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Kotani K, Takamasu K, Jimbo Y, Yamamoto Y. Postural-
induced phase shift of respiratory sinus arrhythmia and blood pressure
variations: insight from respiratory-phase domain analysis. Am J
Physiol Heart Circ Physiol 294: H1481-H1489, 2008. First published
January 25, 2008; doi:10.1152/ajpheart.00680.2007.—The purpose of
this study is to evaluate the multiple effects of respiration on cardio-
vascular variability in different postures, by analyzing respiratory
sinus arrhythmia (RSA) and respiratory-related blood pressure (BP)
variations for systolic BP (SBP), diastolic BP (DBP), and pulse
pressure (PP) in the respiratory-phase domain. The measurements
were conducted for 420 s on healthy humans in the sitting and
standing positions, while the subjects were continuously monitored
for heart rate and BP variability and instantaneous lung volume. The
waveforms of RSA and respiratory-related BP variations were ex-
tracted as a function of the respiratory phase. In the standing position,
the waveforms of the BP variations for SBP, DBP, and PP show their
maxima at around the end of expiration (7 rad) and the minima at
around the end of inspiration (2 7 rad), while the waveform of RSA
is delayed by ~0.35 m rad compared with the BP waveforms. On the
other hand, in the sitting position, the phase of the DBP waveform
(1.69 7 rad) greatly and significantly (P < 0.01) differs from that in
the standing position (1.20 m rad). Also, the phase of PP is delayed
and that of RSA is advanced in the sitting position (P < 0.01). In
particular, the phase shift of the DBP waveform is sufficiently large to
alter whole hemodynamic fluctuations, affecting the amplitudes of
SBP and PP variations. We conclude that the postural change asso-
ciated with an altered autonomic balance affects not only the
amplitude of RSA, but also the phases of RSA and BP variations
in a complicated manner, and the respiratory-phase domain anal-
ysis used in this study is useful for elucidating the dynamic
mechanisms of RSA.

heart rate variability; Hilbert transform; respiratory phase; blood
pressure variability

RESPIRATION HAS STRONG AND multiple effects on the cardiovas-
cular system. The best known effect of respiration is respira-
tory sinus arrhythmia (RSA) (12, 13, 26), i.e., fluctuations in
heart rate (HR), depending on the phases of inspiration and
expiration. RSA mainly reflects the modulation of the central
autonomic outflow caused by respiration-related factors, such
as spontaneous oscillations of respiratory centers and pulmo-
nary stretch receptor afferents (8), and hemodynamic factors
through the baroreflex and the Bainbridge reflex (30), which
interact with each other in a complicated manner (4).

Blood pressure (BP) is also affected by multiple interactions
of these factors. To describe quantitatively the effects of
respiration on HR and BP, Saul et al. (21) constructed a model

in which HR is determined by the sum of central vagal and
sympathetic activity, low-pass filtered and time delayed due to
peripheral neurotransmitter kinetics. Arterial BP, determining
the baroreceptor activity, is influenced by HR with some
(mechanical) time delays. Then they incorporated the respira-
tory effects on HR and BP in two ways. First, instantaneous
lung volume (ILV) has a (respiration-related) inhibitory effect
on the central nervous system, which is known to be the
inhibitory effect of inspiratory neurons and pulmonary stretch
receptors on the activity of vagal motoneurons in the nucleus
ambiguus (4, 10, 25) and further influences HR via vagal and
sympathetic efferents. Second, the first derivative of ILV [i.e.,
—d(ILV)/dr] also influences the arterial BP, by which the effect
of changes in the intrathoracic pressure on hemodynamics is
modeled. Saul et al. (21) compared the transfer relations from
ILV and arterial BP to HR under the conditions of pharmaco-
logical neural blockade and change in position and reported
good agreement of this model with experimental results.

The respiratory phase dependence of hemodynamics and the
resultant reflex control of the cardiovascular system are, how-
ever, much more complicated than those considered in the
study by Saul et al. (21). For example, the effect of cardiac
filling caused by a decrease in the intrathoracic pressure,
through the Frank-Starling mechanism, influences systolic BP
(SBP), while the windkessel BP reduction process, altered by
the length of interbeat intervals, affects diastolic BP (DBP).
Therefore, a more detailed description of the relationships
between respiration, HR, and hemodynamic fluctuations, in-
cluding those of SBP and DBP, is needed to elucidate the
dynamic mechanisms of RSA.

