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This work was aimed at a comparative analysis of the degree of multifractality of
electroencephalographic time series obtained from a group of healthy subjects and
from patients with mental disorders. We analyzed long-term records of patients with
paranoid schizophrenia and patients with depression. To evaluate the properties of
multifractal scaling of various electroencephalographic time series, the method of
maximum modulus of the wavelet transform and multifractal analysis of fluctuations
without a trend were used. The stability of the width and position of the singularity
spectrum for each of the test groups was revealed, and a relationship was established
between the correlation and anticorrelation dynamics of successive values of the
electroencephalographic time series and the type of mental disorders. It was shown
that the main differences between the multifractal properties of brain activity in normal and
pathological conditions lie in the different width of the multifractality spectrum and its
location associated with the correlated or anticorrelated dynamics of the values of
successive time series. It was found that the schizophrenia group is characterized by a
greater degree of multifractality compared to the depression group. Thus, the degree of
multifractality can be included in a set of tests for differential diagnosis and research of
mental disorders.
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1 INTRODUCTION

Despite the huge number of works devoted to the study of the nonlinear dynamics of the bioelectrical
activity of the brain in various pathologies (Slezin et al., 2007; Suckling et al., 2008; Mukli et al., 2018;
Racz et al., 2020; Lee et al., 2021; Racz et al,, 2021; Alamian et al., 2022), the identification of
neurophysiological markers of these pathologies remains an extremely urgent task. This is especially
true for diseases associated with cognitive impairment such as Alzheimer’s disease, schizophrenia,
epilepsy, and the goal of such work is not only to obtain new theoretical data and understanding of
pathophysiology, but also to use these data to improve clinical diagnosis, assess the severity or
progression of the disease.

At the same time, changes in the bioelectrical activity of the brain can be associated with both
oscillatory and fractal brain functions. Changes in oscillatory activity imply changes in the frequency
range of the electroencephalographic (EEG) time series in the pathological brain compared to the
healthy brain. For example, a number of studies report an increase in the amplitude of the EEG delta
range in patients with schizophrenia compared with the control group (Knott et al., 2001; Harris
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et al., 2006). Other studies (Begi¢ et al., 2000; Harris et al., 2001;
John et al, 2009) have shown that different phenotypes of
schizophrenia can be characterized by both a decrease and an
increase in the amplitude of the delta range, depending on the
positive or negative forms of schizophrenia. In addition,
treatment with neuroleptics (Harris et al., 2006; John et al,
2009) or an increase in the duration of the disease (Harris
et al,, 2001; Tislerova et al., 2008; John et al., 2009; Ranlund
et al.,, 2014) can lead to a decrease in delta activity.

However, oscillatory processes with characteristic frequencies
(delta, theta, alpha, and beta oscillations) in the EEG also exhibit
fractal (scale-free) behavior. In this case, the EEG oscillatory
power spectrum containing these characteristic frequencies is
superimposed with a fractal spectrum in which the power is
inversely proportional to frequency, and the relationship is
established through a power function with the scaling factor
(Eke et al., 2002).

Using irregular-resampling auto-spectral analysis (IRASA)
(Wen and Liu, 2016), it is possible to separate the power
spectrum into its two components, i.e., extract the spectrum of
oscillatory activity without the confounding effects of broadband
activity, and the spectrum of the fractal component of the signal
with subsequent estimation its spectral scaling exponent {3, which
will not be evaluated by the presence of oscillatory peaks.

In (Racz et al, 2021), this method was used to answer the
question of whether the differences in power spectra found
between healthy subjects and patients with schizophrenia are
associated with changes in the fractal or oscillatory components
of the EEG. The authors of (Racz et al, 2021) showed that the
amplitude of the delta range in the initial power spectrum is reduced
for patients with schizophrenia compared with the control group,
mainly in the central regions of the brain; however, this difference
could be attributed almost exclusively to a shift of power towards
higher frequencies in the fractal component.

The differences found in the initial spectra were present
only in the fractal component of the spectrum, but not in the
oscillatory one. Thus, the authors of (Racz et al., 2021) came to
the conclusion that the differences in EEG patterns between
healthy and diseased brains are not necessarily associated
exclusively with changes in the rhythmic component of
neuronal activity, but necessarily with the broadband
fractal component of this activity. This is another
confirmation of the importance of fractal analysis for
neurophysiological rhythms.

