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Abstract. Utilizing methods from nonlinear dynamics and a network
approach we investigate the interactions between physiologic organ sys-
tems. We demonstrate that these systems can exhibit multiple forms of
coupling that are independent from each other and act on different time
scales. We also find that physiologic systems interaction is of transient
nature with intermittent “on” and “off” periods, and that different forms
of coupling can simultaneously coexist representing different aspects of
physiologic regulation. We investigate the network of physiologic interac-
tions between the brain, cardiac and respiratory systems across different
sleep stages, well-defined physiologic states with distinct neuroautonomic
regulation, and we uncover a strong relationship between network con-
nectivity, patterns in network links strength and physiologic function. We
show that physiologic networks exhibit pronounced phase transitions as-
sociated with reorganization in network structure and links strength in
response to transitions across physiologic states.

Keywords: Cardio-respiratory coupling, phase synchronization, sleep,
networks.

1 Introduction

Physiologic organ systems exhibit complex nonlinear dynamics characterized
by nonstationary, intermittent, scale-invariant and multifractal behaviors [1–6].
These dynamics result from underlying feedback mechanisms of neural regula-
tion acting over a range of time scales [7–9] and exhibit pronounced phase transi-
tions associated with changes across physiologic states and pathologic conditions
[10–12]. Further, nonlinear coupling and interactions between organ systems in-
fluence their output dynamics and coordinate their functions, leading to another
level of complexity. It is an open problem to adequately determine interactions
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between complex systems where their coupling is not known a priori, and where
the only available information is contained in the output signals of the systems.
For integrated physiological systems, this is further complicated by transient
non-linear characteristics and continuous fluctuations in their dynamics. In re-
cent years, research in nonlinear dynamics has focused on developing an analytic
framework and novel measures to detect and quantify interactions between phys-
iologic systems and to elucidate the nature of their coupling [13–15].

Here we hypothesize that integrated organ systems can communicate through
several independent mechanisms of interaction which operate at different time
scales, and that different forms of coupling can simultaneously coexist. Because
the neuroautonomic regulation of each organ system changes with transition
from one physiologic state to another leading to transitions in scaling and non-
linear features of the output dynamics [12, 16–19], we further hypothesize that
physiologic coupling also undergoes phase transitions in order to facilitate and
optimize organ interactions during different physiologic states. Specifically, we
hypothesize that at any given moment pairs of systems interact through com-
plementary forms of coupling that may exhibit different strength and different
stratification patterns across physiologic states.

2 Data and Methods

Data: To test our hypotheses, we analyze physiologic data recordings from a
group of 189 healthy subjects (99 female and 90 male, ages ranging from 20-
95 years) during night-time sleep (average record duration is 7.8 h), tracking
changes in physiologic coupling across different sleep stages. We focus on phys-
iological dynamics during sleep as sleep stages are well-defined physiological
states, and external influences due to physical activity or sensory inputs are re-
duced during sleep. Sleep stages are scored in 30 s epochs by sleep lab technicians
based on standard Rechtschaffen & Kales criteria. We consider EEG, ECG and
respiratory signals. In particular, we focus on cardio-respiratory coupling and
on the network of interactions between different brain areas and the cardiac and
respiratory system.

Methods: Cardiac, respiratory and brain dynamics exhibit transient changes
associated with different physiologic states and conditions. How their coupling
responds to these changes in relation to the underlying mechanisms of physiologic
control remains not understood. Moreover, whether the systems interact via
different functional forms of coupling and whether these forms of coupling are
influenced differently by the same physiologic state, is not known.

Employing ideas from the theory of non-equilibrium systems [22], synchro-
nization of coupled nonlinear systems [14], time delay stability [23] and complex
networks [24], we investigate aspects of physiologic coupling and networks of in-
teraction between physiological systems, and how they change with transitions
from one physiologic state to another.

Specifically, we investigate three forms of cardio-respiratory interaction and
how they change during different sleep stages. Utilizing multichannel physiologic
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Fig. 1. Cardio-respiratory coupling: Respiratory sinus arrhythmia (RSA)
This form of coupling is characterized by a periodic variation of the heart rate (HR)
within each breathing cycle: increase of HR with inspiration and decrease of HR with
expiration for normal breathing frequencies (≈ 7-12 breaths per min). The strength of
the coupling is defined by the amplitude of the HR variation measured relative to the
mean heart rate HR, called RSA amplitude. RSA is most pronounced at low breathing
frequencies and nonlinearly decreases with increasing breathing frequency [20, 21]. Data
points represent instantaneous heart rate (inverse heartbeat intervals), normalized to
the mean heart rate HR within each breathing cycle, for a period of 200 sec over pairs
of consecutive breathing cycles. RSA is highlighted by a sinusoidal least-square-fit line
to the data points. Data are recorded from a healthy subject during sleep.

data during sleep as an example, we demonstrate that a network approach to
physiological interactions is necessary to understand how modulations in the reg-
ulatory mechanism of individual systems translate into reorganization of physi-
ological interactions across the human organism.

