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Abstract
Objectives : Non-linear analysis was applied on
MEG signals of Alzheimer Disease (AD) patients in
order to investigate the underlying complexity of the
brain dynamics.
Materials & methods : A Single channel SQUID was
used to record the MEG signals in 9 AD patients and
5 normal individuals. The magnetic activity, for each
patient, was recorded from a total of 64 points of the
skull (32 points from each temporal lobe). Nonlinear
analysis was applied in the abnormal MEG points of the
brain.
Results : In AD patients some recorded points were
found with high amplitudes and low frequencies in
magnetic activity. By applying nonlinear analysis in
these records low values in the correlation dimension D
of the reconstructed phase space were found.
Conclusions : SQUID obtained MEG signaling from
brains of AD patients showed a lower complexity
compared to the brain of normal subjects.
Key words : Alzheimer Disease ; chaos ; MEG.

Introduction
Using Magnetoencephalographic (MEG) measurements we recorded the brain activity from
patients who were suffering from Alzheimer
disease (AD). In these recordings we used the biomagnetometer SQUID (Superconductive Quantum
Interference Device) which can detect the magnetic fields emitted from the brain. The magnetic
activity of the brain is produced by cellular microcurrents, which emerge from ionic movements, due
to the dynamical variations of the neural membrane
potentials. Such magnetic fields emitted from the
brain are very weak (of the order of pT = 10-12 T)
and only SQUID can detect and record these fields
(SQUID has the ability to detect magnetic fields of
the order of 10-15 T (= 1fT)).
Some clinical, as well as, theoretical studies,
which have been published in the previous decade,
have shown that the MEG method presents a
number of very important and crucial advantages
compared to the EEG (electroencephalogram)
method (3, 4, 21, 30). More recent studies (8, 9, 10,

19, 20, 23, 28, 35), have proved the equivalent
accuracy of the two techniques and that they are
complementary.
Although the importance of MEG recordings in
the investigation of normal and pathological conditions of the brain (and especially in the study of
epileptic phenomena), has been noticed by several
authors (1, 2, 3, 4, 12, 29), this methodology was
also applied on Alzheimer’s disease (AD) patients
(5, 25-27). We detected abnormal brain magnetic
activity, which exhibited high amplitudes and
rhythmicity.
According to the theory of nonlinear dynamical
systems and chaos (14, 15) the dynamics of any
physical or biological system can be quantified and
described by means of some new terms and concepts, such as the strange or chaotic attractor, the
correlation dimension of the reconstructed phase
space, the Lyapunov exponents and so on. These
concepts reflect some geometrical properties of the
reconstructed phase space of the dynamical system
under consideration and it can be extracted. Of vital
importance in the chaotic analysis of a dynamical
system is the evidence for the existence of low
dimension chaotic attractors and the estimation of
the correlation dimension D of the attractor. In the
present work the MEG time-series of the cortical
magnetic activity of patients suffering from AD
were recorded. In order to investigate for the existence of low dimensional strange attractors and to
estimate the corresponding correlation dimension
D the Grassberger-Procaccia algorithm (14, 15)
was applied on the experimental time-series.
Material & methods
2.1. PATIENTS AND RECORDINGS
AD patients were referred to the Laboratory of
Medical Physics in Alexandroupolis, Greece, by
practising neurologists. All patients had been diagnosed by the referral neurologists independently to
suffer from Alzheimer disease. The age of patients
ranged from 55 to 72 years (mean = 65.2, SD =
6.3). Furthermore, the clinical symptomatology of
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AD patients included moderate memory disturbances, speaking and communication difficulties
and orientation disorders (estimated abbreviated
mental test score range 3-5). Whereas, all the control population are free of the above mention clinical symptomatology. The onset of symptomatology
of AD patients ranged from 1 to 4 years before
examination. In all cases informed consent for the
methodology and the aim of the study was obtained
from all patients prior to the procedure. The
SQUID examination of patients has been approved
by the local hospital authorities.
Biomagnetic measurements were performed
using a second order gradiometer SQUID model
601 of the Biomagnetic Technologies Inc., which
was located in an electrically shielded room. The
noise level of the environment was of the order of
50 fT/Hz. During the recording procedure the
patients were relaxed lying on a wooden bed, with
closed eyes, in order to avoid artefacts from eye
flickering. The MEG recordings were performed
after positioning the SQUID sensor 3 mm above
the scalp of the patient, with the use of an optic
positioning system.
The MEG measurements consisted of data
recorded from the scalp of each patient at specified
points as defined by a recording reference system.
This reference system is based on the International
10-20 Electrode Placement System (17) which uses
any one of the standard EEG recording positions as
its origin (4). In this study we used the P3, P4, T3,
T4, F3 and F4 recording positions. The reference
system was devised to retrieve maximal information from a specified area of the skull given that the
gradiometer coil is theoretically equally sensitive
to all magnetic flux lines perpendicular to a circular area of the brain. In our case, this circle has an
effective diameter of 2.36 cm, i.e., the diameter of
the SQUID sensor coil. Around the origin (T3 or
T4 for temporal lobes) a rectangular 32-point
matrix was used (4 rows  8 columns, equidistantly spaced in a 4.5 cm  10.5 cm rectangle) for positioning of the SQUID (4) (Fig. 1).
The MEG was recorded from each cerebral
hemisphere at each of the 32 matrix points on the
scalp for 32 consecutive epochs. Each epoch was of
1 sec duration and was digitized with a sampling
frequency of 256 Hz (frequency resolution of the
power spectrum being 1 Hz). The MEG signal was
band-pass filtered with cut-off frequencies of 0.1
and 60 Hz. The MEG recordings were digitized at
256 Hz using a 12 bit precision analog to digital
converter and were stored in memory for off-line
Fourier statistical analysis, and averaged amplitude
spectra were calculated for each sampling position.
2.2. DATA ANALYSIS
We applied nonlinear analysis to the MEG
recorded from the AD patients. The nonlinear

