Cardio-Respiratory Characterization of the Autonomic Balance
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Abstract

the HF band on the respiratory frequency and to adjust the
LF boundary accordingly [6].

The autonomic balance is often measured using the low
frequency (LF) and high frequency (HF) powers of the
heart beat-to-beat intervals. However, these indices do not
adequately integrate the influence of respiration and have
been widely criticized. We studied the autonomic balance
with measures from the heart beat-to-beat intervals taking into account the respiratory activity. Using cardiac
and respiratory data acquired simultaneously from healthy
volunteers in supine and orthostatic positions, we found
that the investigated measures convey changes in the autonomic balance in a physiologically meaningful manner in
contrast to the classic LF and HF indices.

In addition to HRV analysis, the synchronization of the
phase lag between the respiration and the respiratory component of the inter-beat intervals, referred to as the respiratory sinus arrhythmia (RSA), has been proposed as a potential autonomic index [7], taking root in ANS-mediated
synchronization aspects of the cardio-respiratory system.

1.

Introduction

The cardiac autonomic balance, describing the activations of the sympathetic and parasympathetic branches
of the autonomic nervous system (ANS), is often noninvasively measured through heart rate variability (HRV).
In HRV analysis, which is the analysis of the heart
inter-beat intervals variations, the powers in the low frequency (LF) band of the inter-beat intervals, between 0.04
and 0.15 Hz, believed to be influenced by both the sympathetic and parasympathetic branches of the ANS, and high
frequency (HF) band between 0.15 and 0.4 Hz, thought
to be influenced by the parasympathetic branch of the
ANS, are measured as markers [1]. Furthermore, the ratio LF/HF of the powers is sometimes used as a marker
of sympathetic activation [2, 3]. However, the LF-HF
partitioning and the use of the LF/HF marker are widely
contested [3–6], in part because there is evidence against
a clear linear separability of the activations of the two
branches of the ANS, but also due to the influence of the
respiration on the HRV [3–5]. The respiration may occur
in the LF or the HF band, or jump from one to the other
within a given experimental protocol, and since it has a
large influence on the power of the inter-beat intervals, it
cannot be ignored when performing HRV analysis. Some
researchers have proposed to analyze the respiratory and
non-respiratory HRV [4], while others propose to center
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In the present study, we aim to apply and compare
respiration-corrected HRV analysis techniques in addition
to investigating measures engulfing synchronization aspects of the respiration influence on the HRV. These measures are compared for the supine and orthostatic body
positions, assumed to elicit parasympathetic and sympathetic dominance, respectively. We used electrocardiogram (ECG) and respiration data from healthy subjects. By
least-squares identification, the RSA was extracted from
the inter-beat intervals time series of the ECG. The RSA
power (respiratory) and the non-respiratory power of the
inter-beat intervals were measured. The variability and
the synchronization of the relative phase lag of the RSA
and the respiration were also analyzed. The respirationcorrected LF and HF powers and their ratio, and the classic
LF and HF powers and their ratio were measured as well
for comparison.

2.

Methods

2.1.

Data

The data used in this study were the ECG and airflow (spirometer) acquired from 21 healthy volunteers (16
men, age 34 ± 8 years, weight 78 ± 17 kg,
height 178 ± 9 cm) while they lay supine for 8 minutes
and then stood in the orthostatic position for 7 minutes. All
study procedures were in accordance with the Declaration
of Helsinki, and the study was approved by the local ethical committee (#2016-00308). The subjects gave informed
oral consent prior to participation. The data were acquired
with a sampling frequency of 1000 Hz.
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Table 1. Summary of the measured parameters.

2.2.

Signal(s)

Parameter

Definition

R-R intervals

LF
nLF
HF
nHF
LF/HF

power in the 0.04 − 0.15 Hz band
normalized LF power
power in the 0.15 − 0.4 Hz band
normalized HF power
ratio of LF to HF powers

R-R intervals & respiration

cLF
ncLF
cHF
ncHF
cLF/cHF

LF upper bound corrected (with respect to the respiratory frequency) power
normalized cLF power
HF lower bound corrected (with respect to the respiratory frequency) power
normalized cHF power
ratio of cLF to cHF powers

RSA

RSA
NRE

RSA power
non-respiratory power (R-R - RSA)