To investigate the multiple effects of respiration on cardio-
vascular control, power spectral analysis (20, 26), cross-spec-
tral analysis (5, 21), and multivariate autoregressive analysis
(3) have been used. However, these methods cannot describe a
precise phase relation between respiration and multiple cardio-
vascular variables, because respiration is not a linear or har-
monic oscillator. One solution to this problem is to use paced
respiration (12, 24, 31), but this investigates the respiratory
influence only in a specific condition, and the pacing itself may
result in unnatural hyperventilation or an alteration in the
autonomic balance (19). Therefore, an analysis that represents
respiration as a nonlinear oscillator, thus focusing on the
respiratory phase, is required. For this purpose, some recent
studies (9, 15, 16) have used so-called respiratory-phase do-
main analysis to study RSA, where the HR variability signal is
resampled equidistantly with respect to an extracted respiratory
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phase, and a stable waveform of RSA is obtained by ensemble
averaging over the whole respiratory phase, so that the precise
phase relation between RSA and respiration can be identified.
Here, we extend this method to BP variability to investigate the
respiratory phase dependence of hemodynamic fluctuations in
the sitting and standing positions with different HR and BP
variability levels.

METHODS

Experimental procedures. Healthy men, with ages ranging from 23
to 27 yr, were tested in experimental sessions in sitting and standing
positions while in a state of rest. Each subject gave informed consent
to participate in this institutionally approved study after the test
protocol had been fully described. Data were recorded for 420 s in
each session. More than 480 s were allowed between the sessions to
stabilize the cardiovascular variables affected by the change in posi-
tion. Eight subjects performed the experiments in the standing posi-
tion first and then in the sitting position. Ten subjects performed the
experiments in the opposite order to evaluate the effects of the order.
The 18 sets of data obtained included data from seven subjects who
performed two sets of experiments, each containing two sessions,
which were conducted in both orders. Another four subjects per-
formed only one set of experiments.

During the experiments, continuous recordings were made of
electrocardiographic R-R intervals (RRI) (AC-601, Nihon-Koden),
radial artery BP, by means of a tonometric device JENTOW, Nihon
Colin), ILV, by means of an elastic chest band (TR-753T, Nihon-
Koden), and the motion of the laryngeal prominence, by means of an
accelerometer (8304B2, Kistler). The electrocardiogram, BP, and the
motion of the laryngeal prominence were digitized at a sampling fre-
quency of 1,000 Hz, while ILV was digitized at a sampling frequency of
100 Hz. In 11 of the 18 data sets, calibration was performed before
each session. The calibration was performed through the inspiration of
0.5 liter of air, and linear fitting was conducted for the states before
and after inspiration, on the assumption that the lung is a rectangular
parallelepiped, one axis of which is changed by inflation. It is of note
that the phase obtained was not altered by the presence or absence of
this calibration procedure.

Signal processing. The averaged waveforms of RSA, SBP, DBP,
and pulse pressure (PP) were extracted in the respiratory-phase do-
main as follows. First, interval tachograms of RRI and time series of
SBP, DBP, and PP were obtained. SBP is the maximum value and
DBP is the minimum value of the BP in a cycle of interbeat intervals.
PP was obtained as the subtraction of DBP from SBP. SBP, DBP, and
PP were aligned for the occurrence of the same heartbeat (i.e., R-wave
on the ECG), as shown in Fig. 1A.

The subsequent signal processing procedures are shown in Fig. 1B.
The data of RRI and the three indexes of BP were interpolated,
whereas that of respiration was transformed to obtain its instantaneous
phase. RRI was interpolated by the inverse of the derivative of the
cubic spline interpolation with the equation

1

M(t) = J.m(t)dz—k ()

where t, (k = 0, 1, 2, ..., n) is the times at which heartbeats are
observed; m(r) is the instantaneous HR; and M(r) is the continuous
integral of m(¢) (11). The inverse of this function m(f) was used as
instantaneous RRI. As for the BP indexes, SBP, DBP, and PP were
interpolated by the cubic spline function.

The instantaneous phase of respiration was calculated after filtering
ILV. The raw ILV data contain low-frequency trends and electrical
noise, and both of these affect the calculation of the respiratory phase.
Therefore, raw ILV data were passed through a linear phase finite
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Fig. 1. A: waveforms of the electrocardiogram and blood pressure. Systolic
blood pressure (SBP), diastolic blood pressure (DBP), and pulse pressure (PP)
against time are defined. B: schematic diagram of the signal-processing method
for extracting the respiratory sinus arrhythmia (RSA), SBP, DBP, and PP
waveforms using respiratory-phase domain analysis. BPF, band-pass filtering:
ILV, instantaneous lung volume; RRI, R-R interval; DCSI, derivative of cubic
spline interpolation; t,, time n.

impulse response filter, of which the pass-band was 0.1-10.0 Hz
and the order was 4,001. The upper frequency limit is sufficiently
high compared with the respiratory frequency to preserve the
harmonics of the respiratory oscillation. The instantaneous respi-
ratory phase was estimated by using an analytic signal approach,
which was first introduced for respiration signals by Schifer et al.
(22, 23). The analytic signal {s(#) is a complex function of time
defined by