It is important to note that a number of studies have shown
that many physiological rhythms associated with movement, the
work of the heart and brain have multifractal properties (Ivanov
et al,, 1999; Watters and Martin, 2004; Acharya et al., 2005;
Nurujjaman et al., 2009; Sassi et al., 2009; Scafetta et al., 2007;
Scafetta et al, 2009; Dick, 2017). This is explained by a
paradoxical combination of short-term decorrelation caused by
noise and long-range correlation caused by the fractal structure of
these rhythms (Ivanov et al., 1999; Scafetta et al., 2007). It means
that their patterns on small scales are not identical to the whole
time series but the self-similarity remains after averaging by
statistically independent samples of the time series (Pavlov
and Anishenko, 2007).

EEG Fractal Organisation in Mental Disease

Multifractality of the healthy brain is revealed in
electroencephalographic (EEG) time series during complex
imaginary and real visual-motor task performance (Popivanov
et al., 2006; Wink et al., 2008), during awake and various sleep
stages (Qianli et al., 2006). Multifractality of the EEG time series is
found also during epileptic discharges (Song and Lee, 2005; Dick
and Mochovikova, 2011; Dick and Svyatogor, 2012) and in neural
disorders connected with anxious phobia combined with
headache, tachycardia or disturbance of the breathing rhythm
(Dick and Svyatogor, 2012).

Note that the method of estimating multifractal scaling
properties of EEG time series combined with searching the
rate of the change of the modulus of the wavelet coefficients
of the EEG, so called wavelet transform modulus maxima method
(WTTM) (Muzy et al., 1993), allows one to establish structural
adjustments leading to a change in multifractal properties, i.e.
reveal the mechanisms of dynamic changes in the structure of
EEG patterns in the event of a particular pathological condition
(Dick and Svyatogor, 2012; Dick and Nozdrachev, 2019).

Another method for assessing the multifractality of a signal is
multifractal ~ detrended  fluctuation analysis (MFDFA)
(Kantelhardt et al., 2002). This method was generalized from
detrended fluctuation analysis applied for monofractals (Peng et
al, 1994). Currently, multifractal analyses are promising
prognostic and diagnostic tools in biomedical signal processing
(Eke et al., 2000; Eke et al., 2002; Thlen, 2012).

The multifractal spectrum of endogenous brain dynamics and
response times is more sensitive to the influence of age and
cognitive performance compared to a single power law exponent
alone (Dick and Mochovikova, 2011; Dick and Svyatogor, 2012).
In (Suckling et al., 2008; Thlen and Vereijken, 2010) it was shown
that in the absence of epileptic discharges, the EEG dynamics of a
patient with focal epilepsy is practically indistinguishable from
the EEG dynamics of a healthy brain. But already in the period
preceding the epileptiform activity, the EEG dynamics changes
and rearrangements occur, leading to the emergence of a
correlation of successive EEG values, which is the reason for
the increase in the EEG amplitude during an epileptic discharge.

Multifractal analysis also makes it possible to evaluate the
effectiveness of the treatment of patients with neural disorders
associated with psychogenic pain syndromes. Thus, it was shown
in (Dick and Svyatogor, 2012) that variations in multifractal
properties  explain the changes that occur during
psychorelaxation, reflecting the persistence or removal of
psychogenic pain in patients with anxious phobic disorders.

The fact is that the width of the multifractal spectrum serves as
a measure determining the degree of multifractality of the
analyzed time series, since the smaller the width of the
spectrum, the closer the tendency to monofractality of the
time series (Muzy et al, 1993; Popivanov et al, 2006). The
position of the multifractal spectrum is related to the
correlation or anticorrelation dynamics of successive values of
the time series. The presence or absence of correlations and
anticorrelations of successive values of the analyzed time series is
determined by the values of Holder exponents obtained by the
WTMM or MFDFA methods (Muzy et al., 1993; Kantelhardt et
al.,, 2002). So if the values of these exponents are in the range from
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0 to 0.5, then the dynamics of consecutive values of the time series
is anticorrelated, but if the values of these exponents are in the
range of 0.5 and higher, then the dynamics of consecutive values
is correlated (Pavlov and Anishenko, 2007; Eke et al., 2002). In the
first case, there is an alternation of large and small values of the
analyzed series (a large value is more likely to be followed by a
small one and vice versa). In the second case, a large value is often
followed by a large one, and a small value is often followed by a
small one, hence the time series is more “smooth”. Therefore,
differences in the degree of multifractality and correlation or
anticorrelation dynamics can be included in a set of tests for the
differential diagnosis of mental disorders.

