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Scaling differences of heartbeat excursions between wake and sleep periods
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Recibido el 23 de Marzo de 2010; aceptado el 27 de Abril de 2011

In this work, we study sequences of excursions from heart interbeat time series. An excursion is defined as the time employed by a walker tc
return to its mean value. Scaling properties of excursions during wake and sleep periods from two groups are compared: 16 healthy subject
and 11 patients with congestive heart failure (CHF). We find that the cumulative distributions of excursions for both groups follow stretched
exponential functions given by(z) ~ e~ with different fitting parametera andb. Next, we explore changes in the distributions of
excursions when considering (i) a shifted mean value to define an excursion and (ii) the suni-oh thecursion successor. Finally, the
presence of correlations in the excursions sequences is evaluated by means of the detrended fluctuation analysis.

Keywords: Excursions; distributions; correlations.

En este trabajo se estudian series de tiempo de secuencias de excursiones de latido cardiaco. Wmasexadefisie como el tiempo que

le toma a uncaminanteque se desvia de su valor medio, retornd@l.aSe comparan las propiedades de escalamiento de las excursiones
interlatido, durante los periodos de &oey vigilia de dos grupos, uno de 16 sujetos sanos y el otro de 11 pacientes con falla cardiaca conges-
tiva. Se encuentra que las distribuciones cumulativas de ambos grupos se describen bien mediante exponenciales extendidas con diferen
parametros de ajuste. Enseguida se exploran los cambios en las distribuciones de las excursiones, generados por, (i) un desplazamiento
el valor medio al definir las excursiones, y (ii) la suma de la k-esima exgussibsecuente. Finalmente, se éaallas correlaciones en las
secuencias de excursiones mediante wiisia de fluctuaciones sin tendencia.

Descriptores: Excursiones; distribuciones; correlaciones.

PACS: 87.19.Hh; 87.10.+€; 89.20.-a

1. Introduction the same for healthy and heart failure groups [10]. Here we
focused our attention in the scaling properties of excursions,

In past decades, many studies have focused on statisticahich are defined as the period of time employed by a walker

properties of heartbeat interval time series. These finding® return to its average value, to evaluate the capability of

have permitted to characterize healthy heartbeat dynamics @se system to preserve a mean output value and to compare

fluctuations withl/f behavior with long-range correlations differences between wake and sleep periods. The problem

and a broad multifractal spectrum [1-3]. An important aspecbf the first return time has been studied in contexts like fi-

of the interbeat variability is that healthy systems have comnancial index, intermittency, seismic activity and simulated

plex self-regulating mechanisms operating over multiple timenoise [11-14]. There are also important results of zero cross-

scales and may generate signals that have scaling propertiésg probabilities for Gaussian long-term correlated data [15].

Recent research focused on evaluation of complexity in heakt/e recently reported important scaling characteristics of ex-

rate variability have revealed that some fractal and scalingursions for healthy and pathologic cardiac dynamics [16]. In

features which characterize healthy dynamics suffer changee present work we address the question if there are changes

under pathologic conditions [1,4-8]. Another important char-in the scaling properties of excursions between diurnal and

acteristic of heartbeat time series is the nonstationarity relatedocturnal periods under healthy and heart failure conditions.

with a large number of control mechanisms of the heart and'he paper is organized as follows: In Sec. 2, we briefly de-

external stimuli. However, when the interbeat sequences arscribe the segmentation algorithm and the detrended fluctua-

observed locally, one can roughly define a local mean valugion analysis method. In Sec. 3, the results of the statistics of

From a physiologic point of view, the presence of local sta-excursions are described. Finally, some concluding remarks

tionary segments can be understood as the capability of tha&re given in Sec. 4.

system to preserve an approximated constant value but for a

limited period of time. It is also argued that, according t02 M

S N C2. ethods

the homeostasis principle, biological systems tend to main-

tain a constant output in spite of continual perturbations [9]2 1. The segmentation method

