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Abstract

Healthy sleep can be characterized by several stages: deep sleep, light sleep, and REM sleep.
Here we show that these sleep stages lead to di4erent autonomic regulation of breathing. Using
the detrended 7uctuation analysis up to the fourth order we 8nd that breath-to-breath intervals and
breath volumes separated by several breaths are long-range correlated during the REM stages and
during wake states. In contrast, in the non-REM stages (deep sleep and light sleep), long-range
correlations are absent. This behaviour is very similar to the correlation behaviour of the heart
rate during the night and may be related to the phase synchronization between heartbeat and
breathing found recently. We speculate that the di4erences are caused by di4erent cortically
in7uenced control of the autonomic nervous system.
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1. Introduction

In recent years it has been recognized that in many natural sequences the elements are
not positioned randomly, but exhibit long-range correlations [1,2]. Prominent examples
include non-coding DNA sequences [3–7], weather and climate records [8–11], neuron
spikes [12,13], human gait [14], as well as heart rate sequences [15–20]. The common
feature of all these diverse systems is that the long-range correlations decay by a
power law, where a characteristic correlation scale is absent. These 8ndings are useful,
e.g. in DNA for distinguishing between coding and non-coding sequences [2], and in
atmospheric science for testing state-of-the-art climate models [11], and in physiology
to characterize di4erent sleep and wake states as well as diseases [16–18].
Although the rapid and irregular breathing pattern in rapid eye movement (REM)

sleep is well known [21,22], a detailed analysis of breath-to-breath variability and ven-
tilation during sleep has not been presented so far. The correlation properties of human
breath-to-breath intervals recorded during wake have been investigated by studies of
the auto-correlation function on short time scales [23], and very recently long-range
correlations have been found in day-time records [24]. Here we concentrate on the
breathing correlations in the di4erent sleep stages, where external stimuli (which might
give rise to additional trends that are diKcult to deal with) are absent. In addition to
the correlation properties of the breath-to-breath intervals we also study the properties
of breath volume series.
It is well known that healthy sleep consists of cycles of roughly 1–2 h duration.

Each cycle is characterized by a sequence of sleep stages starting usually with light
sleep and followed by deep sleep (slow-wave sleep) and REM sleep. While the speci8c
functions of the di4erent sleep stages are not well understood, it is believed that the
deep sleep stage is essential for physical recreation, while the REM stage is important
for mental recreation. During the recording time there are also initial and intermediate
segments where the subjects do not sleep (wake states).
Here, we investigate the breathing rhythm within the di4erent sleep stages and during

wake. We 8nd the intriguing result that during non-REM sleep, which covers about
80 per cent of the total sleep period, the breath-to-breath intervals show almost no
correlations. Pronounced long-range correlations occur solely during REM sleep. The
correlations are even stronger than those found during wakefulness. It is interesting to
note that the scaling behaviour of the breathing rhythm during the di4erent sleep stages
is very similar to the scaling behaviour of the heart rate [18]. Di4erences do occur
only during wake, where the breathing is less correlated than the heart rate. This might
be due to a randomizing e4ect of consciousness on breathing which can be a4ected
by will, while the heart rate cannot be a4ected by will in general. This underlines
the importance of a study during sleep where external stimuli are absent or at least
signi8cantly reduced.

2. Correlation analysis

In our analysis, we consider 29 breathing records from di4erent healthy individuals
(22 male; 7 female; age 26 ± 3 years; subjects gave informed consent, and the study
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Fig. 1. Representative one-night record for a healthy subject. The breath-to-breath intervals represent averages
of the �i over 30 s (center curve and left axis). The same averaging procedure has been used for the breath
volumes Vi (bottom curve and right axis). The sleep stages have been determined by visual evaluation of
electrophysiological recordings of brain activity [32] and are shown in the top part of the 8gure.