FIG. 1. — This figure is showing the 10-20 International
Point System the points of which are served as origin in our
rectangular reference system.

analysis is a powerful technique for the estimation
of the dimension of the strange attractor which
characterizes the MEG time series obtained from
normal and AD patients. For the estimation of the
dimension of the strange attractor we have considered the method proposed by Grassberger and
Procaccia (15) which is based on the Theorem of
the reconstruction of the phase space introduced by
Takens (33).
Then, according to their method, the dynamics
of the system under consideration can experimentally reconstructed from the observed time series of
a single observable dynamic component, as it is in
our case MEG. Thus, for the discrete time series Bi
= B(ti) (i = 1,2...N) of the MEG, which is measured
experimentally by the SQUID, the vector construction of Vi is given by the following equation :
Vi = {Bi,Bi+T,...,Bi+(m-1)T}

(1)

This equation gives a smooth embedding of the
dynamics in a m-dimensional phase space, and the
resulting phase trajectory in the phase space, is
topological equivalent to the original phase space.
The reconstruction time T, is a suitable delay parameter, which may be chosen arbitrary, but it is usually taken to be equal to the decorrelation time of
the MEG signal, i.e. the first zero crossing of the
autocorrelation time of the signal. If the dynamics
of the system under consideration is chaotic, the
evolution of the system in the phase space, once
transients die out, settles on a submanifold which is
a fractal set, the strange attractor.
The concern of the strange attractors is of a great
importance in chaotic dynamics, since its existence
or absence is related to the behavior of the system
as chaotic or deterministic.
If a strange attractor exists, it can be described
by a geometrical parameter the correlation of
fractal dimension D.
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This parameter is related to the number of
variables required to define the attractor within
the phase space.
According to the method proposed by
Grassberger and Procaccia (22), D can be estimated from an experimental time series by means of
the correlation integrals C(r, m) defined as :

Table I
The correlation dimension of 9 patients
with Alzheimer Disease
Subjects

Age

Correlation dimension

Women

69

9.7

67

9

72

9.9

62

10.8

55

11

56

10

66

10.1

68

9.7

72

10

n-1 n

C(r, m) = lim(n(n–1)/2)-1j (r-|Vi-Vj|) (2)
n→

i=1j=1+i
i =/ j

where (◎(u) is the Heaviside function defined as
(◎(u) = 1 for u > 0 and ◎(u) = 0 for u  0), m is the
embedding dimension and n is the number of vectors constructed from a time series with N samples,
given by the formula n = N-(m-1)T (here T is a
delay parameter which is equal to the first zero
crossing of the autocorrelation time of the MEG
signal). The correlation integral C(r, m) measures
the spatial correlation of the points on the attractor
and it is calculated for different values of r in the
range from 0 to rmax . The rmax is equal to (m)1/2 (xmaxxmin), (assuming that xmax and xmin are the maximum
and the minimum recorded values in the time
series). For a chaotic system the correlation integrals should scale as C(r, m) ~ rD(m) . Thus, the correlation dimension D of the attracting submanifold
in the reconstruction phase space is given by :
D = lim ∂(lnC(r, m))/∂(ln(r))