In fact, a previous study to detect local stationary segments of

heartbeat interval time series revealed that the distribution ofo detect stationary segments in heartbeat time series, we use

these stationary segments follows a power law behavior anthe segmentation method proposed by Bernaola-#sg0].

the scaling exponent, which characterizes the distribution, is
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box. The root mean square fluctuation of the integrated and
detrended series is calculated by means of

N
RN DL (o)
k=1

=3
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o

this process is taken over several scales (box sizes) to obtain a
power law behaviof'(n) ~ n®, with o an exponent, which
reflects self-similar and correlation properties of the signal. It
is known thato = 0.5 is associated to white noise (non cor-
related signal) = 1 corresponds ta/ f noise andx = 1.5
represents a Brownian motion.

RR interval
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3. Results

FIGURE 1. Representative case of the segmentation procedure for

a (a) nonstationary signal from a healthy subject. (b) As in (a) butWe analyzed two different groups of individuals: 16 healthy
for a magniﬁcation of the interval in (a) (C) Magniﬁcation of (b) to Subjects and 11 paﬂents W|th Congestlve heart fallure [20]
lllustrate the excursion identification. For each individual, we considered interbeat sequences with
L S . . approximatelys x 10* beats corresponding to 6 hours of ECG
ITart](Strr?gtshtg(tjis?chISts in considering a slider pointer to CaIcufecords. We selected 6-hours during the day and 6-hours

from sleep periods.

t = Hr — [
=
b ) 3.1. Distributions of excursions
wherep,. andy; are the mean of the values on the right and
left, respectively.Sp is the pooled variance given by A representative case of the segmentation procedure is shown
in Fig. 1a. Bernaola-Gaan and coworkers [10], reported
o _ (= Dsi+ (Ne = 1)s? V2o 1\ that the cumulative distribution of stationary segments with
b= N, + N, —2 N, T N, ’ local mean follows a power lawg (> £) ~ £79, with § ~ 2.2

for healthy and heart failure groups [10]. We calculate the
wheres; ands, are the standard deviation of the two sets,excursions return times for each stationary segment with re-
andN; and N, are the number of points in the two sets. Thespect to the local mean [16]. More specifically, we identify
quantityt is used to separate two segments with a statisticallan excursion with size if z; > 7 andxz;,, > 7 while
different mean. A significance level is applied to cut the sew; > 7z for j < i < j + 7 or converselyz; < 7 and
ries into two new segments (typically sett®5), as longas z;,, < z whilex; < 7 for j < i < j + 7 (see Fig. 1c). In
the means of the two new segments are significantly differerd recent work, we have reported that the distributions of ex-
from the mean of the adjacent segments [10,17]. The processirsion sequences from stationary segments follow approx-
is applied recursively until the significance value is smallerimately the same functional behavior [16]. This permits to
than the threshold or the length of the new segment is smallgsool the data from all segments to improve the statistics.

than a minimunt,. Our results show that after normalizing the excursions, both
groups healthy and CHF are consistent with distributions that

2.2. Correlations follow a stretched exponential behavior given by,

A method which is very appropriated to the assessment of g(r) ~e "7, (2

correlations in stationary and nonstationary time series is thgv herea andb are constants. Specifically, for healthy subjects

detrended fluctuation analysis (DFA). This method was in- uring diurnal hours , we found = 1.09 +0.15 (mean value

troduced to quantify long-range correlations in the heartbea o . : .
interval time series and DNA sequences [18,19]. The DFA is SD) andb = 0.91  0.11 (Fig 2a. For night periods, we

briefly described as follows: First, we integrate the originaloServed = 141 £ 0.19 andb = 0.71 + 0.11. In Fig. 2b,
nietly o ' ' 9 9Nl e results for the CHF patients are presented. The best fit
time series to get,

reveals that = 1.31 +0.23 andb = 0.77 4+ 0.13 for day pe-

k riods whereas for night periods we observed 1.44 4 0.44
y(k) = Z [2(1) — Tavd » andb = 0.7440.19. In order to compare the values observed
i—1 in the distributions, we calculate the characteristic scale asso-

i—
) S ) . ciated to the stretched exponential distribution given by
the resulting series is divided into boxes of sizeFor each

box, a straight line is fitted to the pointg, (k). Next, the line () a
points are subtracted from the integrated seyj€k), in each

