age effects on interrela-
tionships between lung volume and heart rate during stand-
ing. Am. J. Physiol. 273 (Heart Circ. Physiol. 42): H2128—
H2134, 1997.—To determine the effects of aging and posture
on the relationship between respiration and heart rate (HR),
we collected 5 min of lung volume and R-R interval data from
7 young (27 = 3 yr, mean = SD) and 10 old (69 =+ 6 yr) healthy
humans during spontaneous breathing while they were su-
pine (SU) and standing (ST). Lung volume and HR power
spectra and transfer functions between lung volume and HR
were estimated. Age and position effects and age-position
interactions were determined by analysis of variance for
repeated measures. Older subjects had a lower and more
variable respiration rate (P < 0.03, P < 0.04), but both age
groups exhibited decreased rate of respiration and increased
tidal volume with ST (P < 0.05, P < 0.005). ST decreased lung
volume-to-HR transfer function magnitude in both groups
(P < 0.07). The more marked age-related differences were in
phase angle. Both SU and ST phase angles were greater in
older subjects (P < 0.003). ST decreased phase angle in young
but increased phase angle in older subjects (P < 0.001). In
conclusion, respiration, and respiration-HR interrelation-
ships are altered by aging, with increased time delays be-
tween lung volume and HR and altered relationships with ST.

heart rate variability; autonomics; baroreflex; posture; respi-
ration

CARDIOVASCULAR FUNCTION is continuously modulated
through the parasympathetic and sympathetic adrener-
gic nervous system (8, 10, 26). Spectral analysis tech-
niques have been used to decompose heart rate variabil-
ity into variabilities at different frequencies (1, 2, 4, 11,
13, 18-20, 26, 28, 31, 33). Use of pharmacological
autonomic blockade has allowed identification of barore-
flex-stimulated sympathetic and parasympathetic ner-
vous system inputs at 0.1 Hz and parasympathetically
mediated respiratory input between ~0.20 and 0.40 Hz
(2, 8). The contribution of autonomically mediated
reflex responses in heart rate due to variations in age
and/or posture can therefore be assessed through analy-
sis of heart rate variability using these frequency
domain techniques.

We and others (7, 26, 27, 31) have investigated the
role of the autonomic nervous system in heart rate
variability. We believe that heart rate variability pro-
vides a noninvasive probe of the age-related changes in
autonomic responsiveness, which have been described
in many species (11, 14-16, 28-31). To further charac-
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terize the effects of aging on autonomic mediation of
heart rate, lung volume, and interrelationships be-
tween lung volume and heart rate, we analyzed spec-
tral properties of respiration and heart rate and mod-
eled interrelationships between respiration and heart
rate in healthy young and older subjects in response to
movement from the supine to standing positions.

Our results demonstrating age-related changes in
heart rate, respiration, and the interrelationship be-
tween respiration and heart rate in resting and supine
subjects are consistent with previous findings (26, 27).
We also present new information showing age-related
changes in respiration and the interrelationship be-
tween respiration and heart rate in response to stand-
ing. These findings suggest quantitative differences, or
blunting, of individual heart rate and lung volume time
series content but preservation of qualitative postural
responses. However, the data also demonstrate a delay
in the transfer of information between lung volume and
heart rate with aging. This time delay may contribute
to the increased time required for attainment of homeo-
stasis after stressors in aged compared with younger
individuals.

METHODS

Subject selection. Men and women in two age groups
(young: 20—40 yr; older: >60 yr) were recruited. They were
defined as “healthy individuals” if their medical history and
physical examination showed no evidence of cardiovascular,
pulmonary, hepatic, or renal disease, weight was within 1 SD
of ideal body weight, and routine laboratory tests, including
complete blood count, chemistry tests with liver panel, urinaly-
sis, chest X-ray, and electrocardiogram (ECG), revealed no
abnormalities. Anormal response during a maximal symptom-
limited treadmill examination was necessary for subjects
=40 yr of age (to evaluate coronary artery disease) as was a
normal echocardiogram for younger subjects. Subjects were
ineligible if they were smokers, had a recent illness, or were
taking medications (other than aspirin, acetaminophen, birth
control pills, or estrogens) or had a recent illness. Females of
childbearing age had negative tests for pregnancy.