The purpose of this work is the comparative analysis of the
multifractality in EEG patterns of normal and pathological brain
activities like schizophrenia and depression and the identification
of relationships between the width of the multifractal spectrum,
as well as the correlation or anticorrelation dynamics of
consecutive EEG values and the type of mental disorders.

2 MATERIALS AND METHODS

2.1 Experimental Procedure

The study involved 10 patients with a paranoid form of
schizophrenia (F20 according to the ICD 10) with a disease
duration from one to 10 years, including 5 men and 5 women
aged 24-35years) and 10 patients with depression (F32;
F33 according to the ICD 10), including 5 men and 5 women
aged 21-34 years. The control group consisted of 10 healthy
subjects (5 men and 5 women aged 18-30 years). All subjects had
visual acuity of at least 0.9, and refraction was normal.

Among the symptoms observed in the majority of patients
with schizophrenia who participated in the study, it should be
noted the predominance of positive symptoms of schizophrenia
(auditory hallucinations (voices) and delusions of persecution).
Also, these patients were characterized by such symptoms as
tension, alertness, anxiety and ambivalence (a dual, contradictory
attitude of the subject toward the object, characterized by the
simultaneous direction of opposite impulses to the same object,
occurring suddenly and regardless of the circumstances).

In the group of the overwhelming majority of depressive
patients who participated in the study, signs of vital
depression were detected with varying degrees of melancholy
manifestation with unreasonable pessimism, despondency and
depression. This group was characterized by a circadian rhythm
of affect in the form of a distinct deterioration in the morning
hours with an improvement in the evening. Many patients
complained of a violation of the ability to think logically and
to establish consistent connections between events.

Among the common symptoms of patients in the two groups,
one can note anxiety and disturbances in the structuring of
thinking, as well as a decrease in the ability to concentrate
attention.

Both groups of patients (with schizophrenia and depression)
were on antipsychotic therapy and took the antipsychotic
aripiprazole (Abilify). It is known that this substance has the
least effect on EEG power spectra, unlike other known

EEG Fractal Organisation in Mental Disease

antipsychotic drugs (clozapine, olanzapine and
chlorpromazine) (Takashi Ozaki et al, 2021). In connection
with the search for differences in the fractal properties of the
EEG time series of different groups of patients, it can be
considered reasonable to analyze the data when taking the
same antipsychotic drug.

To record EEG time series, an encephalograph (Mitsar EEG
-202, Russia) with a sampling frequency of 250 Hz and the
WInEEG software were used. Recordings were performed
using an  electroencephalographic  cap  (ElectroCap,
International Inc, United States) with 19 electrodes located on
the surface of the head in accordance with the
10-20 International System in the leads Fpl; Fp2; F7; F3; Fz;
F4; F8; T3; C3; Cz; C4, T4; T5; P3; Pz; P4; T6; O1; O2. Reference
electrodes were placed on the earlobes, and a ground electrode
was placed in the frontal region. We analyzed recordings from all
sites.

The EEG recordings were obtained under resting condition
with eyes closed. Then the data were digitally filtered using
0.5-50 Hz band pass filter. After repeated recordings the
segments of equal duration (120 seconds) were tested.

The segments with rough artifacts were eliminated after visual
inspection, artifacts due to blinking were eliminated using a
procedure for independent component analysis using EEGLAB
software (http://www.sccn.ucsd.edu/eeglab/). Artifact-free EEG
segments used for analysis consisted of 23,300 samples.

2.2 Estimation of EEG Segment
Multifractality

To estimate multifractal scaling properties of EEG time series the
wavelet transform modulus maxima (WTMM) method (Muzy
et al., 1993) and the multifractal detrended fluctuation analysis
(MFDFA) (Kantelhardt et al., 2002) were applied.