—1/b
b

I'(1/b),
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FIGURE 2. Representative cumulative distributions of excursions 09+ & Night .
for wake and sleep periods of (a) a healthy subject and (b) a heart
failure patient. We also show the cases of shuffled records, that 0.8 X -
is, for each segment we shuffled the interbeat time points and then L - - ——:§'<\ T i
the distribution of excursions was constructed by pooling the data S To- .
from all segments. For clarity, the distributions were scaled by a Q- " ——— — =~
factor1/10. 06L 18 ‘i iy} 4
Log T~ %
3 N N _ A3
with T' the Gamma function. Note that for= 1, the mean 0s]- N é H I{}i’ : |
value of an exponential function is recovered. For wake L 2532 ]
records from healthy data we get) = 0.95 + 0.11, while 04— | L | 1
u-0.4c u-0.2¢ w u+0.26 u+0.40

for CHF (r) = 0.84 £ 0.12, revealing a fast decay under
pathologic conditions. For sleep records from healthy groupFIGURE 3. Statistics ofa andb for distributions obtained from a

the mean value i¢r) = 0.77 4 0.10 whereas for CHF data shifted mean value. Symbols indicate the average value of each
(T) = 0.78 + 0.24 (note that both values are quite similar). Parameter and error bars the standard error of the mean. (a) Aver-

In order to evaluate the accuracy of the findings described¥® values from healthy data during wake and S'?ep periods. We
above, we consider two procedures which affect the distribu® bserve thab decreases as the local mean value is move upward
. ' . . or downward. The opposite behavior is identified dorthat is,a
tions: (i) Cha”ge of .the !Ocal me&,‘_n level to define an EXCUrSIO, creases as the mean value is changed (see the inset). We also re-
(see dashed lines in Fig. 1c), (ii) the sum of théh excur-  mark thath shows a non-symmetrical behavior with respect to the
sion successor. Concerning (i), we tested the effect of th@nifted mean value. (b) as in (a) but for CHF records.
local mean value over the distribution’s parameters. To this
end, we repeated the calculations by considering an excursion
with respect to a shifted mean valuet ¢o, with ¢ the stan-
dard deviation and = +0.1,40.2,+0.3,+0.4,£0.5. In
Fig. 3 the results of, andb for different values of; are pre-
sented. For healthy data from wake periods, we observe that
b decreases andincreases as the local mean value is moved
upward or downward (see Fig. 3a and its inset) whereas for
sleep periods both parameters almost do not change. For -
heart failure data from wake periods, we also observe that
b show a small decreasing aadncreases (Fig. 3b and its
inset) as the local mean value is moved upward or downward
whereas for sleep periods both values are almost constant for
the shifted mean within the interval+ 0.20. We notice that [
the values ofi andb for the CHF group during night periods
are close their corresponding values from wake records, re- - :
. . . FIGURE 4. Characteristic mean value vg-th excursion succes-
vealing that under pathologic conditions wake-sleep changes .

. . Sor for wake and sleep periods. Symbols represent the mean value

are less abrupter than for healthy situations. and error bars the standard error. For healthy and CHF groups, the

Regarding the second point, the number of beats from @jurnal mean values are bigger than the sleep mean values for sev-
mean crossing-level.é. the starting point of an excursion) eral values of. We note that the healthy mean values from sleep
and its k-th successor is considered; for= 1 we get the  periods are close to the CHF values from wake records.
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o Nnagid + CHF Night FIGURE 7. Scatter plot ofas vs. «; for wake and sleep excur-
05 . v | I . | . B sion sequences from healthy subjects and CHF patients. We esti-
0 1 2 3 4 matea over short scaleg < n < 120 andq; over large ones
Logn 120 < n < 1000. A clear separation between the two groups is

