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Effect of Postural Changes on Cardiorespiratory
Coordination in Humans

Muammar M. Kabir, David A. Saint, Derek Abbott, and Mathias Baumert

Abstract—In this study we assessed the effect of body
postural changes from the supine (Sup) to the upright (Up)
position on the magnitude and phase of respiratory sinus
arrhythmia (RSA) and the phase-locking between the heart
rhythm and respiration. In eight healthy human subjects,
electrocardiograms (ECG) and respiratory signals were
recorded. The magnitude and phase of RSA were evaluated by
selective averaging of R-R interval changes from multiple
respiratory cycles over the respiratory phase. For the
assessment of cardiorespiratory coordination, we analyzed the
phase-locking between heart rate, computed from R-R intervals
of ECG, and respiratory rate, computed from intervals of
inspiratory onsets of respiration, using Hilbert transform. A
significant decrease in the magnitude of RSA and percentage
and duration of phase-locking between heart rate and
respiratory rate was observed during Up as compared to Sup.
Further, there was a significant increase in the phase of RSA
during Up as compared to Sup. In conclusion, measures of RSA
and interaction between cardiac and respiratory rhythms are
affected by body posture in humans.

Index Terms—Heart, heart rate, phase locking, respiration,
respiratory sinus arrhythmia.

The appearance of some relationship between two periodic
oscillators in the form of locking of their phases or
adjustment of rhythms can be termed as synchronization.
Cardiorespiratory coordination is an aspect of the interaction
between heart and respiratory rhythm which has been
reported not only at rest [1], [2], [3] or during exercise [4],
but also in subjects under the influence of anesthesia [5], [6]
and drugs [7], [8].[ 9]- Another well-known phenomenon of
the interaction between cardiac and respiratory cycles is
respiratory sinus arrhythmia (RSA) [10], which is a strong
modulatory effect of respiration on heart rate [11].

Malliani et al. showed that changes in body posture can be
considered as one of the simplest ways to produce an acute
effect on parasympathetic activity [12]. Previous studies have
reported the effect of postural changes on cardiovascular
responses [13], [14]. Although, a recent study by Gilad et al.
presented the effect of changes in body posture on RSA [15],
the association between body postures and cardiorespiratory
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coordination has never been established. In this study, we
investigated the effect of body postures on the phase-locking
between the cardiac and respiratory cycles in humans. We
hypothesized that active standing reduces phase-locking
compared to the supine position.

Il. METHODS

A. Subjects

Eight subjects (4 males and 4 females) participated in this
study. The study conformed to the principles outlined in the
Declaration of Helsinki and was approved by the institution’s
human research ethics committee. Each subject provided
written informed consent.

The protocol included 10 minutes of recording each in a
supine and upright posture. ECG (leads | and II) and
respiratory signals (from abdomen impedance belts) were
sampled at 1 KHz and acquired using a PowerLab A/D
converter and ChartPro 6.0 software (ADInstruments,
Sydney, Australia).

B. R-R Interval Analysis

Custom written computer software developed under
MATLAB® was used to detect the R-peaks from the
recorded ECG signal using parabolic fitting. The R-R time
series obtained from the time-points of the R-peaks were
visually scanned for artifacts.

C. Respiration Analysis

Respiratory signals consist of linear, nonlinear and
non-stationary components, usually contaminated to some
degree by noise. For our analysis, the respiratory signal was
low-pass filtered at 0.5 Hz. The inspiratory onsets, used to
compute the breath-to-breath time series, were determined as
the zero-crossings of the first derivative of the respiratory
signal.

D. RSA Pattern Analysis

For all n respiratory cycles, the R-R intervals between each
two respiratory cycles were interpolated into 50 data points
using cubic spline interpolation. The 50 data points for all n
respiratory cycles correspond to 2z (Fig. 1)—the origin in the
figure being the expiratory onset of respiration. The overall
RSA pattern was obtained by taking the average of all the
RSA for n respiratory cycles Fig. 1 For the purpose of our
analysis we defined two RSA parameters: RSA amplitude
and RSA phase. The RSA amplitude was calculated by taking
the difference between the maximum and the minimum peaks
of the overall RSA pattern. The phase of RSA was defined as
the respiratory phase at the point of maximum overall RSA.
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Fig. 1. Respiratory sinus arrhythmia (RSA) of a subject during supine
position for 5 respiratory cycles clustered together (light gray lines) and the
overall RSA (thick black line) obtained by averaging the clustered RSA. The

origin is the expiratory onset of respiration.