W(r) = s(1) + ji(t) = A(t)e’*" @)

where j is the imaginary unit; A is amplitude; s(¢) is the ILV data in
this case; and the function §(¢) is the Hilbert transform of s(¢),

§(r) = 'rrIPVJ.?c %d'r (3)

where 7 is the variable for integration, and PV means that the integral
is taken in the sense of Cauchy’s principal value. The instantaneous
phase &(7) of the signal s(¢) was thus uniquely defined from Egq. 2.
Then the interpolated RRI, SBP, DBP, and PP variations were
resampled at every m/10 rad of the respiratory phase, yielding an
equidistantly sampled RRI and BP variability. After that, the physi-
ologically abnormal data were removed as a function of the data
selection box. The data containing respiration frequency lower than
0.15 Hz or overly rapid respiration (abrupt respiration and phase
slipped data due to noise), in which the difference of continuous
respiratory points exceeds /10 rad in the phase, were removed. In
addition, the time of swallowing was detected by an accelerometer,
and the data containing the respiration during swallowing were
also removed. Following the results of our laboratory’s previous
study (16), if swallowing was observed between inspiration and
expiration (i.e., around 2 1 rad), the data for one respiration after
swallowing were also removed. To remove such data, the phase
between a /2 rad and the next /2 rad was determined to be one
respiration so that the inspiratory period (i.e., from 1 rad to 2  rad)
and tachycardia associated with the inspiration were contained in one

AJP-Heart Circ Physiol « VOL 294 « MARCH 2008 « www.ajpheart.org

8002 ‘TT Yore uo Bio ABojoisAyd-ueaydfe woly papeojumoq



http://ajpheart.physiology.org

POSTURAL-INDUCED PHASE SHIFT OF RSA AND BP VARIATIONS

respiration. Then inappropriate data for corresponding respiratory
cycles were removed.

Finally, in the ensemble-averaging box, mean waveforms of RSA,
SBP, DBP, and PP were obtained. These waveforms were ensemble
averaged over the entire respiratory cycle (the phase between a /2
rad and the next /2 rad) to extract the stable mean waveforms. In this
analysis, both the first and last 20 s were eliminated by filtering, and
the remaining 380 s were used.

Statistical analyses. For the statistical analyses, three parameters
characterizing respiratory phase-dependent waveforms were ob-
tained. The time-varying waveform y(0) as a function of the
respiratory phase 0,

y(0) = Acos(0 + o) + B (4)

where A is the amplitude, B is the mean value, and « is the phase lag,
was estimated by the nonlinear least squares method (the range of o
is between 0.5 m rad and 2.5 7 rad). In this study, there were 12
parameters, as each of the four waveforms (RSA, SBP, DBP, and PP)

H1483

had 3 parameters (A, B, and o). For all of these 12 parameters,
statistical differences caused by the body position and the order of the
experiments were tested by the linear mixed model (29) by using an
SAS package. In this analysis, the data are fit to a model of

Yie=wm+ o+ B+ (aB); + pr + €5

. . (3)
(i=12;j=12;k=1,...

A1)

where Y, is the experimental value, p is the mean value, «; is the
fixed effect coefficient of positions, [3; is the fixed effect coefficient of
orders, and (af3);; is their interactions. In addition, py is the random
effect coefficient that results from intersubject variability, and & is
the independent random value for error. In addition, we calculated the
mean interval and amplitude of respiration from the selected respira-
tions in each data set. The fitting of the mixed linear model was
conducted in the same way, although the data for the amplitude of
respiration were not tested statistically, because not all of the sets of
respiration data were calibrated.
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Fig. 2. Data of three variables in the sitting (A—C) and
standing (D-F) positions. A and D: heartbeat. B and E: respi-
ration. C and F: blood pressure.
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RESULTS

Figure 2 shows the raw data for each variable (A-C in
the sitting position and D-F in the standing position). The
respiratory fluctuation of RRI is largely suppressed in the
standing position, with smaller average RRI than that in
the sitting position, although the shapes of respiration are
not much different between the sitting (Fig. 2B) and stand-
ing (Fig. 2F) positions.