General study protocol. After an overnight fast and refrain-
ing from caffeine, subjects were admitted to the General
Clinical Research Center, Moffitt Hospital of the University of
California, San Francisco. Subjects were weighed, had an
intravenous catheter placed in the forearm, and were placed
in the supine position for at least 30 min. Continuous ECG
(Hewlett-Packard 78352A bedside monitor) and lung volume
(respiratory inductive plethysmograph by Respitrace) moni-
toring were performed throughout the experiments. At base-
line, continuous 5- to 7-min segments of lung volume and R-R
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interval data were collected during spontaneous respiration
(Teac RD-110T PCM data recorder) sampling at a rate of 360
Hz. Subjects then stood, and after 3 min in the standing
position, all measurements were repeated. All analyses were
performed using Matlab System Identification and Signal
Processing Toolboxes (Mathworks, Natick, MA) on a 486D X/50
MHz PC, unless otherwise noted.

Lung volume analysis. Lung volume data were digitally
recorded (Teac RD-110T recorder) from the output of the
Respitrace monitor (sampling at a rate of 360 Hz), which
provides calibrated outputs corresponding to rib cage and
abdominal compartment volume changes associated with
respiration. The data were decimated to a 4-Hz sampling
rate, corresponding to a sampling interval of 0.25 s. The mean
lung volumes were removed from the data, and spectral
estimates were generated using fast-Fourier analysis tech-
niques that employ a Hamming smoothing window. Analysis
of lung volume data included estimation of the mean interval
between breaths (respiration interval) for each individual as
well as the corresponding standard deviations (SDs) represent-
ing the variability in respiration intervals, estimation of tidal
volume, estimation of the main respiratory band by observing
the concentration of power around the main respiratory
frequency in the spectra, the area under the curve (AUC) for
the main respiratory band and low-frequency band (0.04—
0.10 Hz), and the total AUC from 0.04 to 0.4 Hz in lung
volume spectra.

Heart rate analysis. Heart rate data were obtained using
the Teac RD-110T recorder to digitally record the R-wave
detector output of the Hewlett-Packard bedside monitor,
sampling at a rate of 360 Hz. Mean R-R interval lengths as
well as the corresponding SDs that are time domain represen-
tations of the variability were computed. The recorded R-wave
spike trains were transformed into a signal representative of
the heart rate by inverting the interval between spikes and
convolving with a smoothing window (3, 5), resulting in heart
rate signals at a 4-Hz sampling rate, which corresponds to a
0.25-s sampling interval. Mean heart rates were computed.
The means were removed from the data, and spectral esti-
mates were generated using fast-Fourier analysis techniques
that employ a Hamming smoothing window. Analysis of heart
rate spectral estimates included AUC for the respiratory
frequency band associated with parasympathetic mediation,
AUC for the low-frequency band (0.04-0.10 Hz) associated
with baroreceptor, and B-adrenergic mediation as well as
total AUC from 0.04 to 0.4 Hz of heart rate spectra.

Transfer function analysis. To examine the relationship
between the lung volume and the heart rate, coherence was
computed as a frequency-dependent measure of correlation
(27). For the estimation procedures used, a coherence above
~0.67 was considered statistically different from zero (12).
The two signals were considered coherent over a specific
frequency range if the coherence measure tended to be >0.67,
which typically corresponds to the frequency range with
larger respiratory power. Over coherent frequency ranges,
the two signals were related through a linear time-invariant
transfer function, giving magnitude and phase information
concerning the interrelationship between lung volume and
heart rate (7, 25, 27, 31). Both mean transfer function
magnitudes and phases and mean coherence were computed
over statistically significant ranges of high coherence.

Statistical analysis. Data were analyzed using Statview
4.01 (Abacus Concepts, Berkeley, CA). Respiratory rates, R-R
intervals, and spectral measures were analyzed for age and
position effects, as well as interactions, by analysis of vari-
ance (ANOVA) for repeated measures after determining that
data were normally distributed (32). Transfer function magni-
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tudes were nearly constant over the highly correlated fre-
quency ranges of interest. ANOVA techniques were therefore
applied to test the mean magnitudes over these ranges for age
and position effects and interactions. Transfer function phases
were also nearly constant over the highly correlated fre-
quency ranges of interest, but because of the circular nature
of the phase information, additional statistical techniques
were employed. A Watson-Williams parametric two-sample
test of angles was applied to test the mean phase angles for
age and position effects and interactions (34).

