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J. Andrew Taylor, Larry A. Beightol, James E. Ames IV,
Jeffrey B. Hoag, Henrik Seidel, and Dwain L. Eckberg.
Controlled breathing protocols probe human autonomic car-
diovascular rhythms. Am. J. Physiol. 274 (Heart Circ. Physiol.
43): H709–H718, 1998.—The purpose of this study was to
determine how breathing protocols requiring varying degrees
of control affect cardiovascular dynamics. We measured inspi-
ratory volume, end-tidal CO2, R-R interval, and arterial
pressure spectral power in 10 volunteers who followed the
following 5 breathing protocols: 1) uncontrolled breathing for
5 min; 2) stepwise frequency breathing (at 0.3, 0.25, 0.2, 0.15,
0.1, and 0.05 Hz for 2 min each); 3) stepwise frequency
breathing as above, but with prescribed tidal volumes; 4)
random-frequency breathing (,0.5–0.05 Hz) for 6 min; and 5)
fixed-frequency breathing (0.25 Hz) for 5 min. During step-
wise breathing, R-R interval and arterial pressure spectral
power increased as breathing frequency decreased. Control of
inspired volume reduced R-R interval spectral power during
0.1 Hz breathing (P , 0.05). Stepwise and random-breathing
protocols yielded comparable coherence and transfer func-
tions between respiration and R-R intervals and systolic
pressure and R-R intervals. Random- and fixed-frequency
breathing reduced end-tidal CO2 modestly (P , 0.05). Our
data suggest that stringent tidal volume control attenuates
low-frequency R-R interval oscillations and that fixed- and
random-rate breathing may decrease CO2 chemoreceptor
stimulation. We conclude that autonomic rhythms measured
during different breathing protocols have much in common
but that a stepwise protocol without stringent control of
inspired volume may allow for the most efficient assessment
of short-term respiratory-mediated autonomic oscillations.

respiratory sinus arrhythmia; power spectra; R-R interval

CARDIOVASCULAR RHYTHMS are modulated by central
mechanisms and afferent input from arterial barorecep-
tors, chemoreceptors, cardiac receptors, and pulmonary
and thoracic stretch receptors. In short-term record-
ings, cardiovascular rhythms may be dominated by
respiration. Because of this, humans hold a unique
advantage over other species as subjects for autonomic

research: they can control their breathing. The ability
to control breathing, however, may be at once an
advantage and a disadvantage. Control of breathing (or
at least measurement of, and factoring in of, breathing)
may be essential if sense is to be made of R-R interval
power spectra; Brown and co-workers (4) showed that
respiratory frequency R-R interval spectral power varies
as much as 10-fold at different breathing frequencies.
Moreover, the possibility exists that carefully conceived
breathing algorithms might inform actual mechanisms
underlying human autonomic rhythms. Conversely, the
conscious mental effort necessary to control breathing
may itself alter the physiology being studied.

If advantages accruing from use of human subjects
are to be realized, it is necessary to know how the
actual control of breathing affects the variables being
measured. For this reason, we evaluated how breathing
protocols requiring varying degrees of tidal volume and
respiratory frequency control influence autonomic car-
diovascular dynamics. Our purpose was twofold: 1) to
determine whether control of inspired tidal volume
adjusted for changes in respiratory frequency is neces-
sary to properly assess frequency domain analyses of
cardiovascular dynamics and 2) to determine the im-
pact of various controlled breathing algorithms on
measured cardiovascular rhythms.

Our results suggest that, although autonomic
rhythms measured during different breathing protocols
have much in common, there are some statistically
significant differences. Stringent control of inspired
tidal volume reduces R-R interval oscillations, and
random- and fixed-frequency breathing may decrease
CO2 chemoreceptor stimulation. Similar transfer func-
tions between respiration and R-R intervals and sys-
tolic pressure and R-R intervals are achievable with
both stepwise and random protocols, but only stepwise
and fixed-frequency breathing allow for clear separa-
tion between low- and high-frequency oscillations. We
suggest that, for short-term recordings, breathing pro-
tocols incorporating stepwise changes in frequency
without stringent control of inspired volume may allow
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for the most efficient assessment of respiratory-
mediated autonomic oscillations.

METHODS

Subjects. We studied 10 healthy supine volunteers, 5 men
and 5 women (mean age 6 SE: 25.5 6 1.7 yr; weight: 68.1 6
4.7 kg). This research was approved by the human research
committees of the Hunter Holmes McGuire Department of
Veterans Affairs Medical Center and the Medical College of
Virginia of Virginia Commonwealth University. All subjects
gave written informed consent.

Measurements. We recorded the electrocardiogram, inte-
grated tidal volume (Fleisch pneumotachograph), beat-by-
beat finger photoplethysmographic arterial pressure (Ohm-
eda Finapres), and end-tidal CO2 concentration (infrared
analyzer; Gambro Engineering). Data were sampled at 250
Hz, recorded on digital tape, and transferred to computer for
off-line analysis.