Figure 3 indicates how the signal processing method works;
ILV and its instantaneous phase are shown in Fig. 3, A and B,
respectively. The respiratory phase increases slowly for the
period of slow respiration (arrows) and quickly for the period
of fast respiration. The data after resampling at each /10 rad
of the respiratory phase are shown in Fig. 3C, where fluctua-

600

400

200

ILV (ml)

0

-200

_400 L L L L
105 110 115 120 125 130
time (s)

32
31 -
30 -
29 +
28
27 +

I

25 1 1 1 1
105 110 115 120 125 130

time (s)

respiratory phase (x2x rad)

1100 110

-
o
o

SBP (mmHg)

|
|
|
1000 :
|
|

900 |

[<e]
o

instantaneous RRI (ms)

|
|
|
800 !
|
|
|

700

25 26 27 28 29 30 31 32
respiratory phase (x2x rad)

Fig. 3. A: ILV waveform. B: respiratory phase of A. It can be seen that the
respiratory phase increases slowly when the respiration is slow (open arrows in
A and B). C: resampled data of RRI and SBP variability in the respiratory-
phase domain. The data were resampled at each /10 rad in the respiratory
phase. The dotted line is the separation of the data at one respiration.
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tions synchronous to the respiration (i.e., their wavelength is 2
T rad in the respiratory phase) are observed in both RRI and
SBP data. However, the signal-to-noise ratios appear not to be
so high, and ensemble averaging is needed to increase the
signal-to-noise ratio.

After ensemble averaging at 2 7 rad of the respiratory phase,
in Fig. 4, representative individual results of the RSA, SBP,
DBP, and PP waveforms in the respiratory-phase domain in the
sitting and standing position are shown. In each panel, the top
trace shows the results for the sitting position, whereas the
bottom trace shows the results for the standing position. In
these figures, the phase between 7 rad and 2  rad is an
inspiratory period, and the other phase is an expiratory period.
In addition, Fig. 5 shows the mean waveforms of all of the data
sets, where the mean value (i.e., DC component) of each
waveform is eliminated and averaged. In the case of the sitting
position, the RSA, SBP, and PP waveforms have their maxima
at around 7 rad and minima at around 2 1 rad (the fop trace of
Fig. 4, A, B, and D, and Fig. 5, A, B, and D), indicating that the
maximum is roughly observed at the end of expiration and
the minimum at the end of inspiration. On the other hand, the
waveform of DBP for the sitting position is largely shifted (the
top trace of Figs. 4C and 5C). Although the averaged wave-
form of DBP is not a simple cosine curve because of interin-
dividual differences, its maximum is shifted to around 2 7 rad
(Fig. 5C). In the case of the standing position, DBP has the
maximum at around 7 rad and the minimum at around 2 7 rad
(the bottom trace of Figs. 4C and 5C), which is closer to the
waveforms of RSA, SBP, and PP (the bottom trace of Fig. 4, A,
B, and D, and Fig. 5, A, B, and D).

Table 1 shows the mean values and standard errors of all of
the estimated parameters of the HR and BP variability and the
results of statistical tests by a linear mixed model. The inter-
action between body position and experimental order is not
significant in any of the parameters. The statistical results of
the order are significant only for the mean values of SBP and
DBP (both having P < 0.05). On the other hand, there are
several parameters that demonstrate statistically significant
differences between the sitting and standing positions. First,
the amplitude (parameter A in Eq. 4) in the sitting position is
larger in RSA (P < 0.01), smaller in SBP (P < 0.05), smaller
in DBP (P < 0.05), and larger in PP (P < 0.05) than in the
standing position. Second, the mean value (parameter B in
Eq. 4) in the sitting position is larger in RRI (P < 0.01) than
in the standing position. Third, the phase (parameter o in Eq. 4)
in the sitting position is larger in RSA, smaller in SBP,
larger in DBP, and smaller in PP (all having P < 0.01). The
larger positive value of the phase indicates that the wave-
form shifts left in Figs. 4 and 5 and fluctuates earlier on the
respiratory phase axis.

Table 2 shows the mean values of the interval and amplitude
of respiration. There is no consistent difference in the effects of
orders and positions on the interval of respiration.

DISCUSSION

The respiratory influence on RSA and BP differs in phase
with a change in body position, which is not described ade-
quately by Saul’s model, and this is the most outstanding
finding of the present study. Especially, this is clearly observed
in the DBP waveform (from 1.20 7 rad to 1.69 7 rad in o) in
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the sitting position (see also Figs. 4C and 5C, top trace). This
difference corresponds to ~1 s, because the averaged interval
of respiration from all of the data sets is ~4.2 s [(1.69 w — 1.20
)+4.2/(2 ) = 1.0] and is considered to be sufficiently large to
alter the cardiovascular regulation significantly. The mecha-
nism is presumably related to a postural effect on the amplitude
of RSA. That is, in the sitting position, the amplitude of RSA
is large because vagal activity is higher. Larger RSA makes
diastolic duration shorter during inspiration than expiration,
and this increases DBP during inspiration. The phase of DBP
variation shifts because this effect is opposed to that of the
intrathoracic pressure, i.e., the —d(ILV)/dt. A previous paper
by De Boer et al. (6) has also reported that the phase between
DBP and RRI at the respiratory frequency is —90° in the
resting condition, although they discuss neither the mechanism
of it nor the postural effects on it.