RESULTS

Study population. Seventeen active healthy subjects
(young, n = 7; old, n = 10) gave informed consent to
participate in the protocol approved by the University
of California, San Francisco, Committee on Human
Research. The mean age of the seven subjects in the
young group was 27 = 3 yr (range 21-31 yr), the mean
weight was 62.1 = 12.2 kg (range 47.7-81.5 kg), and
the mean height was 167 = 8 cm (range 154-176 cm).
Three were men, and four were women; two were
African-American, two were Hispanic, two were Cauca-
sian, and one was Asian. Two women were on birth
control pills, and one took a daily aspirin. The mean age
of the older group was 69 * 6 yr (range 60—-79 yr), the
mean weight was 72.5 + 12.7 kg (range 54.8—100.5 kg),
and the mean height was 168.1 * 9.9 cm (range
151-180 cm). Four were men, and six were women; one
was Hispanic, and nine were Caucasian. Two women
were on hormone replacement therapy, two men took a
daily aspirin, and one woman was on lovastatin.

Data presented do not include measurements of some
parameters in several subjects. In one young subject
and one old subject (ages 21 and 75 yr), data were not
included due to technical problems during data collec-
tion. Heart rate data were not included for three older
women (ages 72, 72, and 66 yr) because of frequent
atrial premature contractions, precluding accurate esti-
mates of spectral content. Therefore, for heart rate
variability and transfer function estimates between
lung volume and heart rate, n = 6 for the older group
and n = 5 for the younger group; for lung volume data,
n = 9 for the older group and n = 5 for the younger
group.

Lung volume data. Respiratory data and statistical
comparisons are presented in Table 1. Respiratory
interval increased with aging, as did the respiratory
interval SD. Age effects on tidal volume were not
detected. Respiratory interval and tidal volume in-
creased with standing, so that minute ventilation had
little or no change in response to standing. In subjects
in the supine position, minute ventilation was 5.3 = 1.8
and 4.5 = 1.1 I/min in younger and older subjects,
respectively. In subjects in the standing position, minute
ventilation was 6.4 = 0.7 and 5.5 £ 3.0 I/min in younger
and older subjects, respectively. Age effects on minute
ventilation were not detected. The slight increase in
minute ventilation with standing failed to reach statis-
tical significance (P = 0.07). Age-position interactions
were not detected in respiratory interval, tidal volume,
or minute ventilation.
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Table 1. Effects of position and aging on respiratory and R-R intervals

ANOVA (P)
Young Old
Position Age Position-age
Supine Standing Supine Standing effect effect interaction
Respiratory interval, s 3.6x+04 3.9+09 44+0.8 54+1.6 0.05 0.03 0.33
SD of respiration interval, s 0.8+0.7 1.2+0.8 19+14 22+13 0.33 0.04 0.60
Tidal volume, ml 316 +121 416 =65 32892 470198 0.005 0.63 0.59
R-R interval, ms 1,014+138 735+93 985+ 149 863+104 0.0001 0.42 0.004
SD of R-R interval, ms 55+ 16 49+18 41+19 40+10 0.52 0.059 0.69

Data are means = SD; for respiration interval, SD of respiration interval, and tidal volume, n = 5 for young and 9 for old; for R-R interval
and SD of R-R interval, n = 7 for young and 10 for old. Supine and Standing, subject position. ANOVA, analysis of variance for repeated

measures.

R-R data. R-R interval data and statistical compari-
sons are presented in Table 1. Mean R-R intervals were
not affected by age. A trend for greater SD of R-R
intervals in young compared with older subjects was
seen, although these differences failed to reach statisti-
cal significance (P = 0.059). R-R intervals decreased
from the supine to the standing position in both age
groups, but decreases were significantly greater in
young subjects compared with older subjects (P <
0.0001). SD of R-R interval was unaffected by position.

Lung volume spectra. Figure 1 presents individual
lung volume spectra for all subjects, and lung volume
spectral AUC measurements for young and old subjects
in supine and standing positions are shown in Table 2.
No age effects were detected for lung volume spectral
measures. Going from the supine to standing position
increased lung volume spectral AUC in the respiratory
frequency band as well as the total AUC. Increases in
low-frequency lung volume spectral AUC failed to
reach statistical significance (P = 0.099). No position-
age interactions were detected.

Heart rate spectra. Heart rate spectra are presented
in Fig. 2, and heart rate spectral AUC data are shown
in Table 2. Both low and total spectral AUC were
greater in young subjects compared with older subjects.
Both of these measures increased in subjects going
from the supine to standing position and increased
more in young than in older subjects. Postural changes
in spectral content at the respiratory frequency did not
reach statistical significance.