Respiratory sinus arrhythmia (RSA): In physiological studies, the interaction
between the cardiac and the respiratory system, is traditionally identified through
the respiratory sinus arrhythmia (RSA), which accounts for the periodic vari-
ation of the heart rate within a breathing cycle [20, 25]. Typically, for normal
breathing rates in the range 7-12 breaths per minute, RSA is characterized by
the increase of heart rate during inspiration and decrease during expiration, and
is quantified by the amplitude of this heart rate modulation. To obtain the RSA
amplitude, we first estimate the instantaneous heart rate (inverse heartbeat RR
interval) associated with each heartbeat within a breathing cycle, and from each
instantaneous heart rate we subtract the average heart rate for this breathing
cycle. We consider artifact-free segments of consecutive normal heartbeats with
duration ≥300 sec. We plot the instantaneous heart rates (normalized to the
mean) for each pair of consecutive breathing cycles within each artifact-free
data segment (Fig. 1), and we define the RSA amplitude as one half of the peak-
through difference in the least-square-fit sinusoid line to the data points. This
fit line represents the respiratory modulation of the heart rate (Fig. 1).
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For our RSA analysis, heartbeat data (R-peaks) were extracted from the
ECGs utilizing a semi-automatic peak detector (Raschlab, www.librasch.org).
RR time intervals were calculated between each pair of consecutive R-peaks.
A RR interval was labeled as artifact and excluded from the analysis if (i) the
interval was shorter than 300 ms or longer than 2000 ms, or (ii) the interval
was more than 30% shorter or more than 60% longer than the preceding RR
interval. These exclusion criteria effectively eliminate ectopic heartbeats and ar-
tifacts. Respiration was measured by the oronasal airflow through a thermistor
and by belts around the chest and abdomen. These three respiratory signals
were resampled to 4Hz to eliminate high frequency fluctuations and to assure
that the signal is narrow-banded, and thus its Hilbert transform can be used to
calculate the respiratory phase.

Cardio-respiratory phase synchronization (CRPS): Phase-synchronization anal-
ysis was recently developed to identify interrelations between the output signals
of coupled nonlinear oscillatory systems even when these output signals are not
cross-correlated [14, 26, 27]. Thus, phase-synchronization analysis can quantify
the degree of coupling between nonlinear systems when other conventional meth-
ods can not.

Cardio-respiratory synchronization can systematically be studied in an au-
tomated way by utilizing an algorithm that evaluates cardio-respiratory syn-
chrograms (Fig. 2(d)). The synchrogram is a method in which the phase of a
continuous signal (e.g., respiration r(t)) is plotted at incidents tk of a second
signal described by a point process (e.g., the occurrence of R-peaks in the ECG
at times tk). The instantaneous respiratory phase φr(t) can be calculated by the
analytic signal approach [26] and, in the complex plane, φr(t) represents the an-
gle between the respiratory signal r(t) and its Hilbert transform rH(t) which is
the imaginary part of the respiratory signal (Fig. 2(c)). The plot of φr(tk) over tk
defines the cardio-respiratory synchrogram (Fig. 2(d)). Cardio-respiratory phase
synchronization exists when n parallel horizontal lines are observed, where n
is the number of heartbeats per breathing cycle (n = 3 in Fig. 2(d)). In our
automated synchrogram algorithm, the times tk of the occurrence of heartbeats
are mapped on the cumulative respiratory phase Φr(t), and φm

r (tk) = Φr(t)
mod 2πm is plotted versus tk. For each m respiratory cycles where n heart-
beats occur at times tci (tci corresponds to the times of i = 1, . . . , n heartbeats
within m respiratory cycles, denoted by c), we replace the phase points φm

r (tci )
by averages 〈φm

r (tci )〉 and standard deviations σ(tci ) calculated over all phase
points in the time window Tc