Also, the amplitude of DBP variation is decreased in the
sitting position (P < 0.05), possibly for a similar reason to
the above. There is a competing relation in DBP variation

0.75 1
Phase (x2r rad)

0.75 1

H1485

0.75 1

Fig. 4. Waveforms of RRI (A), SBP (B), DBP (C), and
PP (D) of a representative subject in the sitting (top
trace) and standing (bottom trace) positions. Vertical
bars represent SE. The phase between 7 rad and 2  rad
is inspiratory duration, and the other phase is expiratory
duration.

0.75 1
Phase (x2r rad)

during inspiration between the factor of a decrease due to
the effect of the intrathoracic pressure and the factor of an
increase due to shortened diastolic duration by the function
of RSA. In the standing position, the factor of the increase
is minimized because the amplitude of RSA is decreased,
while the two factors are competing in the sitting position,
leading to the decreased amplitude of DBP variation. An
alternative possibility is that these changes in DBP variation
are derived from the change in the sympathetic nervous
activity to vascular smooth muscles followed by changes in
the venous return. However, this effect is considered to be
small because the changes in the waveform of PP variation,
in which the changes in the venous return appear first, are
not so large compared with that of DBP variation.
Furthermore, as for detailed changes in the phase relation-
ships, the phases of the PP and SBP waveforms in the sitting
position are smaller than those in the standing position, indi-
cating that these phases in the sitting position are delayed
compared with those in the standing position. On the contrary,
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Table 1. Parameters of the heart rate and blood pressure indexes and the results of statistical tests

Position Order
Sitting Standing P First Second P Interaction P
RSA amplitude, ms 35.95+3.18 15.80£3.18 <0.01 25.57*+3.18 26.18+3.18 NS NS
SBP amplitude, mmHg 2.65+0.28 3.46+0.28 <0.05 3.12+0.28 2.99+0.28 NS NS
DBP amplitude, mmHg 0.76+0.16 1.28£0.16 <0.05 1.06*0.16 0.97%+0.16 NS NS
PP amplitude, mmHg 2.86+0.23 2.34+0.23 <0.05 2.64+0.23 2.57+0.23 NS NS
Mean RRI, ms 909.9+21.2 724.5+21.2 <0.01 815.0*+21.2 819.4+21.2 NS NS
Mean SBP, mmHg 109.62£2.62 111.59%2.62 NS 114.04%2.62 107.16%2.62 <0.05 NS
Mean DBP, mmHg 59.67£2.39 61.37+2.39 NS 63.85+2.39 57.19%+2.39 <0.05 NS
Mean PP, mmHg 49.96+2.16 50.23%2.16 NS 50.20*2.16 49.98+2.16 NS NS
RSA phase, X rad 0.947+0.024 0.856£0.024 <0.01 0.923+0.024 0.881+0.024 NS NS
SBP phase, X rad 1.121£0.019 1.186+0.019 <0.01 1.162+0.019 1.146+0.019 NS NS
DBP phase, X rad 1.687x0.074 1.199+0.074 <0.01 1.520+0.074 1.366+0.074 NS NS
PP phase, X rad 1.077£0.026 1.195+0.026 <0.01 1.142+0.026 1.130%+0.026 NS NS

Values are estimated mean values = SE. RSA, respiratory sinus arrhythmia; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure;
RRI, R-R interval; NS, no statistically significant difference. The larger positive value in the phase indicates that the waveform shifts left and fluctuates earlier
in the respiratory phase axis.
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Table 2. Parameters of the indexes of respiration and the results of statistical tests

Position Order
Sitting Standing P First Second P Interaction P
Interval of respiration, s 4.10*0.16 4.18*0.16 NS 4.17%0.16 4.10*+0.16 NS <0.01
Amplitude of respiration, liter 0.485%0.099 0.733%£0.099 0.620£0.099 0.598£0.099

Values are estimated mean values * SE. Statistical tests regarding the amplitude of respiration were not performed.