Coherence. Individual coherence data between lung
volume and heart rate at all frequencies are presented
in Fig. 3, and mean data are shown in Table 2. Position
did not affect measures of coherence in a consistent
manner. Coherence over the respiratory frequency band
tended to be higher for young compared with older
subjects when supine (P = 0.05, unpaired t-test), but
this difference was eliminated by standing.

Transfer function estimates. Lung volume-to-heart
rate transfer function magnitudes over regions of higher
coherence (>0.67) are presented in Fig. 4, and mean
data are shown in Table 3 and Fig. 5. Magnitude tended
to be larger for young subjects than for older subjects
and tended to decrease in going from the supine to the
standing position. Both of these trends approached but
failed to reach statistical significance (P < 0.068).
Phase angle between lung volume and heart rate was

smaller in young than in older subjects. Although
younger subjects exhibited a mean decrease in phase
angle with standing, whereas the older subjects showed
a mean increase in phase angle with standing, no
age-position interactions were detected.

DISCUSSION

Previous studies have utilized spectral analysis of
heart rate variability to elucidate autonomically medi-
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Fig. 1. Lung volume spectra for young (A) and older (B) subjects in
supine (solid lines) and standing (dotted lines) positions. A dominant
respiratory frequency was not seen in several older subjects, espe-
cially in standing position, as is seen in increased SD of respiratory
intervals.
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Table 2. Effects of position and aging on lung volume and heart rate spectra
ANOVA (P)
Young Old
Position Age Position-age
Supine Standing Supine Standing effect effect interaction
Lung volume spectra
Respiratory frequency AUC, liters? 0.006 =0.006 0.009+0.003 0.008+0.008 0.021=+0.020 0.028 0.26 0.22
Low-frequency AUC, liters? 0.0002+0.0002 0.002+0.002 0.005+0.008 0.006=*0.006 0.099 0.17 0.59
Total AUC, liters? 0.007 =0.007 0.013+0.004 0.014+0.014 0.029+0.025 0.008 0.20 0.26
Heart rate spectra
Respiratory frequency AUC, bpm?2 1.46+1.09 0.95+0.77 0.65+0.84 0.57x0.44 0.16 0.22 0.27
Low-frequency AUC, bpm? 1.23+1.63 45+23 0.76 £0.59 1.17+0.93 0.001 0.04 0.003
Total AUC, bpm? 3.31+2.80 6.25+3.18 155+1.24 1.80+1.30 0.02 0.03 0.03
Coherence between spectra
Respiratory frequency 0.80*+0.12 0.65*+0.09 0.68*+0.12 0.63+0.16 0.34 0.21 0.17
Low frequency 0.26 +£0.17 0.36+0.10 0.40x0.19 0.34+£0.17 0.81 0.44 0.26
Total 0.51+0.11 0.52+0.06 0.48+0.15 0.53+0.15 0.39 0.89 0.65

Data are means = SD; for lung volume, n = 5 and 9 for young and old; for heart rate and coherence, n = 5 and 6 for young and old. AUC, area
under curve of power vs. frequency spectra for lung volume and heart rate; respiratory frequency, subject-dependent respiratory frequency
band; low frequency, 0.04—-0.12 Hz; total, 0.04—-0.40 Hz; coherence, between lung volume and heart rate over respiratory frequency band,

low-frequency band, and total. bpm, Beats/min.

ated changes in response to posture in humans (11, 16).
It has been demonstrated that, in response to standing,
1) high-frequency heart rate variability due to parsym-
pathetically mediated respiratory input decreases and
2) low-frequency heart rate variability due to barore-
flex stimulated B-adrenergic sympathetic input in-
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Fig. 2. Heart rate spectra for young (A) and older (B) subjects in
supine (solid lines) and standing (dotted lines) positions. At low
frequencies, spectral content is larger in standing position compared
with supine. Spectral content also tends to be larger for younger than
for older subjects. bpm, Beats/min.

creases (11, 16, 26—28). The present study was de-
signed to analyze the effect of aging on the relationship
between lung volume and heart rate during postural
maneuvers.