i = [tci − τ/2, tci + τ/2] and in the phase interval
Ri = [φm

r (tci )− 2πm
n , φm

r (tci ) +
2πm
n ) (i.e., we average the phase points along the

horizontal lines in Fig. 2(d) over the time window Tc
i). Thus, the phase aver-

age and standard deviation are defined by 〈φm
r (tci )〉 = 1

Ni

∑
tk∈Tc

i
φm
r (tk) and

σ(tci ) =
√

1
Ni

∑
tk∈Tc

i
(φm

r (tk)− 〈φm
r (tci )〉)2, where Ni is the number of phase

points (heartbeats) in the time window Tc
i and the phase interval Ri, and where

m is the number of respiratory cycles in which n heartbeats occur. Next, for
each breathing cycle we average the standard deviation σ(tci ) for all i = 1, . . . , n

www.librasch.org
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Fig. 2. Cardio-respiratory coupling: Phase synchronization (CRPS) Three
consecutive breathing cycles (in black, blue and red) are shown in (a) and a simulta-
neously recorded ECG signal in (b). The interbreath interval (IBI) is approximately 3
times longer than the beat-to-beat interval (RR). Horizontal arrows indicate an inter-
breath interval (IBI) and a RR beat-to-beat interval. (c) Demonstration of 3 : 1 phase
synchronization between the heartbeats and respiratory cycles shown in (a) and (b).
For each breathing cycle the 1st heartbeat occurs at the same respiratory phase φ1

r(t),
and the 2nd and 3rd heartbeats within each cycle occur at φ2

r(t) and φ3
r(t) (symbols

collapse), indicating robust CRPS. (d) Three horizontal parallel lines formed respec-
tively by the 1st, 2nd and 3rd heartbeats in the three consecutive breathing cycles
indicate 3 : 1 phase synchronization. Different symbols represent heartbeats in differ-
ent breathing cycles as in (a) and (c), and vertical dashed lines show the beginning of
each breathing cycle.

phase points 〈φm
r (tci )〉 to obtain 〈σ〉n. Only breathing cycles with 〈σ〉n ≤ 2πm

nΔ
are considered, and synchronization segments are identified only when such con-
secutive breathing cycles span over time intervals ≥ T . Finally, we relate the
phase synchronization segments to the time intervals of the different sleep stages
throughout the night, and for each sleep stage we calculate the % synchroniza-
tion as the ratio between the time duration of the sum of all synchronization
segments and the total time duration of the sleep stage during the night. Seg-
ments of data artifacts in both cardiac and respiratory signals are disregarded in
these calculations. Since we have three respiratory signals from oronasal airflow,
chest and abdomen belts, for each consecutive episode in a given sleep stage we
consider the pair of cardiac and respiratory signals that yields the highest %
synchronization (thus, optimally reducing the influence of breathing artifacts).
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In our analyses we use Δ = 5, and T = τ = 30 sec corresponding to standard 30
sec sleep-stage scoring epochs.

For the phase-synchronization analysis we used the same signal pre-processing
procedure for the heart rate and respiratory signals as described for the RSA
analysis.

Time delay stability analysis (TDS): Integrated physiologic systems are coupled
by feedback and/or feed forward loops with a broad range of time delays. To
probe physiologic coupling we propose an approach based on the concept of time
delay stability [23]: in the presence of strong stable interactions between two
systems, transient modulations (e.g., bursts) in the output signal of one system
lead to corresponding changes that occur with a stable time lag in the output
signal of another coupled system. Long periods of constant time delay indicate
strong physiologic coupling. We demonstrate the TDS method on the example of
cardio-respiratory interaction, considering the time delay interrelation between
bursts in the heart rate and the respiratory rate (Fig. 3(a,b)).

The TDS method consists of the following steps:
(1.) To probe the interaction between two physiological systems X and Y, we
consider their output signals {x} and {y} each of length N and sampled at 1
Hz. We divide both signals {x} and {y} into NL overlapping time windows ν of
equal length L = 60 sec. We choose an overlap of L/2 = 30 sec which corresponds
to the time resolution of the conventional sleep-stage scoring epochs, and thus
NL = [2N/L] − 1. Prior to the analysis, the signal in each time window ν is
normalized separately to zero mean and unit standard deviation, in order to
remove constant trends in the data and to obtain dimensionless signals. This
normalization procedure assures that the estimated coupling between the signals
{x} and {y} is not affected by the difference in their amplitudes.
(2.) Next, within each time window ν = 1, . . . , NL, we calculate the cross-

correlation function Cν
xy(τ) = 1

L

∑L
i=1 x

ν
i+(ν−1)L

2

yν
i+(ν−1)L

2 +τ
, by applying pe-

riodic boundary conditions (Fig. 3(c)). For each time window ν we define the
time delay τν0 to correspond to the maximum in the absolute value of the cross-
correlation function Cν

xy(τ) in this time window τν0 = τ ||Cν
xy(τ)|≥|Cν

xy(τ
′)| ∀τ ′ .