RSA & respiration

VPL
SPL
AR

variation of the phase lag between the RSA and the respiration
synchronization of the phase lag between the RSA and the respiration
amplitude of the RSA to the respiration

Processing

The ECG R peaks were extracted with a classic extrema detection method and manually inspected for artifacts. The R-R intervals and the reference respiration were
re-sampled at 4 Hz using cubic spline interpolation.
The RSA was extracted from the R-R intervals as follows: first both the respiration signal and the R-R intervals were filtered with a local band-pass filter centered on
the instantaneous respiratory frequency, which was itself
computed with the notch filter bank method [8]. This step
yields a rough estimate of the respiratory component of the
R-R intervals, the RSA. The refined RSA was estimated
with least-squares identification from the filtered R-R intervals by using the filtered respiration signal as reference.
This estimate was further high-pass filtered with a Butterworth filter above 0.06 Hz to eliminate drift. The instantaneous frequency of the RSA was measured as well
and compared to that of the respiration in order to ensure
that the RSA did contain the respiratory-related information. The following parameters were measured using the
power spectral density (PSD) of the RSA, computed with
the Welch method in 30-second long sliding windows with
50% overlap:
(a) The RSA power.
(b) The non-respiratory power measured from the R-R intervals after the removal of the RSA, denoted by NRE.
The following parameters were computed jointly from
the filtered respiration and the RSA, describing their relationship:
(a) The variation of the phase lag between the two, denoted by VPL, computed as the standard deviation of
the slope of the phase lag similarly to [9].
(b) The synchronization of the phase lag as described

in [7], denoted by SPL.
(c) The ratio of the RSA instantaneous amplitude to that
of the respiration, denoted by AR, thought to carry information on the relative importance of the RSA. The
amplitudes were assessed by using the mean envelopes
(mean of lower and upper envelopes), computed by interpolating (cubic) the locations of the local extrema of
the signals.
For comparison, the following parameters were measured from the R-R interval series PSD (computed with
the Welch method in 30-second long sliding windows with
50% overlap):
(a) The LF power and the normalized LF power, denoted
by nLF.
(b) The HF power and the normalized HF power, denoted
by nHF.
(c) The LF/HF index.
The following parameters were measured from the R-R
intervals PSD by setting the LF-HF boundary according to
the respiration frequency as min(fresp − δf, 0.15), where
two values of 0.05 and 0.1 Hz were investigated for δf :
(a) The corrected LF power, denoted by cLF, and the normalized cLF, denoted by ncLF.
(b) The corrected HF power, denoted by cHF, and the normalized cHF, denoted by ncHF.
(c) The cLF/cHF index.
Table 1 summarizes the measured parameters. For each
parameter, the mean values pertaining to the two positions
were compared over all subjects with the Wilcoxon signed
rank test, which does not assume prior information about
the distribution of the data.

Table 2. Comparison of the HRV parameters between the
supine and orthostatic positions over all subjects.
∗
Supine > Orthostatic with p < 0.05,
†
Supine < Orthostatic with p < 0.05,
otherwise non-significant.
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Figure 1.
The R-R intervals for one subject in the
(a) supine and (b) orthostatic positions.
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PSD of R-R intervals
LF lower boundary
LF upper boundary

2

Supine

Orthostatic

LF (ms2 )
nLF
HF (ms2 )
nHF
LF/HF

2698.17 ± 2510.31
0.42 ± 0.19†
2949.72 ± 5045.81∗
0.36 ± 0.19∗
3.30 ± 5.50†

4270.06 ± 6053.12
0.57 ± 0.19
638.03 ± 979.84
0.10 ± 0.08
12.53 ± 10.55

cLF (ms2 )
ncLF
cHF (ms2 )
ncHF
cLF/cHF

921.21 ± 1081.89
0.17 ± 0.12†
4726.68 ± 6423.29∗
0.62 ± 0.17∗
0.44 ± 0.54†

1019.70 ± 1518.37
0.29 ± 0.20
3919.15 ± 6690.86
0.37 ± 0.31
4.39 ± 6.79

RSA (ms2 )
NRE (ms2 )

1770.92 ± 1689.72∗
535.65 ± 646.59∗

1757.17 ± 3255.50
433.12 ± 672.65

0.08 ± 0.04†
0.98 ± 0.01∗
0.21 ± 0.14∗

0.26 ± 0.23
0.90 ± 0.13
0.12 ± 0.15
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Figure 2. The PSD of the R-R intervals in Figure 1 in
the (a) supine and (b) orthostatic positions. In both cases,
the respiration occured in the LF band, rendering the usual
LF-HF separation meaningless.