the phase of RSA in the sitting position is larger; hence it is
earlier than in the standing position. These differences are
~0.1 7 rad and not large in value compared with that of the
DBP waveform, but a strong statistical significance is observed
(P < 0.01). The possible reasons for these results are as
follows. First, the delay in the phases of the PP and SBP
waveforms in the sitting position is explained by the balance of
the changing intrathoracic pressure and the decreasing diastolic
duration due to RSA. The changing intrathoracic pressure
occurs earlier in the phase than ILV. However, the changing
cardiac filling due to RSA occurs almost in the same phase as
that of ILV, assuming that there is a positive correlation
between the length of diastolic duration and cardiac filling.
Only the earlier effect of the intrathoracic pressure is dominant
in the case of the standing position, whereas the two effects
are mixed in the case of the sitting position. Therefore, the
phase of the PP waveform is delayed in the sitting position, and
the phase of the SBP waveform is also delayed because the
fluctuation of PP is larger than DBP, and SBP is largely
influenced by PP. Second, the earlier phase of RSA in the
sitting position than in the standing position is thought to be
caused by baroreflex or respiratory effects. One possibility is
that the BP variations caused by the intrathoracic pressure,
which occur earlier than RSA, affect HR through the barore-
flex. However, similar changes can also be caused by respira-
tory changes via RSA, and indeed several lines of discussion
have been conducted regarding whether the correlation be-
tween BP and HR at the respiratory frequency is brought about
by the baroreflex or not (2, 5, 8). Therefore, further investiga-
tion is required into this complicated problem.

Finally, the phase shift of the DBP waveform decreases
the amplitude of SBP variation in the sitting position,
despite the increased amplitude of PP variation. This is
possibly due to the shortened diastolic duration during inspi-
ration absorbing the fluctuation of PP. This result provides
evidence that the changes of DBP waveform affect other
cardiovascular variables and indicates the importance of our
findings.

All of the above findings on the detailed postural effects on
phasic hemodynamics can only be obtained by the respiratory-
phase domain analysis employed in this study. Although the
model by Saul et al. (21) well describes the property of RSA
and BP variations, it does not describe adequately the differ-
ences in phase induced by the activity of the autonomic
nervous system that are shown in our results. Regarding this,
there are a few studies that have dealt with the phase of RSA
and BP variations in changing autonomic nervous activity,
although these papers neither investigate precise phase rela-
tionships between respiratory and other hemodynamic vari-
ables, nor observe the phase shift of the DBP waveform.

Gilad et al. (9) found that the phase of RSA advances in the
supine position compared with the upright position, which is

consistent with our results. However, their analysis has limi-
tations in assuming that the respiratory phase increases at a
constant speed during one respiration (therefore, the wave-
forms are largely changed if the rates of inspiration and
expiration are changed) and in not controlling the effect of
changing gravity on the lungs between the supine and the
upright positions (18). On the contrary, our results suggest that
this difference of the phase of RSA does not result from the
changes in the gravity to the lungs or in respiratory patterns,
but from the changes in autonomic nervous activity.

As for the phase relation between RSA and BP variations,
Cooke et al. (5) analyzed the phase angle between RSA and
SBP variation at a respiratory frequency and found that the
latency of RSA with respect to SBP variation decreases as the
tilt angle decreases. In our experiment, it is also observed that
this latency decreases in the sitting position. This is derived
from the two statistically significant effects of advanced RSA
and delayed SBP variation against the respiratory phase with
the mechanisms that are discussed above.

Furthermore, as for the changing amplitude of these wave-
forms, Toska et al. (28) found that the variance of the mean
arterial pressure at the respiratory frequency increased after
cholinergic blockade by atropine, and Taylor and Eckberg (27)
also found that the changes in the variances of SBP and DBP
at the respiratory frequency increased with a change in body
position from supine to a 40° tilt. Our results also show larger
amplitudes of SBP and DBP variations in the standing position
than in the sitting position. The possible reason why the
amplitude of DBP variation increases in the standing position
has already been discussed above, and this change in the
amplitude of DBP variation also possibly increases the ampli-
tude of SBP variation in the standing position.

The possibility exists that changes in respiratory patterns due
to the change in posture affect the BP and RSA indexes. In fact,
the amplitude of respiration is decreased without a consistent
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Fig. 6. Relationship between the phase of RSA and the interval of respiration.
There is no consistent relation between them.
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decrease in the interval of respiration in the sitting position. It
may also affect the decrease in the changes in the intrathoracic
pressure and respiration-induced BP variations. This may par-
tially explain why the amplitude of SBP and DBP variations
decreases in the sitting position. However, the effect of respi-
ratory change by body position alone cannot account for the
large phase difference in the DBP waveform and increase the
amplitude of PP variation in the sitting position. Also, it is
known that the interval of respiration affects the phase between
RSA and respiration (1, 7). However, the difference in the
phase of RSA in our results seems not to be produced by this
factor, because there is no consistent difference in the respira-
tory interval between positions. For confirmation of this, Fig. 6
shows the relationship between the respiratory interval and the
phase of RSA. The lines showing the difference due to body
positions have both the left side up and the right side up, and
there is no consistent relation between them. Therefore, it is
considered that the difference in the phase of RSA possibly
results from the changes in autonomic nervous activity. While
previously the relationship between the phase of RSA and
respiration has mainly been studied with intervals of respira-
tion (1, 7), further analyses are required for the relationships
between the phases of hemodynamic fluctuations and detailed
respiratory information other than intervals of respiration (e.g.,
amplitude, maximum rate of inspiration).