Time periods of stable interrelation between two signals are represented by seg-
ments of approximately constant τ0 in the newly defined series of time delays,
{τν0 }ν=1,...,NL — e.g., the flat region in Fig. 3(d) corresponding to a period of
stable coupling between heart rate and respiratory rate during light sleep. In
contrast, absence of stable coupling between the signals is characterized by large
fluctuations in τ0, as shown in the gray-shaded region in Fig. 3(d) corresponding
to deep sleep.
(3.) We identify two systems as linked if their corresponding signals exhibit a
time delay that does not change by more than ±1 sec for several consecutive
time windows ν. We track the values of τ0 along the series {τν0 }: when for at
least four out of five consecutive time windows ν (corresponding to a period of
5× 30 sec) the time delay remains in the interval [τ0 − 1,τ0 + 1] these segments
are labeled as stable. This procedure is repeated for a sliding time window with
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Fig. 3. Cardio-respiratory coupling: Time delay stability (TDS). Segments of
(a) heart rate (HR) and (b) respiratory rate (Resp) normalized to zero mean and unit
standard deviation in 60 sec time windows (I), (II), (III) and (IV), in order to remove
trends in data and to obtain dimensionless signals. Synchronous bursts in the HR and
Resp signal leading to pronounced cross-correlation within each time window as shown
in (c), and stable time delay characterized by segments of constant τ0 as shown in (d)
— four red dots highlighted by a blue box in panel (d) represents the time delay for
the 4 time windows. Note the transition from strongly fluctuating behavior in τ0 to a
stable time delay regime at the transition from deep sleep to light sleep at around 9400
sec (gray shaded area) in panel (d). The TDS analysis is performed on overlapping
moving windows with a step of 30 sec represented by red and black dots in the blue
box in panel (d). Long periods of constant τ0 indicate strong physiological coupling.

a step size one along the entire series {τν0 }. The % TDS is finally calculated as
the fraction of stable points in the time series {τν0 }.

Longer periods of TDS between the output signals of two systems reflect
more stable interaction/coupling between these systems. Thus, the strength of
coupling is determined by the percentage of time when TDS is observed: higher
percentage of TDS corresponds to stronger coupling. To identify physiologically
relevant interactions, we determine a significance threshold level for the TDS
based on comparison with surrogate data derived from uncoupled systems, e.g.,
heart rate from subject A and respiratory rate from subject B. Only interactions
characterized by TDS values above the significance threshold are considered.

The TDS method is general, and can be applied to diverse systems to identify
and quantify links in networks of physiologic interactions that are not a priori
known (Fig. 7). It is more reliable in identifying physiologic coupling compared
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to traditional cross-correlation and cross-coherence analyses which are not suit-
able for heterogeneous and nonstationary signals, and are affected by the degree
of auto-correlations embedded in these signals [28]. TDS is also suitable to iden-
tify coupling between systems that are not characterized by oscillatory output
dynamics, where the phase-synchronization approach can not be applied.

In order to study interrelations and coupling between the brain and the cardiac
and respiratory system, we extract the following time series from their output
signals: the spectral power of seven frequency bands of the EEG in moving
windows of 2 sec with a 1 sec overlap: δ waves (0.5-3.5 Hz), θ waves (4-7.5 Hz),
α waves (8-11.5 Hz), σ waves (12-15.5 Hz), β waves (16-19.5 Hz) and γ1 (20-33.5
Hz) and γ2 (34-100 Hz) waves; heartbeat RR intervals and interbreath intervals
are both re-sampled to 1 Hz (1 sec bins) after which values are inverted to
obtain heart rate and respiratory rate. Thus, all time series have the same time
resolution of 1 sec before the TDS analysis is applied. EEG data were recorded
from 6 scalp locations: frontal left (Fp1), frontal right (Fp2), central left (C3),
central right (C4), occipital left (O1) and occipital right (O2).