Tidal volume control. At the beginning of each experiment,
subjects rested quietly in the supine position and breathed at
a comfortable, uncontrolled rate and tidal volume for 5 min,
with a face mask connected to a pneumotachograph and a
two-way respiratory valve (Hans Rudolph). End-tidal CO2
was measured from samples withdrawn from the face mask
during the first 5 min. Mixed CO2 was measured from
samples withdrawn from a 5-liter mixing chamber during the
last 2 min. We calculated average expiratory tidal volume and
breathing interval and entered these, along with measure-
ments of end-tidal and mixed CO2, into a personal computer.
We calculated physiological dead space with the Bohr equa-
tion (6) and alveolar volume by subtracting physiological
dead space from tidal volume. We calculated inspired tidal
volume from measurements made during quiet uncontrolled
breathing, as follows

VI ·breath21 5 VD·breath21 1 (VA·min21/F)

where VI is inspired volume, VD is physiological dead space,
VA is alveolar volume, and F is target frequency (breaths/
min). Subsequently, we used this equation to calculate inspi-
ratory tidal volume at different breathing rates to maintain
normal alveolar ventilation regardless of breathing fre-
quency.

Controlled breathing. The target breathing sequence was
displayed graphically in real time on a laptop computer
(Thinkpad; IBM). During testing, the computer was posi-
tioned above and in front of the subject on an adjustable stand
so that she or he could view the screen comfortably, at a
distance of ,0.6 m. Subjects attempted to match their
breathing to target waveforms, as these waveforms scrolled
off the left side of the computer display. Each breath was
represented by a single triangle, the height and width of
which were directly proportional to the targeted inspired
volume and breathing interval. The leading side of each
triangle represented inspiration, and the trailing edge repre-
sented expiration. A flat horizontal cursor positioned to the
left of a stationary line moved up and down over time, exactly
matching its vertical position to that of the waveform display;
this cursor provided additional visual feedback to assist the
subject in maintaining the required breathing rate.

During stepwise breathing with tidal volume control, a
second horizontal cursor, the vertical position of which was
dependent on the integrated pneumotachograph signal, was
positioned adjacent to the first cursor. This signal was fed into
a data acquisition module (model DI-205; DATAQ Instru-
ments), which performed an analog-to-digital conversion. The
pneumotachograph integrator was configured to reset at the

end of each inspiration and did not begin reporting measure-
ments again until the beginning of the next inspiratory
phase. Thus the computer displayed tidal volume only during
inspiration.

Experimental protocol. Subjects performed breathing proto-
cols in random order: 1) 12 min stepwise frequency breathing
with uncontrolled tidal volume (at 0.3, 0.25, 0.2, 0.15, 0.1, and
0.05 Hz sequentially, for 2 min each); 2) 12 min stepwise
frequency breathing as above, but with tidal volume control
(inspiratory volume was calculated for each breathing rate to
maintain normal alveolar ventilation); 3) 6 min random, or
‘‘white noise’’ frequency breathing with uncontrolled tidal
volume [the computer generated a random breathing interval
series with a uniform distribution, within the range of
,0.5–0.05 Hz; the ‘‘whiteness’’ of the signal was verified with
commercial software (DADiSP; DSP Development)]; and 4) 5
min fixed-frequency (0.25 Hz) breathing with uncontrolled
tidal volume.

Data analysis. We calculated power spectra as follows. The
nonequidistant R-R interval time series and arterial pressure
waveforms (7) were spline interpolated (cubic), resampled at
4 Hz, and passed through a finite low-pass impulse response
filter with a cut-off frequency of 0.5 Hz. Data sets comprising
64 s (256 samples), sliding every 10 s, were trend eliminated
(linear regression), windowed (Hanning method), and fast-
Fourier transformed. We used the periodogram method to
estimate power distribution (18). Power was expressed as the
area under the spectrum over the frequency range of interest.
For analysis of coherence and for calculation of transfer
functions, spline interpolations (cubic) of tidal volumes and
R-R intervals and systolic pressures and R-R intervals were
made at 4 Hz. Power spectral densities were calculated with
the Welch algorithm for 7 overlapping sections of 256 points
(or 64 s) staggered by 128 points. We calculated the coherence
between each of the pairs of measurements by dividing the
cross-spectral densities by the product of the individual
power spectral densities. We calculated the transfer function
by dividing the cross-spectra of the two signals by the power
spectra of the input signals (3). We analyzed some responses
with a damped oscillator model of the form

X ( f ) 5
a

2p Î(2p)2( f 2 2 b2)2 1 4c2 f 2

where X ( f ) is system output, a is amplitude of driving force,
b is resonance frequency, and c is damping parameter.

We integrated spectral power over the following three
frequency ranges: total (0.02–0.5 Hz), low (0.02–0.12 Hz),
and high (0.12–0.5 Hz). To determine how stringent tidal
volume control affects spectral power, we compared inte-
grated low, high, and total spectral powers at each breathing
frequency during stepwise breathing with and without con-
trolled tidal volume. We also compared spectral power during
fixed-frequency breathing (over 5 min) with that derived
during 0.25 Hz stepwise breathing with and without tidal
volume control (2-min segment).

Statistical analysis. We determined that our data were
distributed normally with the Kolmogorov-Smirnov test (15).
Statistical comparisons among each variable at different
respiratory rates and volumes were performed with repeated-
measures analysis of variance (ANOVA). Significant global F
ratios were examined further with Student-Newman-Keuls
post hoc analysis to identify significantly different means. To
determine the effects of breathing at different respiratory
rates on low, high, and total spectral power, we evaluated
each dependent variable using a two (group)-by-six (respirato-
ry frequency) ANOVA with repeated measures on the respira-
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tory frequency factor. Significant interactions were probed
with the analysis of simple main effects. We considered
differences significant at P , 0.05.