(3)

r→0
m→

In the case of a chaotic signal exhibiting a
strange attractor, there is a saturation value,
(plateau) in the graph of the slopes ∂ (lnC(r, m) ) /
∂ (ln(r)) vs ln(r). This value remains constant,
although the signal is embedded in successively
higher-dimensioned phase spaces and gives an estimation of the correlation dimension of the attractor.
Recording the MEG activity over the scalp in the
case where the measurements are independent for
each position (one-channel SQUID) requires that
the MEG activity remains invariant in time. In
order to ensure that the MEG activity was not influenced by long-term variations, we repeated the
recordings at various positions at different times
and found that there was very little difference in the
measurements as such as 60 minutes apart during
the experiments because there was a constancy in
the D values. Thus the stability of MEG measurements in patients with CNS disorders justified in
our view the use of a one-channel SQUID.
Using the above described method the correlation dimension D of the MEG time series for AD
patients was estimated for the magnetic activity
recorded from the AD patients and normal individuals using SQUID technology.
The purpose of this estimation was to investigate
whether there is any biological differentiation in
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the dynamics in these two types of magnetic activities.
Results
In 9 AD patients examined the mean value of D
was 10.02 with standard deviation 0.59 (D-range 9
to 11 as it is indicated in Table I). In addition to our
studies we have included five normal individuals
where the dimension D of the strange attractor
shifted to higher values (1, 2).
In Fig. 2 and 3 present examples of the MEG
time series obtained from the brain of AD patients
and the slopes of the correlation integrals (14, 15)
which revealed the correlation dimension D (D =
9.7) of the strange attractor.
Fig. 4 and 5 give MEG time series and the
correlation dimension for normal subjects and we
can see that we are dealing with a chaotic system,
which is characterized with infinite value of D, in
opposite to the findings for non chaotic system as
is in the case of AD patients.
Discussion
This study is the first MEG recordings analysis
from AD patients using non linear analysis and
chaos. In simple statistics in which we have applied
Fourier data analysis we found differences in spectral power including amplitude and frequency for a
group of AD patients relative to age-matched controls (5). The increases in low frequency magnetic
power values and decreases in high frequency
power values is in agreement with the results of
previous EEG studies in AD patients (6, 7, 11, 13,
16, 18, 22, 24, 31, 32, 34).
Our nonlinear techniques referred to the reconstruction of the phase space from the MEG timeseries of the system, the detection of the existence
of strange attractor and the estimation of its correlation dimension. This task is performed by analyzing the MEG time-series, which were recorded
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FIG. 2. — MEG time series for 10 sec duration obtained
from a brain point of the AD patient.

FIG. 4. — MEG time series for 10 sec duration obtained
from a brain point of a normal subject for purpose of comparison.

FIG. 3. — Plots of the slopes of the correlation integrals as a
function of ln(r) for the MEG time series of Fig. 2.

FIG. 5. — Plots of the slopes of the correlation integrals as a
function of ln(r) for the MEG time series of Fig. 4.

from different points of the right and left temporal
lobes, or from the frontal and occipital lobes of the
brain of AD patients.
Dimensionality calculations (i.e. calculation of
the correlation dimension of the strange attractor in
the reconstructed phase space) can be utilized in
the case of experimental biomedical signals, as is
the case of MEG for the quantification of the complexity of the neuronal system under consideration.
This is done using the embedding theorem (33) in
order to reconstruct from a time-series of one
dynamical component of the system, a topological
equivalent phase space. Afterwards, the correlation
integrals C(r,m) were calculated, for successively
increasing values of the embedding dimension m,
following the method of Grassberger and
Procaccia (14, 15).
According to the dynamics of the system the
observe MEG is a time series of Bi = B(ti) (i =
1,2...N). Therefore, the vector construction Vi

which is given by equation 1 is representative of
the pathology of the AD patients. On the other hand
this pathology is the outcome of the degeneracy of
all the neurons which are involved in the above
pathology.
Another point which is very important to discuss
here is the estimation of the largest Lyapunov exponents as a function of the evolution time since we
are dealing with time series MEG records.
Lyapunov exponents provide a quantitative measure of chaos by describing the mean rate of divergence of initially neighboring trajectories as we
defined above in the data analysis.
In most applications are needs only to measure
the largest Lyapunov exponent, by examining the
evolution of an infinitesimally small displacement
vector x0 at a given point on the attractor.
For a chaotic system, the evolved vector xt grows
(on average) exponentially as xt = x0·el·t, l > 0. The
largest Lyapunov exponent l is positive for a chaot-
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ic system. An adaptation of this procedure for
determiny the Lyapunov exponent from experimental data set was originally proposed by Wolf et
al. (36).
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