Applying the TDS method to these data we investigate the network of inter-
actions between the brain, cardiac and respiratory system, and how this network
changes with transition from one physiologic state to another (Figs. 7 and 8).

3 Results

3.1 Coexisting Forms of Coupling and Phase Transitions across
Physiological States

To probe for coexistence of different forms of cardio-respiratory coupling we ap-
ply three different methods: (i) analysis of respiratory sinus arrhythmia (RSA),
(ii) phase-synchronization analysis, and (iii) time delay stability analysis (TDS).
These three methods quantify independent characteristics of the interaction be-
tween the cardiac and respiratory systems at different time scales: (i) ampli-
tude of heart rate modulation during a breathing cycle (Fig. 1), (ii) phase-
synchronized activity between the heart rate and the respiratory rate so that
within a breathing cycle heartbeats occur at specific respiratory phases and this
behavior is consistent for several consecutive breathing cycles (Fig. 2), and (iii)
stable time delay in bursting activity of the heart and respiratory rate over long
periods of time from several minutes to hours (Fig. 3).

Empirical studies have reported a strong variation in linear and nonlinear
characteristics in both cardiac and respiratory dynamics with the sleep-wake
cycle [16], across circadian phases [19, 29] and sleep-stage transitions [10–12, 30,
31], indicating significant changes in the regulatory mechanisms with transitions
across physiologic states. Thus, we test whether cardio-respiratory coupling may
also undergo phase transitions with transitions across physiologic states. Since
sleep stages are well-defined physiologic states and are associated with distinct
mechanisms of autonomic control [11, 12], we also investigate the strength of
different forms of cardio-respiratory coupling during different sleep stages.
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Fig. 4. Phase transitions in physiologic coupling across physiological states.
Stratification patterns in different measures of cardio-respiratory coupling with transi-
tions across sleep stages indicate complex re-organization in physiological interaction
during different physiologic states. Three independent forms of coupling — (a) Respira-
tory sinus arrhythmia (RSA), (b) Phase synchronization, and (c) Time delay stability
(TDS) — show significantly different coupling strength during different sleep stages.
Columns in each panel represent the average over a group of 189 healthy subjects;
error bars correspond to the standard error. Phase synchronization and TDS coupling
strength in (b) and (c) is estimated as the percent of data segments in the entire record-
ing for a given sleep stage where heart rate and respiratory rate are phase-synchronized
or exhibit TDS.
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We find that the amplitude of RSA exhibits a pronounced and statistically
significant stratification pattern across different sleep stages. The amplitude of
RSA is lowest during wake periods and gradually increases during REM, light
sleep and deep sleep. In particular, periods of non-REM sleep (light sleep and
deep sleep) are characterized by ≈ 40% higher RSA amplitude compared to
REM and wake (Fig. 4(a)), indicating a strong dependence of this form of cou-
pling on the underlying neuroautonomic control. With transition from wake to
REM, light and deep sleep, the sympathetic tone of autonomic control decreases
while the level of parasympathetic activity remains unchanged [11]. This yields
a relative dominance of parasympathetic tone in cardiac and respiratory regula-
tion, which in turn leads to lower respiratory rates in non-REM sleep associated
with higher RSA amplitude. Indeed, experimental studies in healthy subjects
show a decrease in the RSA amplitude with increasing respiratory frequency
under paced respiration [20, 25]. However, we note that while the respiratory
frequency decreases just with ≈ 6-8% during transitions from wake to light and
deep sleep, we find a highly nonlinear response in the RSA amplitude which
increases with ≈40% during these transitions.

Our analyses show that in addition to RSA cardio-respiratory interaction is
characterized by two other forms of coupling — phase synchronization and time
delay stability — which also exhibit a pronounced stratification in the strength of
coupling across different sleep stages (Fig. 4(b,c)). However, in contrast to RSA
cardio-respiratory phase synchronization is weaker during REM as compared
to wake, while during light and deep sleep there is a dramatic increase in the
degree of synchronization of ≈ 400% compared to REM (Fig. 4(b)). Notably,
this form of cardio-respiratory coupling exhibits a factor of 10 stronger response
to sleep-stage transitions compared to RSA.