RESULTS

Stepwise breathing protocol: Tidal volume control.
Figure 1, A–C, shows data obtained from one subject
during stepwise frequency breathing without tidal vol-
ume control. Figure 1A shows that mean R-R intervals,
arterial pressures, and end-tidal CO2 levels are stable
during stepwise frequency breathing and that, as ex-
pected (22), inspired tidal volume increases as breath-
ing rate decreases. Figure 1, B and C, shows the R-R
interval and systolic pressure time series depicted in
Fig. 1A and their three-dimensional power spectra and
contour plots. Both analyses show peaks of spectral
power at the breathing frequencies; and, to a lesser
degree, both analyses reveal underlying low (less than
,0.05 Hz)-frequency spectral power throughout much
of the stepwise frequency protocol [this is more appar-
ent with systolic pressures (Fig. 1C) than R-R intervals
(Fig. 1B)].

Figure 2 shows mean inspiratory volumes (corrected
for body temperature, ambient pressure, saturated)
and SD of inspiratory volumes for all subjects for all
frequencies of stepwise breathing. During stepwise
frequency breathing, inspired tidal volumes with or
without tidal volume control were comparable (P $
0.05) to targeted tidal volumes (Fig. 2A). However, as
Fig. 2B shows, tidal volumes were more constant when
subjects breathed at slow breathing rates with than
without tidal volume control (P , 0.05).

Figure 3 shows average end-tidal CO2 levels during
stepwise breathing with and without tidal volume
control. During the initial 5-min period of uncontrolled
breathing (not shown), end-tidal CO2 concentrations
averaged 5.25 6 0.14%. Average end-tidal CO2 levels
during stepwise frequency breathing, with or without
tidal volume control, were comparable (P $ 0.05) to the
baseline level during uncontrolled breathing.

Figure 4 shows average R-R intervals during step-
wise breathing, with and without tidal volume control.
During the initial 5-min period of uncontrolled breath-
ing (not shown), R-R intervals averaged 0.95 6 0.04 s.
Average R-R intervals during stepwise frequency
breathing, with or without tidal volume control, were
comparable (P $ 0.05) to the baseline level during
uncontrolled breathing.

Figure 5 depicts mean total R-R interval spectral
power (0.02–0.5 Hz) during stepwise breathing with
and without tidal volume control. Total spectral power
was significantly (P , 0.05) greater at 0.1 Hz than at
more rapid breathing rates, during both uncontrolled
and controlled tidal volume protocols (see Table 1).
Stringent control of inspired tidal volume yielded lower
total R-R interval spectral power at 0.1 Hz during
stepwise breathing (P , 0.05, uncontrolled vs. con-
trolled tidal volume). Figure 6 shows that total systolic
pressure spectral power was significantly higher (P ,
0.05) at 0.1 Hz than at more rapid breathing rates,
during both uncontrolled and controlled tidal volume

protocols (see Table 2). Control of inspired volume,
however, had no effect (P $ 0.05) on total systolic
pressure power at any breathing frequency.

Stepwise vs. other breathing protocols. Figure 7 shows
mean end-tidal CO2 concentrations measured during
each of the five breathing protocols. Uncontrolled
breathing and stepwise breathing with or without tidal
volume control yielded similar (P $ 0.05) end-tidal CO2
concentrations. Random (or white noise)- and fixed-
frequency (0.25 Hz) breathing yielded significantly
(P , 0.05) lower end-tidal CO2 concentrations than
uncontrolled breathing.

Total R-R interval spectral power was comparable
when the 2-min segments of stepwise breathing (0.25
Hz), with or without tidal volume control, were com-
pared with the 5-min segment of fixed-frequency breath-
ing (see Table 1). Mean total R-R interval spectral
power for all subjects was 0.0018 6 0.0004 during
stepwise breathing without tidal volume control,
0.0020 6 0.0006 during stepwise breathing with tidal
volume control, and 0.0028 6 0.0004 s2 during fixed-
frequency breathing (P $ 0.05).

Figure 8 shows mean total R-R interval spectral
power derived at each breathing frequency during the
stepwise protocol with and without tidal volume control
and during fixed frequency, random frequency, and
normal breathing. Average R-R interval spectral power
and systolic pressure spectral power are also given in
Tables 1 and 2. During normal, stepwise, and fixed-
frequency breathing, spectral power peaks were pres-
ent in both respiratory and low-frequency bands, ex-
cept during 0.15, 0.1, and 0.05 Hz breathing, when the
respiratory and low-frequency oscillations coincided.
Breathing at higher frequencies (.0.15 Hz) did not
affect low-frequency (0.02–0.12 Hz) oscillations during
stepwise breathing with or without tidal volume con-
trol (P # 0.05), as may be seen more clearly from the
data presented in Table 1. Similar responses were
noted for systolic arterial pressure power, as shown in
Table 2.