3.

Results

There were no significant differences between the instantaneous frequencies of the RSA and the respiration,
meaning that the RSA extraction was correct for all subjects. The respiration rates of 12 subjects (57%) were below the LF upper boundary of 0.15 Hz. For 6 of these
subjects (28% of total), it was close to the frequency of the
baroreflex activity (0.1 Hz).
Figure 1 shows the R-R intervals for one subject for
the supine and orthostatic positions. Figure 2 illustrates
the PSD of the R-R intervals from Figure 1. Visually,
the respiratory influence on the R-R intervals, seen in the
main oscillation, is more prominent in the supine position.

In both graphs of Figure 2, a peak can be seen around
0.1 − 0.11 Hz because the respiratory rate of this subject
for both recordings was 0.11 Hz, which is close to the
baroreflex frequency. In this case, the HF power does not
represent respiratory activity at all, and the LF power contains both respiratory and baroreflex-related power.
Table 2 reports the mean values of the parameters described in Section 2.2 over all subjects. For the computation of cLF, ncLF, cHF and ncHF, δf was set to 0.05 Hz
because with δf = 0.1 Hz, these indices could only be
computed for 16 subjects, as the others had respiration
rates too close to the LF lower boundary. It can be seen that
despite 57% of the subjects having respiratory rates outside
the HF band, the HF and nHF powers were significantly
higher in the supine position that in the orthostatic. The
LF power showed a non-significant increase in the orthostatic position, while the nLF significantly increased. cLF,
ncLF, cHF and ncHF exhibited the same behavior as their
classic counterparts, although the differences were less extreme. The RSA power, which in effect was sometimes
in the HF and sometimes in the LF and sometimes overlapping both bands, was significantly higher in the supine
position. The non-respiratory power, NRE, followed the
same trend as the RSA power. The synchronization of the
phase lag was significantly higher in the supine position
and its variance was significantly lower. The amplitude ratio of RSA to the respiration amplitudes was significantly
higher in the supine position.

4.

Discussion and Conclusion

The classic LF and HF power measures report significant differences between supine and orthostatic positions,
despite respiration being in the HF band of the inter-beat
intervals for less than half the subjects. This could mean
that the non-respiratory influence on the R-R intervals is
also affected by change in position. These measures should
be used with caution.
The corrected cLF and cHF powers exhibited the same
behavior as the classic LF and HF powers and the cLF/cHF
followed a behavior similar to that of the LF/HF index,
however, the differences were less extreme. The cLF, ncLF
and cLF/cHF were higher in the orthostatic position, consistent with the increase in sympathetic activation in this
position. The cHF and ncHF were higher in the supine position, for which the parasympathetic system dominates.
The values of cLF were lower than those of the classic LF
power, and those of the cHF were higher than the classic
HF, accounting for the difference due to subjects whose
respiration was below the LF upper boundary. It must be
noted that the definitions of the corrected LF and HF bands
were arbitrary and there is no unique accepted definition
for these parameters. Furthermore, depending on this definition, for some subjects with low respiration rates, it was
not possible to compute the cLF and cHF powers, which
induces limitations in the use of these indices. These indices seem to be physiologically interpretable alternatives
to their classic counterparts. However, they cannot be easily applied to a wide range of cases.
The RSA, defined as the respiratory influence on the
R-R intervals, identified by using the reference respiration
waveform, seems stronger in the supine position. Indeed,
the RSA power was larger (although not by much), variations in the phase lag between the respiration and the RSA
were lower, and the relative importance of the RSA amplitude to the respiration was larger. Furthermore, since the
synchronization of the phase lag was larger in the supine
position, one can assume that the RSA and the respiration
had a more stable relationship in the supine position. These
physiologically interpretable measures approach the problem of the autonomic balance from a different perspective. Instead of attempting to separate sympathetic and
parasympathetic influences, these measures report physiological changes resulting from shifts in the autonomic
balance.
Future work will focus on the removal of the respiration
influence from the R-R intervals prior to HRV analysis,
even when no direct respiration reference signal is available.
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