was approved by the local ethical committee). Ventilation was continuously measured
during a full night polysomnography in a sleep laboratory using a pneumotachograph
attached to a full-face mask with leak control (for details, see Ref. [25]).
Fig. 1 shows the breath-to-breath intervals �i and their variations in the sleep stages

for one representative subject. The breath volumes Vi are also shown. The largest
7uctuations occur usually at the transitions between sleep states and wake states, often
associated with body movements. To eliminate these large 7uctuations representing
local trends, we analyse the sleep stages separately and skip 45 s at the beginning
and the end of each stage. We also skip all those sleep stages where the volumes
of inspiration and expiration di4er by more than 0:1 l for more than 30 per cent of
the breaths and those where more than 1 percent of the breath-to-breath intervals are
unrealistically large (longer than 15 s) or unrealistically small (shorter than 1:5 s).
In addition, the unrealistic intervals are eliminated in all approved stages. By this
procedure, the number of records with suKciently long episodes of light sleep, deep
sleep, REM sleep, and wake is reduced to 28, 24, 21, and 14, respectively.
Quantitatively, correlations between breath-to-breath intervals �i separated by s breaths

are de8ned by the (auto)correlation function

C(s) ≡ 〈M�iM�i+s〉= 1
L− s

L−s∑
i=1

M�iM�i+s ; (1)

where L is the number of breaths in the considered record, M�i ≡ �i − 〈�〉, and 〈�〉
is the average breath-to-breath interval. If the M�i are uncorrelated, C(s) is zero for s
positive. If correlations exist up to a certain number of beats s×, the correlation function
will be positive up to s× and vanish above s×. For the relevant case of long-range
correlations, C(s) decays as a power law

C(s) ∼ s−	; 0¡	¡ 1 : (2)
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A direct calculation of C(s) is hindered by the level of noise present in the 8nite
records, and by possible nonstationarities in the data.
Here, we apply the detrended 7uctuation analysis (DFA) method [6,16,18]. In recent

years this method has become a widely used technique for the detection of long-range
correlations in noisy, nonstationary time series [26–29]. It has successfully been applied
to diverse 8elds such as DNA sequences [6], heart rate dynamics [16–18], neuron
spiking [12,13], human gait [14], long-time weather records [8–10], cloud structure,
geology, ethnology, economics time series, and solid state physics. One reason we
employ the DFA method is to avoid spurious detection of correlations that are artefacts
of nonstationarities in the time series. An alternative method is the wavelet technique.
Other techniques for the detection of correlations like the autocorrelation function,
Eq. (1), and the power spectrum are not suited for nonstationary time series.
The DFA procedure consists of four steps. First we determine the “pro8le” Y (i) ≡∑i
k=1 �k − 〈�〉, i = 1; : : : ; L, of the data series �k of length L. Second we divide the

pro8le Y (i) into Ls ≡ int(L=s) nonoverlapping segments of equal length s. Since the
length L of the series is often not a multiple of the considered time scale s, a short
part at the end of the pro8le may remain. In order not to disregard this part of the
series, the same procedure is repeated starting from the opposite end. Thereby, 2Ls
segments are obtained altogether. Thirdly, we calculate the local trend for each of the
2Ls segments by a least-square 8t of the data. Then we determine the variance

F2
s (�) ≡

1
s

s∑
i=1

[Y ((�− 1)s+ i)− p�(i)]2 (3)

for each segment �, � = 1; : : : ; 2Ls. Here, p�(i) is the 8tting polynomial in segment
�. Linear, quadratic, cubic, or higher order polynomials can be used in the 8tting
procedure (conventionally called DFA1, DFA2, DFA3, etc.) [18].
In the fourth step we average over all segments and take the square root to obtain

the 7uctuation function

F(s) ≡
[

1
2Ls

2Ls∑
�=1

F2
s (�)

]1=2

: (4)

We are interested in how F(s) depends on the time scale s. Hence, we have to repeat
steps 2–4 for several time scales s. It is apparent that F(s) will increase with increasing
s. If data �i are long-range power-law correlated according to Eq. (2), F(s) increases,
for large values of s, as a power law,

F(s) ∼ s�; �= 1− 	=2 : (5)

