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Abstract: We apply fractal and symbolic nonlinear
time series analysis methods for evaluation of heart
rate variability in different sleep stages. This work is
the first attempt to apply Higuchi’s fractal
dimension method and newly proposed symbolic
dynamics method to analyze rhythmograms in
wakefulness and sleep. We demonstrate that these
methods are useful in evaluation of sleep patterns.

Introduction

Application of nonlinear algorithms for processing
biological signals becomes more and more important
[1]. Nonlinear and symbolic dynamics methods,
including chaos theory and fractal geometry, have been
applied to biomedical signal and image analysis ([2]-
[4]). It was demonstrated that these methods are useful
for understanding complex physiological phenomena
such as electrophysiology of the heart [5], night sleep
with its shifts of sleep stages observed in EEG-signals
[6] and in sustained fluctuations of autonomic functions
(temperature, blood pressure, heart rate, etc.) Clinical
investigations reveals chaotic components in heart rate
(HR) data previously described as periodic, sinus
rhythm; the changes of Heart Rate Variability (HRV)
during individual sleep stages were demonstrated [7].

In this paper we apply fractal and symbolic
nonlinear time series analysis methods for evaluation of
HRV in different sleep stages. This work is the first
attempt to apply Higuchi’s fractal dimension method
and newly proposed symbolic dynamics method to
analyze rhythmograms in wakefulness and sleep. We
demonstrate that these methods are useful in evaluation
of sleep patterns.

Materials and Methods

The contingent was 3 healthy subjects: one
adolescent girl, 14 years old, one 27-year woman, and
one 44-year man. HRV data (RR intervals) throughout
all night sleep stages were registered in the Sleep
Medicine Centre of the Institute of Psychophysiology
and Rehabilitation in Palanga, Lithuania.

Polygraphic recordings of EEG, EOG, and EMG
were obtained using polysomnography system Alice-4.
A rhythmogram (a sequence of successive values of

RR-intervals of ECG) was constructed from the ECG
sampled at 500 Hz. Convenional computerized analysis
of HR, including power spectrum analysis, was
performed. Three major oscillatory components of HR
power spectrum were used as a noninvasive instrument,
reflecting autonomic HR control: (i) very low frequency
component (VLFC), associated with thermoregulatory
influence; (ii) low frequency component (LFC),
reflecting predominantly sympathetic control; (iii) high
frequency component (HFC), reflecting
parasympathetic one [8]. Sleep structure was analyzed
after visual identification of sleep stages according to
Rechtschaffen and Kales [11].

EEG and other biosignals are usually very noisy
and they remain stationary only during very short
intervals.One often forgets that linear methods (like
FFT or wavelet transform) work properly only for
stationary signals.

Nonlinear analysis of the data collected in Palanga
Sleep Medicine Center was performed in the Group of
Biosignal Analysis Fundamentals (GBAF) of the
Medical Research Center Polish Academy of Sciences,
Warsaw. Both Centers are partners in the EU FP6.
project SENSATION (IST 507231) (cf. [12]). In GBAF
we apply mainly two nonlinear methods of biosignal
(represented as a time series) analysis - Higuchi’s
fractal dimension method and a symbolic dynamics
method. Both methods assess signal complexity ([13]-

[14]).

A. Higuchi’s fractal dimension method

Fractal methods were applied in analysis of HRV
complexity [15] and HRV during sleep [16]. Higuchi’s
algorithm ([17]-[18]) calculates fractal dimension of a
time series directly in the time domain. It is based on a
measure of length, L(k), of the curve that represents the
considered time series while using a segment of £
samples as a unit. If L(k) scales like

Lk) ~ k% 1)

the curve is said to show fractal dimension D, Because
a simple curve has dimension equal / and a plane has
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dimension equal 2 value of D, is always between I
(for a simple curve) and 2 (for a curve which nearly fills
out the whole plane). D, measures complexity of the
curve and so complexity of the time series of which this
curve is a graphical representation.

From a given time series

X(), ..., X(r), ..., X(N)
the algorithm constructs £ new time series
X5, o X(m), X(m+k), X(m+2k), ..., X(m+i)
i= int/(N-m)/k)*k] for m=1,2,...k

where m —initial time, & — time interval, and int/.] —
denotes integer part of its real argument.

For example, for k=4 and N=1000 the algorithm
produces 4 time series:

X X(1), X(5), X(9), ..., X(997)
X7, X(2), X(6), X(10), ..., X(998)
X% X03), X(7), X(11), ..., X(999)
X7, X(4), X(8), X(12), ..., X(1000)

The ‘length’ L,.(k)
calculated as:

of each curve X%, is then

(7 2
X(m+i-k)—X(m+(i-1)-k)| | N-1 @)

1
L=ty N
k i=1 In(N]:m]k

where N — the total number of samples

L,(k) is not the ‘length’ in Euclidean sense, it
represents the normalized sum of absolute values of
difference in ordinates of pair of points distant & (with
initial point m).

