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Abstract
With the detrended fluctuation analysis, we investigate dynamics of human brain electroencephalogram. Long-range temporal
correlation and scaling behavior are observed, and certain characteristic of the Alzheimer’s disease is revealed.
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In the past years, much attention of physicists has
been drawn to application of physical concepts and
methods to complex biological, meteorological and
economic systems [1–8]. Due to strong interactions
among elements in the complex systems, long-range
spatial and/or temporal correlations are often generated. These systems are then referred to be scale-free.
A feature of such systems is the power-law scaling behavior. The scaling behavior usually is rather robust or
universal.
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The scaling behavior in complex systems is interesting not only in physical sense. It provides an intrinsic description of the systems, and may find application or potential application [2,3,9,10]. An example
of complex biological systems is the time series of
heartbeat. The detrended fluctuation analysis (DFA) is
proved to be rather powerful in tackling this kind of
fluctuating dynamics [2,9]. Careful analysis with the
DFA method reveals different scaling behavior of the
heartbeat dynamics for the heart failure patients and
healthy individuals.
Recently, dynamics of human brain electroencephalogram (EEG) has been concerned [1,11]. The
authors of Ref. [1] concentrate the attention on the α
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and β peaks in the o and p channels, and discover that
the amplitude of the oscillations is long-range correlated. The DFA analysis is used for demonstrating the
long-range temporal correlation and dynamic scaling
behavior. However, dynamic behavior beyond the α
and β peaks remains untouched.
On the other hand, the Alzheimer’s disease (AD)
is a popular disease for aged people, human being
severely suffers from it. Diagnosis of the AD disease
is rather difficult. Traditional methods for analyzing
EEG, such as mean values, standard deviations, power
spectrum, etc., can hardly distinguish the healthy individuals and the AD patients. Many recent activities
focus on non-linear dynamics of EEG, especially with
the coherence analysis [12–16].
From the view of many-body systems, long-range
temporal correlations of EEG should originate from
the strong interactions of the neural cells. The AD
disease would weaken or even block the interactions.
Therefore, one may expect that the temporal scaling
behavior of EEG would be sensitive to the individuals
with or without the AD disease.
In this Letter, we will generally analyze the scaling
behavior of EEG dynamics with closed eyes, considering the α peak as a ‘perturbation’. The DFA method
will be applied to EEG of both the healthy individuals
and AD patients, and certain characteristic of the AD
disease will be revealed.
Our experimental data are of 20 healthy individuals and 14 AD patients with closed eyes. As shown
in Fig. 1, o1 and o2 channels are measured on the
occipital region, p3 and p4 channels on the parietal region, t3 and t4 channels on the temporal region, c3 and c4 channels on the central region, and
f3 and f4 channels on the frontal region. Measurements are performed every 1/250 second, and last for
a total time T = 130 seconds. If not specified, the
time unit is taken to be 1/250 second in this Letter.
In the rigorous sense, EEG dynamics is not perfectly scale-free. The α and β peaks are some kinds
of time scales of the system. Therefore, Ref. [1] restricts the DFA analysis and the calculation of the
auto-correlations to the magnitude of the α and β oscillations in the o and p channels.
However, the α and β peaks are not very prominent
beyond the o and p channels. In addition, the central frequency and the width of the peaks are channel-
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Fig. 1. Location of the 10 channels we investigate.

and individual-dependent. On the other hand, some
characteristic of EEG dynamics, e.g., the effect of the
AD disease, may be not centralized at the α and β
peaks. Therefore, the purpose of this Letter is to go
beyond the DFA analysis in Ref. [1], and to perform
a relatively systematic DFA analysis of EEG dynamics.
Actually, from the power spectrum P (f ) of EEG
based on the standard Fourier transformation, one cannot conclude that the dynamics is dominated by the α
or β peak, even for the o and p channels. In Fig. 2, the
power spectrum is displayed for the o1 and f3 channels. Taking into account that the highest frequency
in the measurements is 250 Hz, one may believe the
power spectrum is power-law-like. The α peak looks
like a ‘perturbation’ around f ∼ 10 Hz, which is
somewhat stronger in the o1 channel. Therefore, we
may generally expect scaling behavior in EEG dynamics, but with possible perturbative effects of the
α peak.
We first introduce the DFA method [2,9]. For a fluctuating dynamic series dB(t  ), we construct


C(t  ) =

t




dB(t  ) − dBave .