We plot F(s) as a function of s on double logarithmic scales and calculate � by
a linear 8t. For uncorrelated data, the pro8le Y (i) corresponds to the displacement
of a random walker from his starting point, F(s) corresponds to the root-mean-square
displacement R of the walk, and �=0:5 corresponds to Fick’s di4usion law: R(t) ∼ t1=2.
For short-range correlated data, a crossover to �=0:5 occurs above the correlation time
s×. If the time series is stationary, we can apply standard spectral analysis techniques
and calculate the power spectrum S(f) as a function of the frequency f. Then, the
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Fig. 2. DFA for the breath-to-breath interval data of the representative subject shown in Fig. 1. The scaled
7uctuation functions F(s)=s1=2 obtained from DFA1 (•), DFA2 (4), DFA3 (5), DFA4 (�) are plotted as a
function of scale s for the three sleep stages: (a) deep sleep; (b) light sleep; (c) REM sleep; and (d) wake
states during night. Nearly uncorrelated behaviour (� ≈ 0:5) is observed during deep and light sleep, while
long-range correlations (�¿ 0:5) occur during REM sleep and wake states. For comparison, dashed straight
lines representing the indicated scaling exponent � are also shown.

exponent � in the scaling law S(f) ∼ f−� is related to the mean 7uctuation function
exponent � by � = 2�− 1.

3. Results for the breath-to-breath intervals

We begin by applying the DFA to the breath-to-breath interval data of Fig. 1. The
results for DFA1–DFA4 and the three di4erent sleep stages as well as wake states are
shown in Fig. 2. The scaled 7uctuation functions F(s)=s1=2 in the double-logarithmic
representation have a slope that is reduced by 0.5 compared to F(s). This type of plot
allows to recognize long-range correlations easily, since the curves are approximately
horizontal for uncorrelated data and have a positive slope only for long-range correlated
data.
The analysis reveals that the correlations in the di4erent states are signi8cantly dif-

ferent. (i) In non-REM sleep (deep sleep and light sleep) the 7uctuation exponent � is
close to 1

2 , indicating the loss of correlations. (ii) In REM sleep and during the wake
states we observe a positive slope indicating the presence of long-range correlations.
For the wake states we 8nd a scaling exponent � ≈ 0:8, which is approximately in
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Fig. 3. DFA2 of breath-to-breath intervals of eight other records (di4erent symbols). The scaled 7uctuation
functions F(s)=s1=2 are plotted as a function of scale s for the three sleep stages, (a) deep sleep; (b) light
sleep; (c) REM sleep, and for (d) wake states during night. They show the same characteristic features as
described in Fig. 2.

agreement with the results found very recently during wakefulness [24]. Fig. 2 shows
that the results are not a4ected by trends: Trends lead to the crossovers to higher slopes
at large scales in the DFA1 curves for deep and light sleep, but they are eliminated in
the higher order DFA results.
Fig. 3 shows the 7uctuation functions for eight other records. The characteristic

features (long-range correlations for REM sleep and wake states, loss of correlations
for deep and light sleep) are the same as in Fig. 2. Note that the slopes of the curves
scatter quite strongly for the wake states, but run more parallel for the sleep stages.
This underlines our suggestion that records during wake can be a4ected by will and
external in7uences, while records obtained during sleep show the intrinsic regulation
behaviour of the breathing control considerably more homogeneously.
We have obtained similar 8ndings for all 29 subjects. The results are summarized in

Fig. 4(a)–(d) where the histograms for the exponents � in the three sleep stages and
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Fig. 4. (a)–(d) Histograms of the 7uctuation exponents � obtained from linear 8ts to log–log plots of F(s)
for the breath-to-breath interval data versus s in the regime 7¡s¡L=4 for (a) deep sleep, (b) light sleep,
(c) REM sleep, and (d) wake states, where L represents the duration of the longest stage for each record and
type of sleep. The 8tting range has been chosen to be below the scales where the statistical errors become
too large due to the 8nite duration of the states. The black bars indicate results with good 8ts (�2¡ 0:004
per data point) and the grey bars indicate 8ts where stronger deviations from straight line scaling occur
(�2¿ 0:004 per data point). (e)–(h) The corresponding results for control data sets. The arti8cial series
consist of correlated random numbers with � = 0:55, 0.6, 0.9 and 0.8 for (e) deep sleep, (f) light sleep,
(g) REM sleep, and (h) wake states, respectively. The durations of the control series are identical to those
of the data.

during wake are shown. For deep and light sleep, the histograms are centred around
� ≈ 0:55 and 0.6, respectively, and show a large overlap. Both histograms are well
separated from the histograms of REM sleep and wake states that are centred around
� ≈ 0:9 and 0.8, respectively.

