STUDIA UNIVERSITATIS BABEŞ-BOLYAI, PHYSICA, SPECIAL ISSUE, 2001

CRISTIAN V.L. POP, IOAN TURCU, LORELAI I. CIORTEA

Local Characterization of Time Series by Detrended Fluctuation Analysis (DFA)


Local Characterization of Time Series by Detrended Fluctuation Analysis (DFA)

CRISTIAN V.L. POP, IOAN TURCU, LORELAI I. CIORTEA

National Institute for Research and Development of Isotopic and Molecular Technologies, 

P.O.Box 700, 3400 Cluj-Napoca 5, e-mail:popcl@l40.itim-cj.ro
Abstract. The data obtained in experiments performed on dynamic processes in biophysical systems are generally very long time series and have significant temporal non-stationary fluctuations. Such a time series are obtained, for example, by measuring the coherent light intensity scattered at small angles by a human erythrocyte suspension during the sedimentation process. The purpose of our work was to investigate the sedimentation process and to characterize the local temporal correlation using two modified versions of the DFA method. Each version give a set of local scaling exponents obtained by applying the DFA on successive shorter data domains. The information given only by one value of the scaling exponent has a global character and cannot describe the local temporal correlation for long processes.

Introduction

The erytrocyte sedimentation rate (ESR) is one of the most useful test used by clinicians in medical diagnosis. Usually ESR mesurement focus on the movement of the boundary between sedimenting erythrocytes and plasma. Detailed analysis of the process reveals complex dynamic and self-organizing properties [1].


In our work a light scattering technique was used to capture and characterize the dynamic aspects of the ESR process for two groups of volunters: healty subjects on one side and persons with different disease (with increased values of the ESR) on the other side. The dynamic parameter that we have measured was the intensity of the light scattered at small angles by the erythrocyte suspensions. The light intensity scattered by the samples has a very complex spatio-temporal pattern. In the present work we investigate the temporal aspects of the processes applying the DFA method [2,3] on time series obtained by converting the analogic signal into a digital one.

Materials and Methods

The scattering experiments were performed with a 5-mW He-Ne laser at 632,8-nm wavelength. The laser beam was applied on an erythrocyte suspension of about 1mm thin. The light scattered by suspension was detected by a photodiode and the signal was amplified and transferred to a PC computer by an A/D converter. For good temporal resolution we used a 20 Hz sapling rate of the A/D convertor for processes with characteristic times of about 104 seconds.

The investigated samples were human erythrocyte suspension in sanguine plasma with hematocrit 5% and different values of ESR. Erythrocyte cells were obtained from human blood of healthy and sick donors collected on Na citrate 3,8%. Cells were separated from plasma by centrifugation, washed three times with buffered solution (150 mM NaCl, 5 mM Hepes/HCl, pH 7,4) and resuspended in plasma. There was two type of blood samples: erythrocyte suspensions from healthy donors with small values of the ESR parameter taken as control and samples with high ESR values from subjects with pathological problems.
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Figure 1: Experimental Setup of the Light Scattering

RESULTS


The coupling of the experimental set-up with the computer allow the on line registration of the data as time series. With a 20 Hz sampling rate, the dynamics of the sedimentation processes was captured with relatively high accuracy over time domains of about 2 hours. The intensity of the scattered light has a very complex fluctuation pattern. At the beginning the intensity of scattered light has uncorrelated fluctuations the dynamic patern being similar to that of a random process (white noise) Figure 2A. As the time increase the fluctuations becomes more and more correlated and the dynamic patern change significantly (Figure 2B).

A first characteristic property of this dynamic parameter is his self-similar fluctuating behaviour. Self-similarity means that the fluctuations for sorter sub-units are statistically equivalent with the fluctuations for the whole time series.


The sedimentation process of human erythrocyte is described in our experiment by the intensity of scattered light given as a long time series of 130000 data corresponding to 6500 seconds. 