While the sleep-stage stratification patterns for both forms of coupling, RSA
and synchronization, show a relative separation between non-REM and REM
sleep, we find a very different stratification pattern for the strength of TDS: (i)
much higher degree of TDS during wake and light sleep compared to REM and
deep sleep, and (ii) comparable strength of TDS during wake and light sleep
and during REM and deep sleep (Fig. 4(c)). Our empirical observation of sig-
nificant difference in the degree of cardio-respiratory TDS coupling during light
sleep compared to deep sleep is surprising, given the similarity in spectral, scale-
invariant and nonlinear properties of cardiac and respiratory dynamics during
light sleep and deep sleep [12, 30, 32] (light and deep sleep are traditionally
classified as non-REM), and indicate that previously unrecognized aspects of
cardiac and respiratory neuroautonomic regulation during sleep are captured by
the TDS analysis.

Our investigations demonstrate the existence of three distinct forms of cardio-
respiratory interaction that represent the dynamics at different time scales. Our
findings of different stratification patterns indicate that these forms of coupling
are independent and represent different aspects of physiologic interaction that are
affected in a different way by changes in neuroautonomic control across physiologic
states. Moreover, we find that these three forms of cardio-respiratory coupling are



280 R.P. Bartsch and P.C. Ivanov

Coexisting forms of coupling

0 π/2 π 3π/2 2π 5π/2 3π 7π/2 4π
Phase of respiratory cycle, φ

r
 [rad]

-0.1

0

0.1

H
R

i-H
R

 [
H

z]

RSA and phase-synchronization

(a)

0 π/2 π 3π/2 2π 5π/2 3π 7π/2 4π
Phase of respiratory cycle, φ

r
 [rad]

-0.1

0

0.1

H
R

i-H
R

 [
H

z]

RSA without phase-synchronization 

(b)

Fig. 5. Coexisting forms of cardio-respiratory coupling. Phase synchronization
(CRPS) and respiratory sinus arrhythmia (RSA) represent different and independent
forms of cardio-respiratory coupling. (a) While RSA leads to periodic modulation of
the heart rate within each breathing cycle (green sinusoidal line) and is quantified by
the amplitude of the heart rate modulation, CRPS leads to clustering of heartbeats
at certain phases φr of the breathing cycle (red ovals). Shown are consecutive heart-
beats over a period of 200 sec. The x-axis indicates the phases φr of the breathing
cycle where heartbeats occur, and the y-axis indicates the deviation of the heart rate
(inversed heartbeat intervals) from the mean heart rate HR within a given breathing
cycle. Instantaneous heart rates are plotted over pairs of consecutive breathing cycles,
φr ∈ [0, 4π], to better visualize rhythmicity. Data are selected from a subject during
deep sleep. (b) For the same subject as in (a), instantaneous heart rates from another
period of 200 sec also during a deep sleep episode are plotted over pairs of consecutive
breathing cycles. Data show well-pronounced RSA with a similar amplitude as in (a),
however, heartbeats are homogeneously distributed across all phases of the respiratory
cycles, indicating absence of CRPS.

not continuously present and are not of constant strength but are rather transient
and intermittent with “on” and “off” periods. Indeed, cardio-respiratory phase
synchronization is usually observed in relatively short epochs rarely exceeding 100
sec in duration (Fig. 6). Even for the same subject within the same sleep stage,
we find time periods when synchronization is not present (Fig. 5), indicating that
“on” and “off” switching of this formof cardio-respiratory interaction is not always
triggered by transitions across physiological states. Further, the total time when
cardio-respiratory phase synchronization is observed even under controlled condi-
tions in resting subjects is a relatively small fraction of the entire duration of the
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recordings [33]. Moreover, some subjects may even not exhibit cardio-respiratory
phase synchronization [33]. Our cardio-respiratoryphase synchronization analysis
shows that most of the synchronization epochs are of 20–45 sec duration (Fig. 6).
Further, we find that for each subject the total sum of the synchronization epochs
does not exceed 20–25% of the entire sleep duration or of the duration of the indi-
vidual sleep stages, indicating that the cardio-respiratory coupling, as manifested
by phase synchronization, is not stable in time.

Coexisting forms of coupling
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Fig. 6. Coexisting forms of cardio-respiratory coupling. Phase synchronization
(CRPS) and time delay stability (TDS) probe the coupling at different time scales.
Probability distributions of the length of cardio-respiratory phase synchronization
epochs (red color) and of cardio-respiratory TDS epochs (light-blue color) indicating
significant difference in the average epoch length. Thus, different aspects of cardio-
respiratory coupling are captured by these two measures. However, both measures
reflect transient changes in cardio-respiratory coupling with “on” and “off” periods
even within a single sleep stage, where the “on” periods form only a fraction of the
entire heart rate and respiratory recordings. Results are obtained from 189 healthy
subjects, taking into account all sleep stages during a one-night sleep period.