Figure 9, A and B, shows mean (solid line 6 SE)
cross-spectral analyses of the relation between respira-
tion and R-R intervals and systolic pressure and R-R
intervals during random-frequency breathing. Figure
9, A and B, shows total (0.02–0.5 Hz) integrated
measurements obtained at each breathing frequency
during the stepwise protocol with and without tidal
volume control. All three breathing protocols yielded a
significant relationship ($0.5 coherence) between respi-
ration and R-R intervals over most of the frequency
ranges. Coherence was higher during both stepwise
protocols compared with random breathing at every
breathing frequency. Phase relations and transfer mag-
nitudes were similar for the stepwise frequency and
white noise breathing protocols.

Figure 9B shows data for systolic pressure and R-R
intervals. Coherence was again higher during stepwise
than random breathing. Phase and transfer function
analyses for the three protocols were similar. Because
of the short data segments we evaluated, we questioned
whether our coherence estimates might be biased,
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Fig. 1. Representative time series from one subject during
stepwise breathing (A) with corresponding R-R interval (B)
and arterial pressure spectral power (C).
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especially at 0.05 Hz breathing. We present average
data for all subjects, aligned on the first inspiration
with corresponding changes in R-R intervals in Fig. 10.
Figure 10 shows that subjects were able to follow the
breathing cues extremely well at 0.05 Hz and that R-R
interval responses were remarkably consistent be-
tween subjects.

Figure 11 shows total R-R interval spectral power
(0.02–0.5 Hz), integrated at each breathing frequency,
during stepwise frequency breathing without tidal vol-
ume control (Fig. 11A) and white noise breathing (Fig.
11B). The solid line in each panel indicates the results
of modeling of the data as a damped oscillator (see
METHODS). The high correlation coefficients obtained
indicate that the damped oscillator model fits data
obtained with both methods extremely well.

DISCUSSION

We measured cardiovascular rhythms during the
following five types of breathing: uncontrolled breath-
ing; ‘‘stepwise’’ frequency breathing, with and without
rigorous control of inspired tidal volume; random-
frequency breathing; and fixed-frequency breathing.
Our protocol had two complementary objectives. First,
we evaluated stepwise frequency breathing and ad-

Fig. 2. Inspired volumes shown for all subjects during stepwise
breathing with (j) and without (r) tidal volume control. Calculated
inspired volumes are plotted for comparison (q). Values are means 6
SE; n 5 10. *Significantly different between protocols, P , 0.05.

Fig. 3. Mean end-tidal CO2 concentrations for all subjects during
stepwise breathing with (j) and without (r) tidal volume control.

Fig. 4. Mean R-R intervals for all subjects during stepwise breathing
with (j) and without (r) tidal volume control.

Fig. 5. Total R-R interval spectral power for all subjects during
stepwise frequency breathing with (j) and without (r) tidal volume
control. *Significantly different between protocols, P , 0.05.
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dressed one question explicitly. Is control of inspired
tidal volume, adjusted for changes in respiratory fre-
quency, necessary to properly assess frequency domain
analyses of cardiovascular dynamics? Second, we stud-
ied the impact of voluntary breathing control on mea-
sured cardiovascular rhythms. Our study provides new
quantitative information on stepwise frequency breath-
ing and indicates that, with exceptions, cardiovascular
rhythms are comparable with and without tidal volume
control. Furthermore, although autonomic cardiovascu-
lar rhythms measured during different breathing proto-
cols have much in common, there are some important
differences, as follows: strict tidal volume control de-
creases R-R interval oscillations during 0.1 Hz breath-

ing, and random- and fixed-frequency breathing mod-
estly reduce end-tidal CO2 concentrations. Similar
transfer functions between respiration and R-R inter-
val and arterial pressure and R-R interval are achiev-
able with both stepwise and random protocols, but only
stepwise and fixed-frequency breathing allow for the
clear separation between low- and high-frequency oscil-
lations when subjects breathe at frequencies greater
than ,0.15 Hz.

Stepwise frequency breathing: technical consider-
ations. Ours is by no means the first study of the
influence of breathing frequency on cardiovascular
rhythms. We (8) and others (2, 5, 12) documented the
dependence of respiratory peak minus valley R-R inter-
val fluctuations on breathing rate when subjects breathe
at discrete breathing frequencies. We (4) and others (2,
23) also studied the effects of breathing at discrete

Fig. 6. Total systolic pressure spectral power for all subjects during
stepwise breathing with (j) and without (r) tidal volume control.

Fig. 7. End-tidal CO2 for all protocols and subjects. *Significantly
different from uncontrolled, normal breathing (P , 0.05).

Fig. 8. Total R-R interval spectral power for all protocols and
subjects. Spectral power at each breathing frequency during stepwise
frequency breathing without (solid line) and with (dashed line) tidal
volume control.