The length of curve Lk) for the time interval & is
then calculated as the mean of the k values L, (k) for
m=1,2,..,k

>L,K)
Lk)="2—— p

The value of fractal dimension, D, is calculated by a
least-squares linear best-fitting procedure as the angular
coefficient of the linear regression of the log-log graph
of (1):

In/Lk)] ~ In(%j 3)

according to the following formulae:
n*Z(xk *Vi )_Z'xk Zyk
”*z (xk2 )_( Xy )2

with standard deviation:

D, =

g - ni_zykz__D_/'*Zxkyk_E*zqykj
v (n—Z)*I_n*Z X, 2—(2 X, )ZJ

1
where x, = In(;j s Ve =In[LE)], for k=ki,...., kya

and n denotes the number of k-values for which the
linear regression is calculated (2 <n < k). Higuchi’s
fractal dimension is a quantifier which can be evaluated
without reconstruction of the system’s phase space [13].
Contrary to other methods e.g. correlation dimension it
requires only short time intervals — a window containing
100 data point is enough to calculate one value of
Higuchi’s fractal dimension. The algorithm is also
highly resistive to noise [18]. The algorithm is fast and
may be implemented in real time even on a PC.

We have been using Higuchi’s method for analysis
of EEG-signals ([6], [14], [18]). The method was
applied recently to HRV analysis of twenty-four-hours
ECG [19]. But this work is the first attempt to apply
Higuchi’s method to analyze rhythmograms in
wakefulness and different sleep stages. So, we analyze
time series X(r), where index r numbers heart cycles
(beats) and X denotes the length (in milliseconds) of
the r-th RR-interval of ECG.

We use moving window of length W=100 points
(beats) that is moved w=I point at each step (i.e.
overlapping segment is equal 99), and D, value
calculated in the window is attributed to the first point
(beat) following that window. The value %, =8 is
used that should be proper for such a length of the
window (cf. [18]).

B. Symbolic dynamics method

Symbolic and nonlinear methods find interesting
application in ECG and HRV signal analysis ([20]-
[25]). Our own symbolic method that is still under
development ([6],[14]) differs from other ones that it is
applied rather to the binary encoded time series
‘derivative’ than to the time series itself.

We represent the derivative time series in a binary
form, with ‘7’ corresponding to non-negative and ‘0’ to
negative value of the difference

Loy [Xor+1) - X)) 2 f)

vy ={ 4)
0 if [X0+D-X0] < 0

Then this binary series is encoded in a sequence of
B-bit symbols, zg: 5)

Z(q) = Z[Y(), YG+1), ..., Y(G+B-1)] < z,€ A
g=1,..,Q=int[l/B]; j=1,...,(gqB+1),...,BQ

where

A ={a, ..,a _,} - thealphabet; L =2B
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In particular,

zqgeA ={0,1,23 ..,2B-1)} <N

that is the alphabet may consist of B-bit integer decimal
numbers.

Symbolic series z; , ..., zo can be analyzed using
moving-window - numbers of chosen symbols are
counted in a W-symbols-long window and the window
is then moved along w < W symbols again and again
until the entire symbolic series is covered. This way
Running Symbols’ Count Values (RSCV) of counts of
chosen symbols in the series Z(q) are calculated, e.g. the
counts Lz, of symbol ‘decimal 0 * that encodes the
B-bits sequence Bx0  (i.e.[/000...]z ) in the binary
series Y(j) (5); for B=4 this symbol is ‘decimal 15".
For analysis of rhytmograms we choose 4-bits symbols
(B=4); we use moving window of length W=100
symbols (i.e. 400 beats), that is moved in each step w=3
symbols (20 beats), i.e. overlapping segment is 95
symbols (380 beats) long. The greater the value of
Ly the more persistently RR-interval length
diminishes, i.e. the more persistently HR increases.

C. HR and HRYV during sleep stages and cycles

In healthy subjects, HR markedly decreased in non-
REM sleep and increased in REM sleep. Fig.1. shows
the HR time course during night sleep for a subject
displaying the typical HR sleep pattern. The transition
from wakefulness to stage 1 and stage 2 was
accompanied by a marked decrease of HR, which
continuously progressed during stages 3 and 4.

Sleep stages

]
REM
I

I
I

v

RR interval, ms
1250

8lé ms

—
23:40 0140 1:40 2140 3140 4:40 S:d0

Figure 1: Heart rate (RR interval) during shifts of sleep
stages.
Abscissa: time from the onset of experiment;
Ordinate: hypnogram reflecting sleep stages
(W — wakefulness; REM - rapid eye movement
sleep;
1 11, 11, and IV - NREM sleep stages);
heart period [msec] as measured by RR intervals (RR).

This was contrasted by an increase of HR in REM
sleep. The HR modifications correspond to cyclic
modification of scored sleep stages. HR modification
within a single sleep cycle were accompanied by
changes in respiratory arrhythmias, which increased
during non-REM sleep and decreased in REM sleep.