The amplitude of RSA, another measure of cardio-respiratory coupling also
continuously changes with breathing frequency and sympatho-vagal balance [20,
25], and under certain conditions RSA is even absent. Thus, the strength of RSA
as a representative measure of cardio-respiratory coupling is also not stable in
time. Finally, we find such intermittent behavior also in the TDS measure which
probes cardio-respiratory coupling at larger time scales above 2 min. We note
that TDS is a more stringent condition to quantify cardio-respiratory coupling,
since TDS epochs longer than 2 min are more rare than the epochs of ≈ 20–45
sec typical for phase synchronization (Fig. 6). Indeed, our analyses show that
most of the TDS epochs for the cardio-respiratory interaction are of 150–220
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sec duration (Fig. 6). Since, epochs of TDS shorter than 2 min are neglected,
we have a lower cardio-respiratory TDS (not exceeding ≈ 7% for the entire
recording) compared to what we find for phase synchronization (Fig. 4(b,c)).
We note that our choice of a 2 min window over which TDS is determined is not
arbitrary because this is the minimal size window over which results obtained
from the TDS method applied to real data are significantly different (t-test:
p < 10−3) from the results obtained based on surrogate data, where signals from
one subject are paired with signals from different subjects.

The presence of “on” and “off” periods in the interaction between heart rate
and respiration, where relatively short episodes of effective interrelation are sepa-
rated by periods of no interrelation, is observed in all three independent measures
— degree of phase synchronization, RSA and TDS — and indicates an intermit-
tent nature of the coupling between these two systems. Importantly however,
these intermittent dynamics do not always indicate that when one form of cou-
pling is “on” the others must be “off”. Rather our analysis shows that two or
more forms of cardio-respiratory coupling can simultaneously coexist during the
same time period within a given physiologic state (Figs. 5 and 6).

3.2 Networks of Physiologic Interaction

To study how different organ systems interact as a network, we apply the TDS
method [23] to probe interactions between the brain, cardiac and respiratory
systems, and how these interactions change across physiological states. Because
brain dynamics are characterized by EEG signals with different spectral fre-
quencies dominant at different scalp locations and during different physiological
states, the TDS method allows us to study how bursts in EEG frequency bands
from certain brain areas are coupled with corresponding bursts in the heart and
respiratory rate.

We consider six scalp locations represented by EEG channels: frontal left
(Fp1), frontal right (Fp2), central left (C3), central right (C4), occipital left
(O1) and occipital right (O2). For each EEG channel, we estimate the coupling
with the respiratory and cardiac systems by the degree of TDS for the following
physiologically relevant EEG frequency bands: δ (0.5-3.5 Hz), θ (4-7.5 Hz), α
(8-11.5 Hz), σ (12-15.5 Hz), β (16-19.5 Hz), γ1 (20-33.5 Hz) and γ2 (34-100 Hz).
We represent each brain-respiration and brain-heart link in the network by the
average of the TDS values obtained from all 7 frequency bands.

We find that the network of brain, respiratory and cardiac interactions exhibits
different topology during different sleep stages. Specifically, we find that the
physiologic network is characterized by high connectivity during wake and light
sleep, lower connectivity during REM and is “disconnected” (below threshold
TDS link strength) during deep sleep (Fig. 7). Such transitions in network struc-
ture indicate strong relation between network topology and physiologic function.
Traditionally, differences between sleep stages are attributed to modulation in
the sympatho-vagal balance with dominant sympathetic tone during wake and
REM [32]: spectral, scale-invariant and nonlinear characteristics of the dynamics
of individual physiologic systems indicate higher degree of temporal correlations
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Fig. 7. Phase transitions in network of interactions between physiological
organ systems. Networks of cardiac, respiratory and brain interactions during dif-
ferent sleep stages. Different brain areas are represented by frontal (Fp1 and Fp2),
central (C3 and C4) and occipital (O1 and O2) EEG channels. The strength of the
links between pairs of systems is determined based on the TDS measure shown in Fig. 3.
Plotted are only links the strength of which exceeds 50% of the maximum TDS value
for all sleep stages: 7.5% TDS threshold for brain-heart links, 2% for brain-respiration
links, and 3% for heart-respiration links. There is a pronounced network re-organization
with transition from one sleep stage to another. Remarkably network connectivity is
very different for light sleep and deep sleep although both sleep stages correspond to
non-REM sleep. A similar contrast is observed between wake and REM. Networks are
obtained from 8-hour recordings during sleep by averaging over a group of 36 healthy
subjects.