Table 1. R-R interval spectral power

Protocol
Low Frequency
(0.02–0.12 Hz)

High Frequency
(0.12–0.5 Hz)

Total
(0.02–0.05 Hz)

NB 0.001660.0003 0.003160.0009 0.004860.0015
FF 0.001260.0002 0.001660.0004 0.002860.0004
RB 0.003160.0005 0.001460.0003 0.004560.0008
SW-U frequency, Hz

0.30 0.000960.0002a 0.001160.0001 0.002160.0003a

0.25 0.000660.0001a 0.001360.0004 0.001860.0004a

0.20 0.001660.0009a,c 0.002760.0006 0.004360.0011a,b

0.15 0.002160.0005c 0.004260.0011 0.006260.0015b

0.10 0.010360.0035b 0.001360.0003 0.011660.0035c*
0.05 0.006460.0011c 0.001360.0003 0.007860.0111b

SW-C frequency, Hz
0.30 0.000860.0002a 0.000960.0002 0.001760.0004a

0.25 0.000160.0003a 0.001260.0003 0.002060.0006a

0.20 0.001760.0005a 0.002360.0006 0.004160.0008a,b

0.15 0.001960.0008b 0.002960.0008 0.004960.0011b

0.10 0.005160.0011b 0.001260.0003 0.006460.0015b*
0.05 0.004760.0009b 0.001260.0003 0.006160.0011b

Values are means 6 SE. Units are s2. NB, normal breathing; FF,
fixed-frequency breathing; RB, random breathing; SW-U, stepwise
with uncontrolled tidal volume; SW-C, stepwise with controlled tidal
volume. For each protocol, values within a column without a letter or
that share the same letter are not significantly different. *Signifi-
cantly different between stepwise protocols.
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frequencies on R-R interval spectral power. Novak et al.
(17) and Akselrod (1) studied the effects of ramped
breathing protocols on R-R interval fluctuations (regis-
tered as Wigner distributions and spectral power). All
of these studies indicate that the magnitude of respira-
tion-related R-R interval fluctuations, however mea-
sured, is critically dependent on breathing rate. A
corollary of this evidence is that respiration must be
taken into account (or at least measured and factored
in) if sense is to be made of short-term human cardiovas-
cular rhythms.

We made several observations on the effects of step-
wise frequency breathing on cardiovascular rhythms. It
is not necessary for subjects to control their tidal
volumes voluntarily during stepwise frequency breath-
ing; they automatically (presumably with the aid of
chemoreceptors) adjust their tidal volumes (Fig. 2A)
and maintain normal end-tidal CO2 levels (Figs. 3 and
7). This conclusion merely documents in a new way the
well-known inverse relation between breathing fre-
quency and tidal volume (22). However, variability (SD)
of tidal volumes is greater at 0.05 and 0.1 Hz during
stepwise frequency breathing when subjects are permit-
ted to vary their tidal volumes according to chemorecep-
tor inputs than when target tidal volumes are provided
to maintain constant alveolar ventilation (Fig. 2B). Of
interest, greater variability of tidal volumes and R-R
intervals without than with tidal volume control does
not translate into greater variability of arterial pres-
sure (Fig. 6). We did find, however, [as did Elghozi et al.
(10)], that total systolic pressure power is greater at
slower than faster breathing frequencies (Fig. 6).

The stepwise frequency breathing algorithm that we
used does not significantly affect mean R-R intervals
(Fig. 4). The lack of changes of R-R intervals supports
several inferences regarding modulation of human
cardiovascular rhythms. Because, during short-term
recordings, R-R intervals are linear functions of vagal-
cardiac nerve traffic (13), the constancy of R-R intervals

suggests that changes of breathing frequency do not
influence the absolute level of vagal-cardiac nerve
traffic (assuming sympathetic activity does not change
reciprocally, an assumption that has not been tested
during stepwise breathing). Thus these data challenge
the notion (16, 19) that voluntary control of breathing is

Table 2. Systolic arterial pressure spectral power

Protocol
Low Frequency
(0.02–0.12 Hz)

High Frequency
(0.12–0.5 Hz)

Total
(0.02–0.05 Hz)

NB 10.8661.5 5.2361.78 16.1162.10
FF 8.8662.36 2.4461.02 11.3162.42
RB 12.8562.21 2.0161.01 14.8662.12
SW-U frequency, Hz

0.30 7.5361.96a 1.3160.21a 8.8562.04a

0.25 6.0861.37a 2.5660.39a 8.6562.67a

0.20 7.5262.06a 3.3760.51a 11.2262.12ab

0.15 8.6261.85a 6.1261.08b 14.4562.35b

0.10 17.1463.71b 1.3060.48a 18.8763.78b

0.05 14.0263.59b 1.2960.33a 15.3263.59b

SW-C frequency, Hz
0.30 6.2361.6a 1.5160.41a 7.7561.82a

0.25 5.5161.38a 1.4560.27a 6.9761.38a

0.20 4.8360.58a 2.5760.41a 7.4260.72ab

0.15 8.4463.23a 5.1660.81b 13.6263.13b

0.10 17.9963.92b 1.0260.13a 18.7263.78b

0.05 16.5768.64b 1.4160.35a 12.9863.72b

Values are means 6 SE. Units are mmHg2. For each protocol,
values within a column without a letter or that share the same letter
are not significantly different.

Fig. 9. Associations between respiration and R-R interval (A) and
arterial pressure and R-R interval (B) with mean coherence, transfer
magnitude, and phase. In A and B, total integrated spectral power for
each 2-min section of stepwise breathing is plotted at its frequency on
the transfer function derived during 6 min random-frequency breath-
ing (solid line 6 SE, indicated by the shaded area).
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a ‘‘vagal maneuver,’’ which increases the level of vagal-
cardiac nerve traffic.

The constancy of R-R intervals at each breathing
frequency with and without tidal volume control (Fig.