As seen previously (31), older age was associated
with slower and more variable respiration, but mean
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Coherence Between Lung Volume and Heart Rate
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Fig. 3. Lung volume-to-heart rate coherence for 5 young (A) and 6
older (B) subjects in supine (solid) and standing (dotted) positions.
Coherence tends to be higher over main respiratory frequency band.
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Fig. 4. Lung volume-to-heart rate transfer function magnitudes for
frequency bands with high coherence for young (A) and older (B)
subjects in supine (solid lines) and standing (dotted lines) positions.
Data for frequency ranges of high coherence. Moving from supine to
standing position tended to decrease magnitude for younger subjects,
but this trend was less pronounced in older subjects.

tidal volume was not significantly altered by age. A
number of potential mechanisms could contribute to
the slower mean respiratory rates in the older subjects.
These include the simple mechanical explanation that
longer times are needed for inflation and/or deflation of
the lungs. This is supported by the documented de-
crease in volumes per timed forced expirations seen in
healthy aging (22). Other possibilities include age-
related changes at the peripheral chemoreceptors, pul-
monary or upper airway mechanoreceptors, the motor
cortex, or the pontine pneumataxic center leading, to
decreased afferent input to the medulla respiratory
control center. Longer times for blood flow from the
lungs to the carotid body could delay input to the
respiratory center, and within the medulla, chemorecep-
tors could respond less rapidly to changes in CO, or
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Fig. 5. Lung volume-to-heart rate transfer function magnitude (A)
and phase angle (B) in subject-dependent respiratory frequency band
for young (@, solid lines) and older (O, dotted lines) subjects, in
supine (SU) and standing (ST) positions. Data are means * SE.
Standing tended to decrease magnitude in both age groups, but the
trend failed to reach statistical significance (P = 0.07). Aging also
tended to decrease magnitude in both positions but also failed to
reach statistical significance (P = 0.07). Phase angle was larger for
older subjects in both positions (P < 0.003). Standing decreased
phase angle in young subjects and increased phase angle in older
subjects (P < 0.001).

oxygenation. Also in agreement with previous findings
(11, 14, 16, 28, 29), supine heart rate was not affected by
aging, but measures of heart rate variability were
greater in young than in older subjects. We have
previously shown that the age-related variability in
heart rate can be abolished by double autonomic phar-
macological blockade with atropine and propranolol
(12).

Standing was accompanied by decreased respiration
rate and increased tidal volume in both young and old,
suggesting that the decreased rate of respiration is
compensated for by an increased tidal volume, thereby
having little or no net effect on minute ventilation.
Heart rate increased with standing in both age groups,
with greater heart rate increases in younger compared
with older subjects. Position had no statistically signifi-
cant effect on time domain measures of heart rate
variability, but position effects were detected in low-
and high-frequency spectral content of heart rate vari-
ability. The increased low-frequency AUC in the heart
rate with standing is consistent with increased barore-
flex activity with standing.

There was a qualitative difference between the lung
volume spectra of the young and older subjects. The
lung volume spectra of the older subjects appeared
more dispersed than those of the young. These differ-
ences are difficult to further characterize because of the
relatively small sample size and the considerable varia-

Table 3. Effects of position and aging on lung volume to heart rate transfer function

ANOVA (P)
Young Old
Position Age Position-age
Supine Standing Supine Standing effect effect interaction
Magnitude, bpm/I 18+ 15 8+3 7+5 4+3 0.068 0.067 0.24
Phase, ° 18+11 —-7x7 4417 7557 <0.001 <0.003 0.20

Data are means = SD in both supine and standing positions over subject-dependent respiratory frequency ranges; n = 5 for young and

6 for old.
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tions in spectra from subject to subject. In a number of
the older subjects, power was more diffusely distrib-
uted across frequencies than in younger subjects. The
respiratory spectra in subjects in both the supine and
standing positions were characterized by greater con-
tent in the low- and midfrequency ranges vs. confine-
ment to the high-frequency range as was seen in the
younger subjects. This observation suggests age-
related uncoupling of lung volume changes from respi-
ratory rate and could reflect age-related alterations in
peripheral or central chemoreceptor, proprioceptor, tem-
perature, brain stem, metabolic, or lung stretch recep-
tor function. It is in agreement with reports of greater
periodic breathing in healthy elderly compared with
younger subjects (9, 17, 21). Our prior work showing
the lack of autonomic pharmacological blockade with
atropine and propranolol to alter lung volume spectra
in young or older subjects (31) suggests that pathways
involving muscarinic or B-adrenergic feedback are less
likely to be responsible for these differences. The lung
volume spectral AUC increased with standing at all
frequencies in both age groups.