HRYV during different sleep stages depends mainly
on the changes of autonomic control. In all three healthy
subjects the wakefulness was characterized by moderate
HRV, normal HR frequency, and respiratory
arrhythmia. The transition from wakefulness to stages 1
and 2 was paralleled by a progressive decrease of HR
frequency and an increase of HRV and respiratory
arrhythmia. The absolute values for each oscillatory
component were equal during wakefulness. A decrease
in total spectral power, largely accountable for by LFC
was observed during non-REM sleep, especially in
stage 4. In REM sleep an increase in total spectral
power, largely accountable for by marked prevalence of
LFC due to small contribution of MFC and HFC was
observed. The relative contribution of LFC gradually
diminished during non-REM sleep and increased in
REM sleep. MFC contribution remained relatively
constant throughout all the stages of sleep. The
contribution of HFC gradually rising during hon-REM
sleep dropped markedly in REM sleep. Therefore we
may suggest an increase of parasympathetic control and
a decrease of sympathetic and metabolic ones during
non-REM sleep, while this pattern of control is being
reversed in REM sleep [8, 10].

Thus, the changes of autonomic control during
individual sleep stages modify the HR and HRV
structure. The question arises — can the non-linear
methods of analysis reflect the HR modifications during
sleep?

Results

HRV all night sleep data were analyzed using
Higuchi’s fractal dimension and our symbolic dynamics
methods (Fig. 2.).

HRYV analysis during all night sleep using Higuchi’s
fractal dimension demonstrates some scattering of D,
values throughout the night in a healthy adult male
(Fig.2a). The maximal values of D, are observed during
slow wave sleep stages 3 and 4, while the minimal ones
are prevalent during REM sleep and stage 1. The time-
course trend of D, during the night has an oscillatory
structure which corresponds to the cyclic shifts of sleep
stages and cycles. This is clearly evident in D, plot
during the first sleep cycle in male subject (Fig.2a). Dy
values increases in stage 4 with mostly expressed
parasympathetic input into the HR control and reach
their nadir in REM sleep which is characterized by a
withdrawal of vagal control [10].
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The similar pattern of HRV analysis during night
sleep was obtained using symbol dynamic method
(Fig.2b). L4,y , the counts of symbol ‘4x0’
(decimal ‘15°), values modifications during sleep
correspond the changes of sleep stages, although the
changes have opposite direction. The L,, decreases
during sleep stages 3 and 4 and increases in REM sleep.

The HRV analysis of all-night sleep in female (Figs.
2c and 2d) and adolescent girl (Figs. 2e and 2f)
demonstrate the similar patterns of D, and L, values
throughout the night. Although in adolescent girl, the
changes of D, and L, values goes at the higher and
lower baseline level, correspondingly. It might be
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explained by more expressed parasympathetic and
sympathetic inputs to HR control seen in younger
subjects [7, 9].

In Fig.3a we can see an increase of D, values
practically to 2.0 during the stages 3 and 4 of the first
sleep cycle. Detail analysis of ECG during this period
revealed the sinoatrial blockades, which are
characteristic for teenagers and can be elicited by the
augmented parasympathetic input into the HR control.

Thus, analysis of HRV using Higuchi’s fractal
dimension method and our symbolic dynamics method
might be useful in detection of some HR disturbances
and discrimination of the sinus rhythm from the
abnormal one.
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Figure 2: Hypnograms and results of HRV analysis during all-night sleep in three cases:
case 1 - 44-years old man (a., b.); case 2 - 27-years old woman (c., d.); case 3 - 14-years old adolescent girl (e., f.).
left (a., c., e.) — Higuchi’s fractal dimension method; right (b., d., f.) — symbolic dynamics method;
S1, S2, §3, S4 denote non-REM sleep stages 1,2,3, and 4, respectively; REM sleep;
Whbs - wakefulness befor sleep; Wds - wakefulness during sleep; Was - wakefulness after sleep.
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Conclusions

Application of non-linear methods of analysis can be
useful for evaluation of different states of HR control
during sleep. Clear-cut differences might be seen in
periodical structure of HRV data pictures corresponding
different sleep stages. Plots of D, and L,, values for
time-course of night sleep demonstrate quasi-periodic
oscillations, which correspond to the shifts of sleep
stages during consecutive sleep cycles.

Changes of D,and Ly, values during night sleep
can clearly reflect the transition from one to another
state. The obtained results confirm the nonlinear structure
evidence in HRV data. The non-linear analysis of HRV
using fractal dimension and symbolic dynamics methods
might be a useful tool for assessment of different states
during night sleep and in qualitative evaluation of HR
sleep pattern and the baseline level of autonomic HR
control.

Considered nonlinear methods may find application
in semiautomatic construction of hypnograms based on
sleep HRV data.
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