(1)

t  =1

Here dBave is the average of dB(t  ) in the total time
interval [1, T ]. Then we uniformly divide the interval
[1, T ] into windows with a size of t, and linearly fit
C(t  ) to a linear function Ct (t  ) in each window. Fi-
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Fig. 2. Power spectra of EEG obtained with the standard Fourier transformation for the o1 and f3 channels of a single healthy individual. The
slope of the dashed line is 3/4. For comparison, curves have been shifted suitably along y axis.

nally, we calculate the DFA function


T
1 

2
F (t) = 
C(t  ) − Ct (t  ) .
T 

(2)

t =1

In general, F (t) obeys a power-law behavior
F (t) ∼ t θ .

(3)

If 0 < θ < 0.5, dB(t  ) is long-range anti-correlated; if
0.5 < θ < 1.0, dB(t  ) is long-range correlated. θ =
0.5 corresponds to the Gaussian white noise, while
θ = 1.0 indicates the 1/f noise. In the case that dB(t  )
is long-range anti-correlated, measurements of F (t)
may suffer from fluctuations. To improve the measurements, we may perform the integration procedure in
Eq. (1) one more time, and the DFA function F (t) ∼
t θ+1 [2].
Denoting the EEG time series as Y (t  ), we define
the variation dY (t  ) ≡ Y (t  + t  ) − Y (t  ). For our
analysis, we take t  = 1/250 Hz. The DFA method
can be applied to both dY (t  ) and Y (t  ), and the DFA
function behaves like F (t) ∼ t θ and t θ+1 , respectively.
In Fig. 3, the DFA function calculated with Y (t  )
is displayed on a log–log scale. In order to achieve
more accurate results, an average over all individuals
has been performed. Such a ‘grand-ensemble’ average
is also carried out in Refs. [1,11]. What we believe,

however, is that this is not necessary in case the experimental data of a single individual is sufficiently long
or repeated many times.
In Fig. 3, the deviation of the curves from the power
law around t = 25 indicates the perturbation of the α
peak, which is more prominent for the o channels and
becomes rather weak for the f channels. After t ∼ 100,
F (t) gradually converges to the power-law behavior.
From the figures, one clearly observes that the curves
of the AD patients increase faster than those of the
healthy individuals.
In Table 1, we have listed the values of θ measured
in Fig. 3. It is somewhat subtle to estimate the errors.
The errors given in Table 1 are those from the grand
average. Since our data for each individual are for a
total time of 130 seconds only, these errors are possibly overestimated. Both θn for the healthy individuals
and θa for the AD patients take the values smaller
than 0.5. Therefore, EEG dynamics is long-range anticorrelated. In addition, both θn and θa show an increasing tendency from the o channels to f channels.
From the data in Table 1, θn and θa could be distinguished just within the errors. As stated above, the
errors may be somewhat overestimated. On the other
hand, θa − θn is definitely positive for every channel.
Therefore, we may believe that the AD disease does
change the interactions among the neural cells, and
therefore, the dynamic scaling behavior. Essentially,
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Fig. 3. DFA functions calculated with Y (t  ). Solid lines and squares are for the healthy individuals and AD patients, respectively. From below,
curves in (a) are of o1, p3, c3, t3 and f3 channels; in (b) are of o2, p4, c4, t4 and f4 channels. For comparison, curves have been shifted suitably
along y axis.