We and others (11, 16, 28) have previously demon-
strated the relationship between position and heart
rate variability as a function of age. Heart rate variabil-
ity decreases with age, and heart rate spectral AUC
decreases with age in all frequency bands (11, 28). In
the current study, low- and total frequency content
were significantly affected by age, and age-position
interactions were detected for these measures of heart
rate variability. Standing also increased low-frequency
and total AUC. Age-related differences in response to
postural maneuvers could possibly be attributed to
age-related alterations in baroreflex and/or autonomic
nervous system activity. We believe that the failure to
reach statistical significance in age- and position-
related differences in heart rate spectral AUC at the
respiratory frequency is due to the small sample size
and large intersubject variability in this study.

Our main objective was to determine whether age
affected relationships between lung volume and heart
rate as a function of posture. As a frequency-dependent
measure of correlation, we computed coherence be-
tween lung volume and heart rate, as previously de-
scribed (31). As anticipated, coherence tended to be
higher for the main respiratory frequency band com-
pared with other frequencies. This was true for both the
supine and standing position despite the tendency for
increased lung volume spectral content at lower frequen-
cies with standing.

As in our previous study (31), we restricted the
analysis of transfer function magnitude and phase to
the frequency band over which high coherence was
observed. Because of this restriction, analyses were
confined to the respiratory or vagally mediated fre-
quency range. Transfer functions were qualitatively
similar for young and old but tended to decrease in
magnitude with age and in going from the supine to
standing position. The decrease in response to standing
suggests less parasympathetically mediated respira-
tory input in the standing compared with supine posi-
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tion. The decrease in magnitude with aging can possi-
bly be attributed to age-related decreases in vagal
modulation of heart rate as previously suggested (11,
14, 16, 23, 28, 33).

The analysis of transfer function phase was also
restricted to the same frequency bands. Near-synchro-
nous relationships have been reported between lung
volume and heart rate in young subjects (26, 31), and
slightly more delayed relationships have been reported
for older subjects (31). The mean phase angle in youn-
ger subjects was significantly less than for older sub-
jects, indicating increased time required for responses
in older subjects to reflex stimulation. Standing de-
creased the phase angle in younger subjects, indicating
an even more synchronous relationship between lung
volume and heart rate in the standing state. In con-
trast, mean phase angle increased in older subjects.
Although this possible age-position interaction for phase
angle did not reach statistical significance, the lack of a
decrease in mean phase angle in older subjects sug-
gests that aging may be accompanied by fixed time
delays between lung volume and heart rate information
that cannot be altered by standing or mild postural
stimuli.

Our study has a number of limitations. The small
sample size may have led to type Il statistical errors in
conclusions regarding several parameters in which
trends were seen. However, in general the age-related
and postural effect trends were apparent. Post hoc
power calculations for heart rate spectral AUC in the
respiratory frequency band indicate that a sample size
of 30 for each age group would reduce the probability of
a type Il error of detecting an age-related difference of
0.64 bpm?/Hz (51%) to 0.20 (« = 0.05, B = 0.2), but that
a sample size of ~60 would be needed to reduce the
probability of a type Il error in detecting a position-
related difference of 0.28 bpm?2/Hz (23%) to 0.20 (o =
0.05, B = 0.2). Post hoc power calculations for transfer
function magnitude indicate that a sample size be-
tween 25 and 35 for each age group would reduce the
probability of a type Il error in detecting an age-related
difference of 7.8 bpm/I (49%) to 0.20 (o« = 0.05, 3 = 0.2).
However, a sample size of ~40 would be necessary to
reduce the probability of a type Il error in detecting a
position-related difference of 5.8 bpm/I (60%) because of
the large intersubject variability of these measures.
With visual inspection, however, age-related differ-
ences are suggested. Post hoc power calculations for
age effects on low-frequency lung volume spectral AUC
indicate that for the sample size used, a type Il error in
failing to detect an age-related difference of 0.0044
I2/Hz (340%) was unlikely (o« = 0.05, B = 0.1).

In conclusion, we found age-related differences in
respiration and respiratory variability in healthy non-
medicated subjects. Standing also significantly affected
respiration but not respiratory variability. Subjects
from both age groups tended to breathe more rapidly in
the supine compared with standing position. Heart rate
variability with standing showed increased variability
associated with sympathetically mediated low-fre-
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quency baroreflex influences. The effects of standing
showed age-related differences, suggesting that both
parasympathetic and sympathetic mediation changes
with aging. Although magnitude of the transfer func-
tion between lung volume and heart rate showed a
decreasing trend with age in both positions and with
standing for both age groups, more marked age and
posture effects were seen for the time required for
transfer of information from lung volume to heart rate
as measured by the transfer function phase.