In physiological experiments examining the effects of
posture, comparative tests have frequently been conducted
between the supine and upright positions (9, 21). In this
study, however, a comparison is made between the sitting
and standing positions, because the sitting position has the
same vector of gravity to the lungs as the standing position,
and this avoids the risk of changing the vector of gravity to
the abdominal wall and the intrathoracic pressure (9, 18).
Furthermore, the elastic chest band, used for the measure-
ment of respiration, would have to be set up again if the
shape of the trunk altered, as it would in changing position
from supine to upright. Although it is known that the
difference in the autonomic nervous activity is relatively
small in the comparison of the sitting and standing posi-
tions, we observe significant effects of posture on mean
RRI, as well as the amplitude of RSA.

In summary, we conclude that the postural change associ-
ated with an altered autonomic balance affects not only the
amplitude of RSA, but also the phases of RSA and BP
variations in a complicated manner. It is of note that the phase
of the DBP waveform in the sitting position largely differs
from that in the standing position, which is caused by the factor
that RSA changes the diastolic duration. This phase shift is
sufficiently large to alter the cardiovascular regulation (~1 s);
due to this effect, the amplitude of SBP variation decreases in
the sitting position, despite the increased amplitude of PP
variation. Also, this change in PP variation is possibly caused
by changing diastolic duration via the venous return. Further-
more, it is also found in this experiment that the phase of PP
variation is delayed and that of RSA is advanced in the sitting
position by changing the balance of autonomic nervous activ-
ity. Thus the respiratory-phase domain analysis used in this
study is useful for elucidating the dynamic mechanisms of
RSA and the sources of “complexity” in cardiovascular vari-
ability (14, 17).

POSTURAL-INDUCED PHASE SHIFT OF RSA AND BP VARIATIONS

ACKNOWLEDGMENTS

The authors thank M. Tachibana and K. Yoshino for helping with the
experiments.

GRANTS

This research was partially supported by the Ministry of Education,
Science, Sports and Culture Grant-in-Aid for Exploratory Research
18650024.

REFERENCES

1. Angelone A, Coulter NA. Respiratory sinus arrhythmia: a frequency
dependent phenomenon. J Appl Physiol 19: 479-482, 1964.

2. Badra LJ, Cooke WH, Hoag JB, Crossman AA, Kuusela TA,
Tahvanainen KU, Eckberg DL. Respiratory modulation of human
autonomic rhythms. Am J Physiol Heart Circ Physiol 280: H2674—
H2688, 2001.

3. Baselli G, Cerutti S, Badilini F, Biancardi L, Porta A, Pagani M,
Lombardi F, Rimoldi O, Furlan R, Malliani A. Model for the assess-
ment of heart period and arterial pressure variability interactions and of
respiration influences. Med Biol Eng Comput 32: 143-152, 1994.

4. Berne RM, Levy MN, Koeppen BM, Stanton BA. Physiology (5th Ed.).
New York: Elsevier, 2004.

5. Cooke WH, Hoag JB, Crossman AA, Kuusela TA, Tahvanainen KUO,
Eckberg DL. Human responses to upright tilt: a window on central
autonomic integration. J Physiol 517: 617-628, 1999.

6. De Boer RW, Karemaker JM, Strackee J. Relationships between
short-term blood-pressure fluctuations and heart-rate variability in resting
subjects. I. A spectral analysis approach. Med Biol Eng Comput 23:
352-358, 1985.

7. Eckberg DL. Human sinus arrhythmia as an index of vagal cardiac
outflow. J Appl Physiol 54: 961-966, 1983.

8. Eckberg DL. The human respiratory gate. J Physiol 548: 339-352, 2003.

9. Gilad O, Swenne CA, Davrath LR, Akselrod S. Phase-averaged char-
acterization of respiratory sinus arrhythmia pattern. Am J Physiol Heart
Circ Physiol 288: H504-H510, 2005.

10. Gilbey MP, Jordan D, Richter DW, Spyer KM. Synaptic mechanisms
involved in the inspiratory modulation of vagal cardio-inhibitory neurones
in the cat. J Physiol Lond 356: 65-78, 1984.

11. Han K, Nagel JH, Schneiderman N. A continuous representation of
heart rate. Conf Proc IEEE Eng Med Biol Soc 14: 785-786, 1992.

12. Hayano J, Mukai S, Sakakibara M, Okada A, Takata K, Fujinami T.
Effect of respiratory interval on vagal modulation of heart rate. Am J
Physiol Heart Circ Physiol 267: H33—-H40, 1994.