4) suggests further that the mental alertness required
for subjects to match their actual to targeted tidal
volumes does not reduce relative vagal-cardiac nerve
fluctuations. Published literature is divided sharply on
the question of whether voluntary control of breathing
affects the cardiovascular rhythms being measured.
Hirsch and Bishop (12) measured peak minus valley
R-R interval oscillations during spontaneous and con-
trolled breathing and found that R-R interval fluctua-
tions during spontaneous breathing are comparable to
fluctuations occurring during controlled-frequency
breathing. In a less rigorous analysis, Eckberg and
co-workers (9) showed that changes of heart period and
muscle sympathetic nerve activity are superimposable
during uncontrolled breathing, frequency-controlled
breathing, and frequency- and tidal volume-controlled
breathing.

Two recent studies by Patwardhan et al. (20, 21)
support opposite conclusions. One (20) shows that
voluntary control of breathing does not affect, and the
other [based on a different experimental algorithm
(21)] shows that voluntary control of breathing reduces,
R-R interval spectral power. If, as likely, control of
breathing requires more mental effort than spontane-
ous breathing, control of breathing should affect auto-
nomic activity. This assertion is supported by the study
of Wallin and colleagues (24), which showed that men-
tal stress increases arterial pressure, heart rate, muscle
sympathetic nerve activity, and cardiac norepinephrine
spillover. We conclude, however, based on our results
and the highly contradictory literature cited above,
that the influence of voluntary control of breathing on
human autonomic activity is probably small.

We cannot explain the peculiar reduction of R-R
interval spectral power that occurred at 0.1 Hz during
stepwise frequency breathing with tidal volume control
(Fig. 5). We considered and excluded several possibili-

Fig. 10. Transfer of respiration to R-R interval. Average
responses (solid line) with SE (shaded area) above (solid
line) and below (broken line) the mean for all subjects
during 0.05-Hz breathing.

Fig. 11. Total R-R interval spectral power plotted with a damped
oscillator model prediction. A: mean total spectral power for each
respiratory frequency during stepwise frequency breathing without
tidal volume control (r), plotted with the model prediction (solid
line). B: mean total spectral power during random-frequency breath-
ing (dashed line), plotted with the model prediction (solid line).
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ties. Reduced R-R interval spectral power at 0.1 Hz was
not due to reduced arterial pressure variability, which
was similar with and without tidal volume control (Fig.
6). It probably was not due to reduced tidal volume
variability, because tidal volume variability was also
less for stepwise breathing with tidal volume control
when the two ramped protocols were compared at 0.05
Hz (Fig. 2B), but R-R interval spectral power at 0.05 Hz
was not different (Fig. 5). Similarly, it probably was not
due to the mental stress associated with slow breath-
ing. Such stress might have been expected to result in
an increase in sympathetic activity (24), which likely
would have been greater or at least similar during 0.1
Hz breathing with (as subjects are concentrating on
matching inspired volumes to visual targets) compared
to without tidal volume control, and yet R-R interval
spectral power was less during controlled tidal volume
breathing. Erratic changes (or lack thereof) in R-R
interval consequent to extremely large breaths neces-
sary at 0.05-Hz breathing might provide clues into
potential contributions from modifications of central
command. However, subjects were able to track the
breathing cues easily at 0.05 Hz, and R-R interval
responses to such breathing cues were consistent (see
Fig. 10).

Total R-R interval (Fig. 5) and systolic pressure
spectral power (Fig. 6) were less at the lowest breathing
frequency used (0.05 Hz) than at 0.1 Hz. Transfer
function analysis (Fig. 9A) and damped oscillator mod-
eling (Fig. 11) also documented reductions in the low
breathing frequency range and showed that they are
present during white noise, as well as stepwise fre-
quency breathing. Although it is impossible to directly
address this observation with our current data, we
speculate that efferent sympathetic traffic is measur-
ably higher during 0.1 Hz compared with 0.05-Hz
breathing.

Comparisons among different breathing protocols. A
major conclusion from our study is that the several
breathing protocols that we evaluated yield similar
information regarding cardiovascular rhythms. We iden-
tified an exception to this conclusion, however. Ran-
dom- and fixed-frequency breathing provoked statisti-
cally significant reductions of end-tidal CO2 levels
compared with uncontrolled breathing (Fig. 7). Unpub-
lished data (R. A. Henry, I.-L. Lu, L. A. Beightol, and
D. L. Eckberg) suggest that the reductions we observed
(from end-tidal CO2 levels slightly above to slightly
below 5%) have negligible effects on R-R interval spec-
tral power. Nevertheless, it is interesting that de-
creases in end-tidal CO2 were recorded during two but
not during all breathing protocols. Because the visual
display was identical for all protocols, it is possible that
some aspect of the protocol itself, such as dramatic
breath-by-breath changes in tidal volume and fre-
quency during random breathing or the lack of an
equilibration period before the beginning of fixed-
frequency breathing (causing subjects to overestimate
the required inspired volume), contributed to the mild
hyperventilation observed during these two protocols.