E. Synchronization Analysis

We used Hilbert transform to calculate the phases of the
respiratory signal, and determined relationship between the
respiratory phases at different R-peak instants. Theoretically,
if we denote the phase of heartbeat as @, and respiratory
signal as @, and considering that the heart completes m
heartbeats in n respiratory cycles, then the condition for
phase locking can be given as heartbeats in n respiratory
cycles, then the condition for phase locking can be given as

| m<1)C — ncDr |< const

€]

In other words, if the phase difference between the two
oscillators was within a certain threshold value and remained
stable for n respiratory cycles, the oscillators were considered
synchronized.
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Fig. 2. Cardiorespiratory synchrogram plot showing time in seconds and the
corresponding relative phases of heart beat normalized to 2 respiratory
cycles. Dots indicate the normalized phases while delta, plus and diamond
indicates 9:2, 10:2 and 11:2 phase-locked ratios respectively.

If . is the time of the appearance of a k™ R-peak, then by
observing the phase of the respiration at the instants t ,
denoted by ®(t) and wrapping the respiratory phase into a
[0, 2=mn] interval, we can generate cardiorespiratory
synchrogram. This provides a visual tool to detect
cardiorespiratory coordination (Fig. 2), by plotting ¥, against
ty which, in case of m:n synchronization, results in m
horizontal lines. Here ¥, is given by the equation

y_=(®_(t )mod2m)/2z (2

In order to determine the values of m and n, we selected
one value of n at a time and looked for coordinations at
different values of m. The study was carried for the following
m:n coordinations: n = 1: m = 2,....,7 and n = 2. m =
5,7,9,11,13. We used a threshold value of 0.025 for the phase
difference as it was suggested by Cysarz et al. [16].
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Fig. 3. lllustration of the generation of synchrogram from the respiratory and
ECG signals. al, a2,...,al0 and b1, b2,....,b10 in the synchrogram plot
represent the respiratory phases, based on the time points of R-peaks, for the
first two and the following two respiratory cycles.

TABLE I: MEAN VALUES (£STANDARD DEVIATION) OF THE R-R AND
RESPIRATORY INTERVALS DURING SUPINE AND UPRIGHT BODY POSTURES

R-R Interval (s) Respiratory Interval (s)

Subjects Supine Upright Supine Upright

Subject1  0.8740.10 0.6140.05***  4.1140.8 4.614.0
Subject 2 0.9020.11 0.7240.08***  3.9240.6 4.1340.9
Subject3  0.7820.08 0.6540.04***  3.4140.7 3.2340.8
Subject4  0.8920.10 0.6440.05***  3.7140.8 42141
Subject5  0.95#0.13 0.7640.10*** 441409 4.704.2
Subject 6  0.9620.11 0.6840.09***  4.3140.6 4.5440.8
Subject 7 0.7940.10 0.6040.04***  4.87H.0 5.01#4.3
Subject 8 0.8520.09 0.6740.05***  3.6630.7 441409
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Asterisks indicate differences with supine body posture.
*** represents p<0.0001.

We presented an illustration of the synchrogram plot in
figure 3. The phases of the respiratory signal, corresponding
to the time points of the R-peaks, were plotted as normalized
phases between 0 and 2. Subsequently, the phases for every
two respiratory cycles formed a relatively vertical line:
al,a2,...,al0; bl,b2,...,b10; and so on. We then determined
the differences between each point of one line to each
corresponding  point of the next line: al-bl,
a2-b2,...,al0-b10. If the differences between all the
corresponding points were below the threshold value of
0.025, the respective R-peaks were considered as
coordinated.

F. Statistical Analysis

We selected only artifact-free recording segments (3 to 4
segments for each subject) for the supine and upright
postures to generate the results. Since the duration of each
segment may vary, we calculated percentage of
cardiorespiratory coordination by adding up the time for each
coordinated epoch and then divided it by the total duration of
the segments. Subsequently, we determined the percentage of
the coordination during upright (Up) and supine (Sup)
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postures.

We also recorded the phase-locking ratio and average
duration of each coordinated epoch.

Statistical analysis was performed with GraphPad Prism®
version 5.0 software (GraphPad, San Diego, CA, USA).
Student’s t-test was used to compare R-R intervals,
respiratory intervals, RSA pattern and cardiorespiratory
coordination between Up and Sup epochs. Data were
expressed as mean+SD. A value of p < 0.05 was considered
statistically significant.

I1l. RESULTS
A. Effect of Body Posture on R-R and Respiratory Interval
All the subjects showed a shortening in R-R interval
during Up as compared to Sup (0.6740.05 vs. 0.8740.12 s,
p<0.0001, respectively) (Table I). However, the respiratory
interval was not significantly affected by body postures (Up
vs. Sup: 4.440.8 vs. 4.14+.1 s, p>0.05) (Table I).

B. Effect of Body Posture on RSA

The magnitude of RSA maxima in Up was significantly
lower than in Sup for all subjects (0.0620.02 vs. 0.1340.04 s,
p<0.05, respectively) (Table 11). On the other hand, the phase
of the RSA pattern maxima was significantly higher in Up as
compared to Sup (5.2#2.1 vs. 3.1#2.1 rad, p<0.05,
respectively) (Table II).