13. Katona PG, Jih F. Respiratory sinus arrhythmia: noninvasive measure of
parasympathetic cardiac control. J Appl Physiol 39: 801-805, 1975.

14. Kiyono K, Struzik ZR, Aoyagi N, Togo F, Yamamoto Y. Phase
transition in healthy human heart rate. Phys Rev Lett 95: 058101, 2005.

15. Kotani K, Hidaka I, Yamamoto Y, Ozono S. Analysis of respiratory
sinus arrhythmia with respect to respiratory phase. Methods Inf Med 39:
153-156, 2000.

16. Kotani K, Tachibana M, Takamasu K. Investigation of the influence
of swallowing, coughing, and vocalization on heart rate variability with
respiratory-phase domain analysis. Methods Inf Med 46: 179-185,
2007.

17. Kotani K, Struzik ZR, Takamasu K, Stanley HE, Yamamoto Y. Model
for complex heart rate dynamics in health and diseases. Phys Rev E Stat
Nonlin Soft Matter Phys 72: 041904, 2005.

18. Lai-Fook SJ, Rodarte JR. Pleural pressure distribution and its relation-
ship to lung volume and interstitial pressure. J Appl Physiol 70: 967-978,
1991.

19. Pinna GD, Maestri R, La Rovere MT, Gobbi E, Fanfulla F. Effect of
paced breathing on ventilatory and cardiovascular variability parameters
during short-term investigations of autonomic function. Am J Physiol
Heart Circ Physiol 290: H424-H433, 2006.

20. Pomeranz B, Macaulay RJB, Caudill MA, Kutz I, Adam D, Gordon D,
Kilborn KM, Barger AC, Shannon DC, Cohen RJ, Benson H. Assess-
ment of autonomic function in humans by heart rate spectral analysis.
Am J Physiol Heart Circ Physiol 248: H151-H153, 1985.

21. Saul JP, Berger RD, Albrecht P, Stein SP, Chen MH, Cohen RJ.
Transfer function analysis of the circulation: unique insights into cardio-
vascular regulation. Am J Physiol Heart Circ Physiol 261: H1231-H1245,
1991.

AJP-Heart Circ Physiol « VOL 294 « MARCH 2008 « www.ajpheart.org

8002 ‘TT Yore uo Bio ABojoisAyd-ueaydfe woly papeojumoq



http://ajpheart.physiology.org

22.

23.

24.

25.

26.

POSTURAL-INDUCED PHASE SHIFT OF RSA AND BP VARIATIONS

ksSchiifer C, Rosenblum MG, Kurths J, Abel HH. Heartbeat synchro-
nized with ventilation. Nature 392: 239-240, 1998.

Schiifer C, Rosenblum MG, Abel HH, Kurths J. Synchronization in the
human cardiorespiratory system. Phys Rev E Stat Nonlin Soft Matter Phys
60: 857-870, 1999.

Sone R, Yamazaki F, Homma S, Fujii N, Ikegami H. Effects of sensory
stimulation on respiratory cardiac cycle variability in humans. Eur J Appl
Physiol Occup Physiol 70: 394—400, 1995.

Spyer KM. Neural mechanisms involved in cardiovascular control during
affective behavior. Trends Neurosci 12: 506-513, 1989.

Task Force of the European Society of Cardiology, and the North
American Society of Pacing and Electrophysiology. Heart rate variabil-
ity: standards of measurement, physiological interpretation, and clinical
use. Circulation 93: 1043-1065, 1996.

27.

28.

29.

30.

31.

H1489

Taylor JA, Eckberg DL. Fundamental relations between short-term RR
interval and arterial pressure oscillations in human. Circulation 93: 1527—
1532, 1996.

Toska K, Eriksen M. Respiration-synchronous fluctuations in stroke
volume, heart rate and arterial pressure in humans. J Physiol 472: 501—
512, 1993.

Verbeke G, Molenberghs G. Linear Mixed Models in Practice: A
SAS-Oriented Approach. New York: Springer-Verlag, 1997.
Yli-Hankala A, Porkkala T, Kaukinen S, Hiikkinen, Jéintti V. Respi-
ratory sinus arrhythmia is reversed during positive pressure ventilation.
Acta Physiol Scand 141: 399-407, 1991.

Zhang PZ, Tapp WN, Reisman SS, Natelson BH. Respiration response
curve analysis of heart rate variability. IEEE Trans Biomed Eng 44:
321-325, 1997.

AJP-Heart Circ Physiol « VOL 294 « MARCH 2008 « www.ajpheart.org

8002 ‘TT Yore uo Bio ABojoisAyd-ueaydfe woly papeojumoq



http://ajpheart.physiology.org