observed for both periods.
FIGURE 6. Plots of DFA analysis for wake and sleep excursion
sequences from a healthy subject and a patient with CHF. For the
healthy subject during wake period (open circles) and sleep perio3.2. Correlations of excursions
(filled circles), a single scaling exponemtx 0.65 is identified for
time scalesl0 < n < 100. In contrast, a crossover pattern is ob- 3.2.1. Detrended fluctuation analysis
served in the CHF patient for day (open diamonds) and night (filled
diamonds) records. For short scales the scaling exponent is clost this Section, we study the memory in the time organiza-
to the white noise valuen(, ~ 0.55) whereas for large scales, the tion of excursions. Figure 5 shows representative time evo-
excursion sequences display positive correlations 0.7). As a lution of excursions from one healthy subject and one CHF
control, we also show the cases of shuffled records which show gatient during wake periods (Fig. 5a and Fig. 5b). We ob-
scaling exponent close to the uncorrelated value 0.5. serve that both sequences look different; particularly because

of the presence of clusters in healthy data as an indication of
original excursion definition as those we have studied abovenemory. We use the DFA method to detect changes in corre-
We found that fork = 2,3,4,5, the cumulative distribu- lations of excursion sequences between sleep and wake peri-
tions of excursions withk-th successor are consistent with ods. As shown in Fig 6, for healthy data from wake periods
a stretched exponential function. We estimatandb for  the scaling behavior along at least for two decades is charac-
several values of to construct the characteristic mean valueterized by the average exponent= 0.64 + 0.04, while for
of the distributions. The results are presented in Fig. 4. Wavake CHF data the scaling is characterized by two regimes;
observed that for healthy data from wake periods, the meaaver short scalesi(< n < 10%) the average exponent is
value is bigger than the values from sleep records. It is also, = 0.55 & 0.01 whereas for large scales)? < n < 103.)
important to note that healthy mean values from night periodshe value iso; = 0.71 + 0.07. For sleep periods, we ob-
are quite similar to the values from sleep CHF records. serve that the scaling relation for healthy dynamics is char-

Rev. Mex. Fis. 58 (1) (2012) 91-95
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acterized by the exponent = 0.64 + 0.02 whereas CHF icant than for CHF conditions. Further, the application of
data are described by the regimes = 0.55 = 0.03 and  two procedures to test the alterations of the fitting parame-
ap = 0.75£0.13. We see that in all cases the exponent is big-ters, also reveals that the distributions from wake and sleep
ger than0.5, indicating the presence of positive correlations.are quite similar for the heart failure group whereas impor-
Important differences are observed when one compares tant differences are observed in healthy data. By means of
andq; for CHF data p-value< 103 by the Student’s test). DFA analysis, we confirm the presence of long-term correla-
We remark that for short scales, the average DFA exponeritons in excursion sequences from healthy data during wake
for the healthy group is slightly bigger than the correspondingand sleep periods whereas under pathologic conditions corre-
scaling DFA exponent of CHF group, confirming that the ex-lations are described by a crossover, indicating that over short
cursion sequences under healthy conditions are more correeales excursions are close to uncorrelated fluctuations. Our
lated than for pathologic data. It is also important to note thatesults are in concordance with previous studies which report
the scaling exponent which characterizes diurnal excursionthat wake heartbeat fluctuations are characterized by scaling
is almost equal to the exponent from night periods. In order t@xponents larger than the sleep exponents and to the white
get a better evaluation of the presence of the crossover in theise regime ¢ = 0.5) [21]. Finally, our analysis reveals
scaling exponent for both periods, we extracted both scalinthat for healthy data during wake and sleep periods, excur-
exponentsd, anda;) for healthy data. Fig. 7 shows the scat- sions sequences over short scales are less anticorrelated than
ter plot of the scaling exponenis, vs o; from healthy and CHF excursions, indicating stronger neuroatonomic control
CHF subjects. For both wake and sleep periods we observeumder heart failure conditions.

clear separation between healthy and heart failure groups.
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