For graphical reasons we present in figure 3A a local domain of 120 seconds (2400 data) that we have pick up from the whole process, and also two steps of temporal rescaled sub-domains of the series B. Figure 3 show, in graphic terms, the local self-similar behavior of the sedimentation process.
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Figure 2 The fluctuation of the scattered light intensity for two short temporal domains pick up from the entire erythrocytes sedimentation process


A second important property, present only for local domains, is the stationarity of the fluctuation of the scattered light intensity.

The parameter that is usualy computed in the literature for stationary time series with self-similar behaviours is the scaling exponent (self-similarity parameter). The scaling exponent α characterize the power law dependence of the fluctuation standard deviation s on the domain length n (the number of data in the domain):

α = log(s) / log(n)
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Figure 3: The intensity fluctuation of the scattered light for three self-similarity time series

(B) original time series, (C) detail rescaled of time series B, (D) detail rescaled of time series C


Figure 4a show the three gaussian curves that were obtained by fitting the distributions of experimental data from the series B, C and D. The standard deviations of the probability densities increases with the number of the data in each of the three series with a power dependence (Figure 4b - linear behaviour in a log – log plot).
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Figure 4: Scaling properties of the scattered light intensity

The stationarity is lost for such a long and complex process such as the erythrocyte sedimentation. To describe the scaling properties of nonstationary processes the algorithm usually used by the research teams, working in the field is the Detrended Fluctuation Analysis (DFA).

The complexity of the sedimentation phenomenon introduces also important temporal correlations. Different types of correlations correspond to different values of the scaling exponent that consequently can be used as an indicator of the system behavior:

· 0 < α < 0.5, power-law anti-correlations (large values are more likely to be followed by small values and vice versa);

· α = 0.5 completely uncorrelated systems (white noise - the value at one instant is independent by any previous values);

· 0.5 < α 
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, long-range power-law correlations;
· α > 1 correlations exist but cease to be of a power-law form; α = 1.5 indicates brown noise.

The third important characteristic, is the variation of self-similarity parameter (the scaling exponent) during the sedimentation process. The temporal correlations are almost absent at the beginning of the process the corresponding scaling exponent being close to 0.5 and increase in 20 minutes to values as high as 1.5. This means that applying the DFA method on the entire temporal series we will obtain a sort of global value of the scaling exponent the detailed information on smaller temporal domains being lost. The local temporal correlations can be correctly described only if the original DFA method is modified in order to give local values of the scaling exponent.

To obtain local scaling exponents, two modified versions of the original DFA method was developed, each of them applying the DFA on successive shorter data domains. The difference between the two versions was that the first one use successive nonoverlapping domains of 103 data and the second allow the partial overlapping of the successive domains. The temporal evolution of the scattered light intensity and of the scaling exponents are given in Figures 5 and 6 for control samples (healthy donors with low ESR) and blood samples from sick donors (high ESR values), respectively.
The scattered light intensity has a fluctuating dynamics with a ‘latent domain’ in first part of curve followed by an relatively fast increase, a large maximum in the middle and a long tail decrease in the final part of the sedimentation process.
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Figure 5: The fluctuation of scattered light intensity and the time dependence of scaling exponent during sedimentation process for healthy donor

Figure 6: The fluctuation of scattered light intensity and the time dependence of scaling exponent during sedimentation process for sick donors


The temporal evolution of the scaling exponent has a similar behavior in the first part of the process. To the ‘latent domain’ corresponds completely uncorrelated fluctuation (α
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). The last zone indicates persistent of brown noise (α is about 1.5) for the rest of process. The same behavior was observed for each sample without significant differences.


Differences between the two modified DFA versions was not significant and consist only in a higher resolution for the overlapping version.

Conclusions

The coherent light intensity scattered at small angles by a human erythrocyte suspension during the sedimentation process has a very complex dynamic behavior. In the present work we focus on the local characterization of temporal correlation using two modified versions of the DFA method. Each version gives a set of local scaling exponents for successive shorter data domains.
The sedimentation process begins with a random dynamics characterized by the absence of temporal correlation, and relatively fast switch to a strongly correlated dynamics. The method gives similar results for healthy and sick donors. In our opinion the complexity of the process needs a detailed analysis and certainly more parameters to improve the sensibility and the selectivity of these optical methods as potentially diagnosis procedures.
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