These results for the breath-to-breath interval records are very similar to those that
we obtained for heartbeat interval time series in a previous study [18]: During deep
and light sleep the heartbeats are close to uncorrelated, while there are long-range
correlations during REM sleep (� ≈ 0:85) and wake states (� ≈ 0:95). Thus, the
present study of the breath-to-breath intervals supports the idea of di4erent autonomic
regulation during REM and non-REM sleep.
The changes in heartbeat and breathing intervals during the di4erent sleep stages

are very similar. This suggests that there is either signi8cant coupling between the
autonomic regulation of heartbeat and breathing or that the changes in both systems
are generated by the same source. While the existence of a weak coupling has been
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suggested in studies of synchronization of heart rate and breathing [30,31] we have
speculated that the long-range correlations during REM sleep (the dreaming phase)
might be induced by cortically in7uenced control of the autonomic nervous system
[18]. The two explanations do not contradict each other and may both contain part of
the real picture, although the correlation behaviour during the wake states seems to
support the second explanation. The scaling exponent of the breath-to-breath interval
series during wake (� ≈ 0:8) is signi8cantly smaller than the corresponding scaling
exponent for the heartbeat (� ≈ 0:95). Thus, the coupling of breathing and heartbeat
is probably reduced at least during wake. On the other hand, the di4erence could be
explained in the second picture: breathing becomes more random during wake (smaller
exponent) because it can be a4ected by the will while the heartbeat cannot be a4ected
by the will.
In order to test further the signi8cance of the DFA results, we have generated arti8-

cial control sequences for each of the 29 records. In the procedure, the lengths of the
sleep stages were chosen identical to those of the real records, but the breath-to-breath
intervals were replaced by correlated random numbers. The histograms of the expo-
nents � obtained from the 7uctuation functions for the control sequences are shown in
Fig. 4(e)–(h). The exponents have been determined in exactly the same way as for
the real records. It can be seen that the broadness of the histograms is partly due to
the short duration of the records (which is the same for real and control series) and
partly due to some intrinsic scatter of the real data, especially during deep sleep and
wake.

4. Results for the breath volume series

Next we have analysed by DFA the breath volume data of Fig. 1. Fig. 5 shows
the results of DFA1–DFA4 for the three di4erent sleep stages as well as wake states.
Again we 8nd nearly uncorrelated behaviour during non-REM sleep and long-range
correlations during REM sleep and during the wake states.
Fig. 6 shows the histogram of e4ective scaling exponents for the breath volume

data. These histograms are astonishingly similar to those for the breath-to-breath
interval data in Fig. 4, although some of the 8ts are worse here. The only signi8cant
di4erence is the further reduced scaling exponent � during wake. Thus, the results
from the breath volumes support our conclusion drawn from the breath-to-breath
interval series, that when the brain is more active, in the “dream”-REM stage, the
breathing control shows a long-time memory. The long-range correlations during wake
are weaker, probably because the breathing rhythm during wake is a4ected by will and
thus becomes more random. In deep sleep the memory of the breath-to-breath inter-
vals and the breath volumes vanishes after a small number of breaths or is completely
absent. In light sleep 8nally, the breathing seems to become uncorrelated as well, but
possible weak correlations remain in some subjects. These 8ndings are similar to our
8ndings for the heartbeat correlation behaviour during sleep. The characteristic di4er-
ences of heartbeat and breathing regulation during the di4erent sleep stages can lead to
a better understanding of autonomic regulation and cortically in7uenced control of it.
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Fig. 5. DFA for the breath volume data of the representative subject shown in Fig. 1. The scaled 7uctuation
functions F(s)=s1=2 obtained from DFA1 (•), DFA2 (4), DFA3 (5), DFA4 (�) are plotted as a function of
scale s for the three sleep stages: (a) deep sleep; (b) light sleep; (c) REM sleep; and (d) wake states during
night. The scaling behaviour is very similar to that for the breath-to-breath intervals. Nearly uncorrelated
behaviour (� ≈ 0:5) is observed during deep sleep and also during light sleep, while long-range correlations
(�¿ 0:5) occur during REM sleep and wake states. For comparison, dashed straight lines representing the
indicated scaling exponent � are also shown.
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