This work was done during the tenure of a research fellowship
from the American Heart Association, California Affiliate (G. Stan-
ley), with further support by National Institutes of Health Grants
GM-26691 and AG-9550. The work was performed at the University
of California, San Francisco, General Clinical Research Center sup-
ported with funds provided by the Division of Research Grant RR-79.

Address for reprint requests: J. B. Schwartz, Northwestern Univer-
sity Medical School, 303 E. Superior St., Jennings 209, Chicago, IL
60611.

Received 6 February 1997; accepted in final form 16 June 1997.

REFERENCES

1. Akselrod, S., D. Gordon, J. B. Madwed, N. C. Snidman,
D. C. Shannon, and R. J. Cohen. Hemodynamic regulation:
investigation by spectral analysis. Am. J. Physiol. 249 (Heart
Circ. Physiol. 18): H867—-H875, 1985.

2. Akselrod, S., D. Gordon, F. A. Ubel, D. C. Shannon, A. C.
Bargar, and R. J. Cohen. Power spectrum analysis of heart
rate fluctuation: a quantitative probe of beat-to-beat cardiovas-
cular control. Science 213: 220-222, 1981.

3. Albrecht, P, and R. J. Cohen. Estimation of heart rate power
spectrum bands from real-world data: dealing with ectopic beats
and noisy data. Proc. Comput. Cardiol. Conf. 311-314, 1988.

4. Appel, M. L., R. D. Berger, J. P. Saul, J. M. Smith, and R. J.
Cohen. Beat to beat variability in cardiovascular variables:
noise or music? J. Am. Coll. Cardiol. 14: 1139-1148, 1989.

5. Berger, R. D., S. Akselrod, D. Gordon, and R. J. Cohen. An
efficient algorithm for spectral analysis of heart rate variability.
IEEE Trans. Biomed. Eng. 33: 900-904, 1986.

6. Berger, R. D., J. P. Saul, and R. J. Cohen. Assessment of
autonomic response by broad-band respiration. IEEE Trans.
Biomed. Eng. 36: 1061-1065, 1989.

7. Berger, R. D., J. P. Saul, and R. J. Cohen. Transfer function
analysis of autonomic regulation. I. Canine atrial rate response.
Am. J. Physiol. 256 (Heart Circ. Physiol. 25): H142—-H152, 1989.

8. Berntson, G., J. Cadioppo, and K. Quigley. Respiratory sinus
arrhythmia: autonomic origins, physiological mechanisms, and
psychophysiological implications. Psychophysiology 30: 183—-196,
1993.

9. Carskadon, M. A., and W. Dement. Respirations during the
aged human. J. Gerontol. 36: 420—423, 1981.

10. Corr, P. B., K. A. Yamada, and F. X. Witkowski. Mechanisms
controlling cardiac autonomic function and their relation to
arryhthmogenesis. In: The Heart and Cardiovascular System,
Scientific Foundations, edited by H. A. Fozzard. New York:
Raven, 1986, p. 1343-1369.

11. Craft, N., and J. B. Schwartz. Effects of age on intrinsic heart
rate, heart rate variability, and AV conduction in healthy hu-
mans. Am. J. Physiol. 268 (Heart Circ. Physiol. 37): H1441-
H1452, 1995.

12. Jenkins, G. M., and D. G. Watts. Spectral Analysis and Its
Applications. San Francisco, CA: Holden-Day, 1968, p. 422—436.

13. Kaplan, D. T. The analysis of variability. J. Cardiovasc. Electro-
physiol. 5: 16—19, 1994.

14. Liao, D., R. Barnes, L. Chambless, R. Simpson, P. Sorlie,
and G. Heiss. Age, race, and sex differences in autonomic
cardiac function measured by spectral analysis of heart rate
variability—the ARIC study. Am. J. Cardiol. 76: 906—912, 1995.

AGE/POSTURE, LUNG VOLUME, AND HEART RATE

15. Lipsitz, L. A,, and A. L. Golberger. Loss of “complexity” and
aging: potential applications of fractals and chaos theory to
senescence. JAMA 267: 1806—-1809, 1992.

16. Lipsitz, L. A., J. Mietus, G. B. Moody, and A. L. Goldberger.
Spectral characteristics of heart rate variability before and
during postural tilt: relations to aging and risk of syncope.
Circulation 81: 1803-1810, 1990.