and nonlinearity during wake and REM compared to non-REM (light and deep
sleep) where physiologic dynamics exhibit weaker correlations and loss of non-
linearity [12, 17, 30]. In contrast, the network of physiologic interactions shows
a completely different picture: the network characteristics during light sleep are
much closer to those during wake and very different from deep sleep (Fig. 7).
Further, we find that not only network connectivity but also the overall strength
of physiologic interactions is significantly higher during wake and light sleep,
intermediate during REM and much lower during deep sleep (Fig. 8). Thus,
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Fig. 8. Sleep-stage stratification pattern in the strength of network links be-
tween organ systems. Histograms show group averaged TDS links strength during
different sleep stages for brain-heart (top four panels) and brain-respiration interac-
tion (bottom four panels). Cardio-respiratory links strength for different sleep stages
is shown in Fig. 4(c). A consistent stratification pattern with higher links strength
during wake and light sleep compared to REM and deep sleep is observed for all pairs
of coupling between brain, heart and respiration. Note that for all sleep stages, the
brain-heart coupling strength as measured by TDS is consistently more than twice
higher compared to the brain-respiration coupling. Histograms are obtained from 8-
hour recordings during sleep by averaging over the same group of 36 healthy subjects
as in Fig. 7.

our empirical observations indicate that while sleep-stage related modulation
in sympatho-vagal balance plays a key role in regulating individual physiologic
systems, it does not account for the physiologic network topology and dynamics
across sleep stages, showing that the proposed TDS network approach captures
principally new information.
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We note that TDS quantifies the stability of coupling over large time scales.
Absence of a link in the physiologic networks shown in Fig. 7 does not mean ab-
sence of coupling but rather that this coupling is present only for a small fraction
of the data recordings. Specifically, networks links are not show when TDS is
below the threshold value of 7.5% for brain-heart links, 2% for brain-respiration
links, and 3% for heart-respiration links. Further, our investigations of the links
strength in the physiologic networks show that brain-heart links as measured by
the TDS are more than twice stronger than the brain-respiration links (Fig. 8),
while the heart-respiration link is of intermediate strength (Fig. 4(c)). Notably
this order in network links strength between the brain, heart and respiratory sys-
tems is preserved for all sleep stages. Remarkably, the sleep-stage stratification
pattern we find for network connectivity, with high number of links during wake
and light sleep, lower connectivity during REM and lowest during deep sleep
(Fig. 7), is also present in the links strength — we find strongest links during
wake and light sleep, weaker during REM and weakest links during deep sleep
(Figs. 8 and 4(c)). Finally, our network analysis demonstrates a certain degree of
heterogeneity in the network links strength between different brain areas and the
heart and respiratory systems: frontal EEG channels show stronger coupling with
respiration while central and occipital channels exhibit stronger coupling with
the cardiac system. This heterogeneity in links strength is tentatively present at
all sleep stages but most pronounced during REM (Fig. 8).

4 Conclusion

Utilizing concepts and methods from nonlinear dynamics, we demonstrate that
the communication between pairs of physiologic organ systems can be facilitated
by different forms of coupling. Considering the cardiac and respiratory systems,
we show that there are three forms of coupling — respiratory sinus arrhythmia,
phase synchronization and time delay stability — which are independent from
each other and act on different time scales. Further, the strength of these forms
of cardio-respiratory coupling changes with transitions across physiologic states
such as sleep stages and exhibit markedly different sleep-stage stratification pat-
terns. We find that all these forms of physiologic interaction are of transient
nature with intermittent “on” and “off” periods, and can simultaneously coex-
ist while at the same time representing different aspects of physiologic coupling
and neuroautonomic regulation of the cardiac and respiratory systems. We ex-
tend these investigations to a network of physiologic interactions between the
brain, cardiac and respiratory systems, and we uncover a strong relationship
between network connectivity, patterns in network links strength and physio-
logic function. Studying the evolution of the physiologic network across distinct
physiologic states such as wake, light sleep, deep sleep and REM, we show that
physiologic networks exhibit pronounced phase transitions associated with re-
organization in network structure and links strength in response to changes in
the underlying neuroautonomic regulation. Our investigations are first steps to-
wards understanding the network of communications between organ systems and
developing a new field, Network Physiology.
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