TABLE Il: MEAN VALUES (STANDARD DEVIATION) OF THE MAXIMIM
AMPLITUDE AND PHASE AT MAXIMUM AMPLITUDE OF RSA DURING SUPINE
AND UPRIGHT BODY POSTURES

Amplitude (s) Phase (rad)

Subjects Supine Upright Supine Upright

Subject1  0.1140.04 0.0540.02* 2.65+.8 4.32+.9*
Subject2  0.1440.04 0.0840.03* 3.424.7 5.5842.2*
Subject 3 0.1520.05 0.08+40.04* 2.844.5 5.4242.1*
Subject 4  0.1240.03 0.0440.02* 29821 4.77H.6*
Subject5  0.1520.04 0.0640.03* 3.23H.7 5.56+1.8*
Subject6  0.13#0.05 0.0540.02* 2.714.8 4.63+.9*
Subject 7 0.1240.04 0.0640.03* 31245 5.31+ .4*
Subject8  0.13#0.04 0.0540.02* 3.67H.6 5.62+.5*

Asterisks indicate differences with supine body posture.
* represents p<0.05.

The increase in phase of RSA maxima in Up indicates that
the average RSA cycle is shifted towards to the right, as
compared to Sup.

C. Effect of Body Posture on Percentage and Duration of

Cardiorespiratory Coordination

The total percentage of coordination between cardiac and
respiratory signals was significantly lower during Up as
compared to Sup (3.7#1.2 vs. 15.2#2.1 %, p<0.0001,
respectively) (Fig. 4). Also, a significant decrease in the
average duration of cardiorespiratory coordination was
observed during Up as compared to Sup (4.642.1 vs. 8.443.4
s, p<0.05, respectively) (Fig. 5).
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D. Effect of Body Posture on Phase-Locking Ratio

The phase-locking ratio of 4:1 was the most frequently
ratio observed during supine posture. Other phase-locking
ratios for cardiorespiratory coordination were 2:1, 3:1, 5:2
and 7:2. However, in addition to a significant decrease in
phase-locking between heart and respiratory cycles, 2:1 was
the most frequently observed locking ratio during upright
posture.
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Fig. 4. Mean +SD of the percentage of coordination in all the subjects during
supine and upright postures. Percentage of coordination was significantly
higher during supine posture as compared to upright posture. Here, ***
represents p<0.0001.

IV. DISCUSSION

This is the first study to investigate the interaction between
cardiac and respiratory signals during supine (Sup) and
upright (Up) body postures in humans. Our results show that
the amount of interaction between the cardiac and respiratory
oscillators is decreased during Up as compared to Sup. It is
also evident that Up, as compared to Sup, causes a shortening
in the R-R intervals with no significant change in respiratory
intervals, which is consistent with the findings by Gilad et al.
[15]. Similarly, our study shows a decrease and increase in
the amplitude and phase of RSA maxima in Up, as reported
earlier [15].

It is well known that a postural change in human body
from upright to supine causes an increase in vagus nerve
activity and a decrease in sympathetic nerve activity [17],
[18], [19]. The decrease in sympathetic nervous activity
together with the increase in vagal activity in Sup is the most
likely cause of an increase in R-R interval. The decrease in
amplitude of RSA in Up is in agreement with the literature
[15], [20], indicating less influence of respiration on heart
rate in upright standing posture.
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Fig. 5. Mean =SD of the average duration of coordinated epochs in all the
subjects during supine and upright postures. The average duration of
coordinated epochs was significantly higher during supine posture as
compared to upright posture. Here, * represents p<0.05.
The phase-coupling between cardiac and respiratory
rhythms has long been recognized [1]-[3]. Although the

physiological significance of cardiorespiratory coordination
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is yet to be established, the relationship between heart rate
and respiration has been suggested as a useful tool for
assessing the autonomic nervous system functioning [21],
diagnosis of sepsis [22] and obstructive sleep apnea [23].
However, for the accurate determination of the coordination
process, the ratio of heart rate to respiratory rate should also
be considered [24]. In this study, a significant decrease in
cardiorespiratory coordination was observed in Up as
compared to Sup. Up also caused a change in the most
frequent phase-locking ratio from 4:1 to 2:1. It is interesting
to observe that although the heart rate increases in Up, there
is a decrease in the overall phase-locking ratio. According to
a recent study, the autonomic nervous system has an
influence on cardiorespiratory coordination [9]. This would
suggest that a disturbance in autonomic nervous activity
caused by the postural changes is the dominant cause of the
increase or decrease in cardiorespiratory coordination.

V. CONCLUSION

Upright standing posture in humans compared to supine
posture is associated with a reduction of phase-locking
between cardiac and respiratory cycles.
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