17. Littner, M., E. Young, D. McGintry, E. Beahm, W. Reich, and
J. Sowers. Awake abnormalities of control of breathing of the
upper airway. Occurrence in healthy older men with no disor-
dered breathing. Chest 86: 573-579, 1984.

18. Malliani, A., M. Pagani, F. Lombardi, and S. Cerutti.
Cardiovascular neural regulation explored in the frequency
domain. Circulation 84: 482—492, 1991.

19. Mathias, J., T. Mullen, M. Perrott, and R. J. Cohen. Heart
rate variability: principles and measurement. Am. Coll. Cardiol.
Curr. Rev. Nov./Dec.: 10-18, 1993.

20. Myers, G. A,, G. J. Martin, N. M. Magid, P. S. Barnett, J. W.
Schaad, J. S. Weiss, M. Lesch, and D. H. Singer. Power
spectral analysis of heart rate variability in sudden cardiac
death: comparison to other methods. IEEE Trans. Biomed. Eng.
33:1149-1156, 1986.

21. Pack, A. 1., D. A. Silage, R. P. Millman, H. Knight, E. R.
Shorer, and D. C. Chung. Spectral analysis of ventilation in
elderly subjects awake and asleep. J. Appl. Physiol. 64: 1257—
1267, 1988.

22. Pagani, M., D. Lucini, P. Pizzinelli, M. Sergi, E. Bosisio,
G. S. Mela, and A. Malliani. Effects of aging and of chronic
obstructive pulmonary disease on RR interval variability. J.
Auton. Nerv. Syst. 59: 125-132, 1996.

23. Piccirillo, G., F. Fimognari, E. Viola, and V. Marigliano.
Age-adjusted normal confidence intervals for heart rate variabil-
ity in healthy subjects during head-up tilt. Int. J. Cardiol. 50:
117-124, 1995.

24. Pomeranz, B., R. J. B. Macaulay, M. A. Caudill, I. Kutz, D.
Adam, D. Gordon, K. M. Kilborn, A. C. Barger, D. C.
Shannon, R. J. Cohen, and H. Benson. Assessment of auto-
nomic function in humans by heart rate spectral analysis. Am. J.
Physiol. 248 (Heart Circ. Physiol. 17): H151-H153, 1985.

25. Saul, J. P. Beat-to-beat variations of heart rate reflect modula-
tion of cardiac autonomic outflow. News Physiol. Sci. 5: 32-37,
1990.

26. Saul, J. P, R. D. Berger, P. Albrecht, S. P. Stein, M. H. Chen,
and R. J. Cohen. Transfer function analysis of the circulation:
unique insights into cardiovascular regulation. Am. J. Physiol.
261 (Heart Circ. Physiol. 30): H1231-H1245, 1991.

27. Saul, J. P, R. D. Berger, M. H. Chen, and R. J. Cohen.
Transfer function analysis of autonomic regulation. Il. Respira-
tory sinus arrhythmia. Am. J. Physiol. 256 (Heart Circ. Physiol.
25): H153—-H161, 1989.

28. Schwartz, J.B.,W. J. Gibb, and T. Tran. Aging effects on heart
rate variation. J. Gerontol. Med. Sci. 46: M99-M106, 1991.

29. Shannon, D. C., D. W. Carley, and H. Benson. Aging of
modulation of heart rate. Am. J. Physiol. 253 (Heart Circ.
Physiol. 22): H874-H877, 1987.

30. Shaw, P, F. Ferrante, and F. Amenta. Autonomic centers and
pathways: age-related changes. In: Aging of the Autonomic
Nervous System (1st ed.), edited by F. Amenta. Boca Raton, FL:
CRC, 1993, p. 3-19.

31. Stanley, G., D. Verotta, N. Craft, R. Siegel, and J. Schwartz.
Age and autonomic effects on interrelationships between lung
volume and heart rate. Am. J. Physiol. 270 (Heart Circ. Physiol.
39): H1833-H1840, 1996.

32. Winer, B. Statistical Principles in Experimental Design. New
York: McGraw-Hill, p. 796-809, 1971.

33. Yeragani, V., R. Pohl, R. Berger, R. Balon, and K. Sriniva-
san. Relationship between age and heart rate variability in
supine and standing postures: a study of spectral analysis of
heart rate. Pediatr. Cardiol. 15: 14—-20, 1994.

34. Zar, J. Biostatistical Analysis (2nd ed.). Englewood Cliffs, NJ:
Prentice-Hall, 1984, p. 446—-450.