Berger and co-workers (3) developed an elegant
method to characterize cardiovascular rhythms; they
asked volunteers to breathe at a wide range of physi-
ologically relevant frequencies, according to computer-
generated random frequency, or ‘‘whitened’’ cues. Ran-
dom-frequency breathing was conceived as an
improvement over the stepwise frequency protocols
used previously (which employed different, discrete
respiratory rates) primarily because of the long dura-
tion of studies necessary to evaluate all physiologically
relevant discrete frequencies and the possibility that
slow deep breaths might produce hypercapnia (3). Our
stepwise frequency breathing algorithm may dispel
both concerns, since the entire protocol requires only 12
min and does not change end-tidal CO2 levels signifi-
cantly. Our comparison of stepwise frequency and
random breathing methods suggests [as did the study
by Berger et al. (3)] that the two protocols yield nearly
identical results, with two important exceptions: step-
wise frequency breathing does not significantly reduce
end-tidal CO2 and allows for a clear separation between
respiratory and low-frequency cardiovascular oscilla-
tions when subjects breathe at higher frequencies. It
should be noted that, although we confirm the findings
of Berger et al. (3) that similar transfer functions are
achievable with fixed- and random-frequency protocols
(Fig. 9), we concede that using 64-s data sets during
stepwise frequency breathing (resulting in ,2 indepen-
dent averages/stage) may have limited the reliability of
our coherence estimates.

Interactions between respiratory and low-frequency
cardiovascular oscillations. Both stepwise and random-
breathing protocols provide information on how changes
of inputs translate (or ‘‘transfer’’) into changes of
outputs. The primary input with both methods is
respiration (presumably, arterial pressure changes,
which also can be treated as inputs, are secondary to
respiratory changes). Thus both methods characterize
system responses. Stepwise and fixed-frequency breath-
ing also allow for the analysis of naturally occurring
rhythms that exist at rates different from respiration.
For example, during relatively rapid breathing, separa-
tion between respiratory and lower-frequency rhythms
is complete (Fig. 1, B and C, bottom). This separation of
rhythms is apparent during stepwise breathing at 0.2,
0.25, and 0.3 Hz breathing, allowing us to suggest that,
contrary to research published earlier (17), breathing
at frequencies substantially .0.1 Hz does not influence
low-frequency (0.02–0.12 Hz) R-R interval or arterial
pressure rhythms.

As mentioned, Pagani et al. (19) and Malliani et al.
(16) suggested that breathing control might be used to
alter neural outflow (16, 19), and they proposed that,
when subjects attempt to regulate their breathing, they
increase their vagal-cardiac nerve traffic. Although the
constant R-R intervals over all of the breathing frequen-
cies that we studied with our stepwise frequency breath-
ing protocol (Fig. 4) make it highly unlikely that
vagal-cardiac nerve activity changed, we do not rule out
the possibility that the use of different controlled
breathing algorithms might help to answer fundamen-
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tal questions regarding the organization of human
autonomic rhythms. It is beyond the scope of the
present study to probe this possibility. However, we
suggest that use of a stepwise frequency breathing
protocol (similar, but probably not identical, to the one
we report here) might inform mechanisms underlying
questions such as: Does slow breathing increase the
strength of muscle sympathetic bursts? When breath-
ing frequency approaches the frequency of slower R-R
interval, arterial pressure, and muscle sympathetic
nerve rhythms, does breathing entrain those rhythms
or pull their frequencies toward that of respiration? If it
does, does this mean that naturally occurring, lower-
frequency rhythms arise from rhythm generators lo-
cated in the medulla? [The answer to this question
might be obtained by contrasting responses of healthy
subjects with those of tetraplegic patients, who, al-
though they have low-frequency R-R interval and arte-
rial pressure rhythms (11, 14), lack connections be-
tween the medulla and spinal cord, where preganglionic
sympathetic motoneurons are located.]

In conclusion, we studied the effects of controlled
breathing protocols on cardiovascular rhythms. We
found that, during stepwise frequency breathing, total
R-R interval and arterial pressure spectral power at
the breathing frequency tend to increase as breathing
frequency decreases. Additionally, control of tidal vol-
ume reduces R-R interval spectral power during 0.1 Hz
breathing through unknown mechanisms. Compari-
sons among different breathing protocols indicate that
random- and fixed-frequency breathing reduce end-
tidal CO2 modestly but significantly compared with
uncontrolled breathing. We conclude that, although
autonomic rhythms measured during different breath-
ing protocols have much in common, there are some
statistically significant differences. We suggest that, for
short-term recordings, breathing protocols incorporat-
ing stepwise changes in frequency without stringent
control of inspired volume may allow for the most
efficient assessment of autonomic cardiovascular
rhythms.

We thank Dr. Benjamin D. Levine for close reading of the
manuscript and helpful suggestions. We also thank Angela D. Cooke
for excellent administrative assistance.

This work was supported in part by grants from the Department of
Veterans Affairs, National Aeronautics and Space Administration
contracts NAS9–19541 and NAG2–408, and National Heart, Lung,
and Blood Institute Grants HL-22296 and UO1HL-56417.

Address for reprint requests: W. H. Cooke, Hunter Holmes Mc-
Guire Dept. of Veterans Affairs Medical Center, 1201 Broad Rock
Blvd. 3C-126, Richmond, VA 23249.

Received 13 March 1997; accepted in final form 28 October 1997.

REFERENCES

1. Akselrod, S. Components of heart rate variability: basic studies.
In: Heart Rate Variability, edited by M. Malik and A. J. Camm.
Armonk, NY: Futura, 1995, p. 147–163.