Table 1
θn and θa are the scaling exponents of the DFA analysis calculated with Y (t  ) of the healthy individuals and the AD patients, respectively
θn
θa
θa − θn
θn
θa
θa − θn

o1
0.112(23)
0.188(43)
0.076

o2
0.069(21)
0.200(45)
0.131

p3
0.102(15)
0.165(33)
0.063

p4
0.132(29)
0.272(59)
0.140

t3

t4

f3

f4

0.181(33)
0.283(45)
0.102

0.188(22)
0.213(27)
0.025

0.188(16)
0.261(27)
0.073

0.202(18)
0.255(32)
0.053

c3
0.149(16)
0.219(28)
0.070

c4
0.144(14)
0.224(34)
0.080

134

C.P. Pan et al. / Physics Letters A 329 (2004) 130–135

Fig. 4. DFA functions before and after filtering out the α peak. Solid lines and squares are for the healthy individuals and AD patients before
filtering out the α peak, while dashed and crossed lines are after filtering out the α peak. Lower and upper groups of curves are for the o2 and
f4 channels, respectively. The slope of the dashed line inbetween is 1.0.

Fig. 5. DFA functions of the o2 channel calculated with dY (t  ), Sgn(dY (t  )) and |dY (t  )|. Solid lines and squares are for the healthy individuals
and AD patients, respectively. The slope of the lower dashed line is 0.5, while that of the upper dashed line is 1.0.

a bigger θa represents a slower dynamics for the AD
patients. This is consistent with the previous finding
that the amplitude of low frequencies in the power
spectrum of EEG increases for the AD patients [12].
From the microscopic viewpoint, the slower dynamics should originate from the partial breaking down of
the interactions among the neural cells. Details of this
kind will be presented elsewhere.

How does the α peak affect the dynamic behavior
of EEG? To answer this question, we first filter out the
α peak of the power spectrum P (f ) in Fourier space,
and then transform it back to the configuration space.
We denote this refined time series as Yc (t  ). In Fig. 4,
the DFA functions for both Y (t  ) and Yc (t  ) are plotted on a log–log scale. For Yc (t  ), the waving around
t = 25 is almost invisible. In later times, the curves of
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Y (t  ) and Yc (t  ) yield similar values of the exponent
θ . Therefore, we conclude that the α peak only perturbs the dynamic behavior at early times, and does
not dominate the effect of the AD disease.
Theoretically, application of the DFA analysis to
dY (t  ) should yield F (t) ∼ t θ . In Fig. 5, F (t) of the o2
channel is displayed for the healthy individuals (lower
solid line) and the AD patients (lower squared line).
The slops measured after t ∼ 100 give θn = 0.071 and
θa = 0.118, and confirm those values obtained with
Y (t  ). In general, however, application of the DFA
analysis to Y (t  ) here offers less fluctuating results.
To further understand the intrinsic behavior of EEG
dynamics, we decompose dY (t  ) into the magnitude
series |dY (t  )| and the sign series Sgn(dY (t  )) [2]. The
DFA method is then applied to the series of |dY (t  )|
and Sgn(dY (t  )). In Fig. 5, F (t) of the o2 channel
calculated with |dY (t  )| is displayed for the healthy
individuals (upper solid line) and the AD patients (upper squared line). Asymptotic slopes of the curves of
the healthy individuals and AD patients give θn =
0.77 and θa = 0.74, respectively. These values indicate that the time series |dY (t  )| is long-range correlated. The power-law behavior of F (t) calculated with
Sgn(dY (t  )) emerges only in later times. Anyway, the
asymptotic slopes of the curves are around 0.4, indicating Sgn(dY (t  )) is long-range anti-correlated. In
Fig. 5, one may observe that the effect of the AD disease is more prominent in the time series Sgn(dY (t  ))
than in |dY (t  )|.
To confirm our analysis with the DFA method, we
have also calculated the auto-correlation function A(t)
of |dY (t  )|. We observe a power-law decay A(t) ∼
t −γ , and find different slopes for the healthy individuals and the AD patients.
In conclusions, we have investigated dynamics of
human brain EEG with closed eyes. Even though it is
perturbed by the α peak, long-range anti-correlations
(or correlations) are revealed with the detrended fluctuation analysis. The scaling exponent θ of the AD
patients is different from that of the healthy individuals.
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