2. Angelone, A., and N. A. Coulter. Respiratory sinus arrhyth-
mia: a frequency dependent phenomenon. J. Appl. Physiol. 19:
479–482, 1964.

3. 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.

4. Brown, T. E., L. A. Beightol, J. Koh, and D. L. Eckberg.
Important influence of respiration on human R-R interval power
spectra is largely ignored. J. Appl. Physiol. 75: 2310–2317, 1993.

5. Clynes, M. Respiratory sinus arrhythmia: laws derived from
computer simulation. J. Appl. Physiol. 15: 863–874, 1960.

6. Comroe, J. H., Jr., R. E. Forster, A. B. Dubois, W. A. Briscoe,
and E. Carlsen. The Lung. Clinical Physiology and Pulmonary
Function Tests. Chicago, IL: Year Book, 1962, p. 335–336.

7. De Boer, R. W., J. M. Karemaker, and J. Strackee. Relation-
ships between short-term blood-pressure fluctuations and heart-
rate variability in resting subjects 1: a spectral analysis ap-
proach. Med. Biol. Eng. Comput. 23: 352–358, 1985.

8. Eckberg, D. L. Human sinus arrhythmia as an index of vagal
cardiac outflow. J. Appl. Physiol. 54: 961–966, 1983.

9. Eckberg, D. L., C. Nerhed, and B. G. Wallin. Respiratory
modulation of muscle sympathetic and vagal cardiac outflow in
man. J. Physiol. Paris 365: 181–196, 1985.

10. Elghozi, J., D. Laude, and A. Girard. Effects of respiration on
blood pressure and heart rate variability in humans. Clin. Exp.
Pharmacol. Physiol. 18: 735–742, 1991.

11. Guzzetti, S., C. Cogliati, C. Broggi, C. Carozzi, D. Caldiroli,
F. Lombardi, and A. Malliani. Influences of neural mecha-
nisms on heart period and arterial pressure variabilities in
quadriplegic patients. Am. J. Physiol. 266 (Heart Circ. Physiol.
35): H1112–H1120, 1994.

12. Hirsch, J. A., and B. Bishop. Respiratory sinus arrhythmia in
humans: how breathing pattern modulates heart rate. Am. J.
Physiol. 241 (Heart Circ. Physiol. 10): H620–H629, 1981.

13. Katona, P. G., J. W. Poitras, G. O. Barnett, and B. S. Terry.
Cardiac vagal efferent activity and heart period in the carotid
sinus reflex. Am. J. Physiol. 218: 1030–1037, 1970.

14. Koh, J., T. E. Brown, L. A. Beightol, C. Y. Ha, and D. L.
Eckberg. Human autonomic rhythms: vagal cardiac mecha-
nisms in tetraplegic subjects. J. Physiol. (Lond.) 474: 483–495,
1994.

15. Lilliefors, H. W. On the Kolmogorov-Smirnov test for normality
with mean and variance unknown. J. Am. Stat. Assoc. 62:
399–402, 1967.

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

17. Novak, V., P. Novak, J. De Champlain, A. R. Le Blanc, R.
Martin, and R. Nadeau. Influence of respiration on heart rate
and blood pressure fluctuations. J. Appl. Physiol. 74: 617–626,
1993.

18. Oppenheim, A. V., and R. W. Schafer. Digital Signal Process-
ing. Englewood Cliffs, NJ: Prentice-Hall, 1996.

19. Pagani, M., S. G. Lombardi, S. Guzzetti, O. Rimoldi, R.
Furlan, P. Pizzinelli, G. Sandrone, G. Malfatto, S. Dell’Orto,
E. Piccaluga, M. Turiel, G. Baselli, S. Cerutti, and A.
Malliani. Power spectral analysis of heart rate and arterial
pressure variabilities as a marker of sympatho-vagal interaction
in man and conscious dog. Circ. Res. 59: 178–193, 1986.

20. Patwardhan, A. R., J. M. Evans, E. N. Bruce, D. L. Eckberg,
and C. F. Knapp. Voluntary control of breathing does not alter
vagal modulation of heart rate. J. Appl. Physiol. 78: 2087–2094,
1995.

21. Patwardhan, A. R., S. Vallurupalli, J. M. Evans, E. N.
Bruce, and C. F. Knapp. Override of spontaneous respiratory
pattern generator reduces cardiovascular parasympathetic influ-
ence. J. Appl. Physiol. 79: 1048–1054, 1995.

22. Priban, I. P. An analysis of some short-term patterns of breath-
ing in man at rest. J. Physiol. (Lond.) 166: 425–434, 1963.

23. Selman, A., A. McDonald, R. Kitney, and D. Linkens. The
interaction between heart rate and respiration. Part I—
experimental studies in man. Automedica 4: 131–139, 1982.

24. Wallin, B. G., M. Esler, P. Dorward, G. Eisenhofer, C.
Rerrier, R. Westerman, and G. Jennings. Simultaneous
measurements of cardiac noradrenaline spillover and sympa-
thetic outflow to skeletal muscle in humans. J. Physiol. Paris
453: 45–58, 1992.

H718 RESPIRATION AND HUMAN AUTONOMIC RHYTHMS