The continuous wavelet transform of a time series describing
the examined signal x(f) was determined as:

+o0

W (a,ty) = é j x(t)l//*<t - to)dt,

a

—o0

where a is the scale parameter, t, is the space parameter, y((t-f)/
a) is the wavelet function obtained from the basic wavelet y(t) by
scaling (stretching or compressing) and shifting along the time,
symbol * means the complex conjugate. So, the wavelet transform
of the signal consists in decomposing it into elementary space-
scale contributions associated to wavelets which are constructed
from one function by means of scaling and shifting.
The complex Morlet wavelet

Y(t) = e e

was used as the basic wavelet, where the value wy = 2 gives the
simple relation f = 1/a between the scale a and the frequency f:

Information about possible multifractality of the analyzed
time series and its localization f, reflects in the asymptotic
behavior of coefficients |W (g, t,)| at small a values and large f
values, respectively (Bacry et al., 1993). The faster the wavelet
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coefficients decrease at f—oo, the more regular the signal is
around the point f;. The small decrease of the wavelet
coefficients at a—0 in a neighborhood of the point £, testifies
about non-regularity or singularity of the signal at the point.
Thus, the rate of the change of the modulus of the wavelet
coefficients enables to determine the presence or absence of
singularities of the signal.

The degree of singularity of the signal x(f) at the point £, is
described by the Hélder exponent, h (t;), the largest exponent
such that the analyzed signal in a neighborhood of the point , can
be represented as the sum of the regular component (a
polynomial P,(t) of order n < h (t;)) and the non-regular
component:

x () = Py (1) +clt — o],
where c is a positive constant (Bacry et al., 1993).

The value h (t,) is the measure of singularity of the signal at the
point ¢, since the smaller k (f) value, the more non-regular (more
singular) the signal.

In view of the fact that under the condition

+oo

JﬂwaMt:O

—oo

wavelets are orthogonal to polynomials up the degree m and for
m > n the expression

+oo

| Py =o

—oo

is true, then the simple power dependence
W (a, ty) ~ a"®

is observed at a—0 (Arneodo et al., 1995).
Hence, the Holder exponent can be calculated by the rate of
the decrease of the wavelet coefficients by decreasing the scale a:

log,,W (a, to)

h(to) ~
log,,a

However, by increasing the scale 4, the influence of
neighboring nonregularities can lead to inaccuracy and in
practice the Holder exponents are found on the basis of
statistical description of local singularities by partition
functions (Muzy et al., 1993; Arneodo et al., 1995) constructed
with the WITMM method.

These partition functions are calculated by the sum of g
powers of the modulus maxima of the wavelet coefficients

along the each line at the scales smaller the given value a:

Z(ga)=Y (sup,..,IW(a" ti(@))

leL(a)

where # (a*¥) determines the position of the maximum
corresponding to the line [ at this scale.

By the fact that at a—0 the partition function shows the power
(Arneodo et al., 1995):

EEG Fractal Organisation in Mental Disease

Z(g,a) ~ a (@),

the scaling exponent 7(g) can be extracted as the slope of a log-log
plot of the partition function versus the scale a:

7(q) ~ log,,Z(g,4)
log,a
Choosing different values of the power g one can obtain a

linear dependence 1(q) with a constant value of the Holder
exponent

d
h(q) = ;Ezq) = const
for monofractal signals or nonlinear dependence
7(q) = qh(q) - D ()

with large number of the Holder exponents

o) -2

# const

describing local scaling of the wavelet coefficients for multifractal
signals.

The distribution of the local Hélder exponents (singularity
spectrum) is calculated from the Legendre transform (Bacry et al.,
1993):

D(h) = qh(q) - 7(q)-

The algorithm for estimating signal multifractality using the
MFDFA method consists of the following sequence of
procedures.

First, for the original series of values {x(t,-)}f\i1 an integrated
sequence is calculated, consisting of the accumulated deviations
from the mean x:

y() =Y (x—%),i=1,.,N.

k=1

This sequence is divided into a number m = N/n of non-
overlapping intervals of length n, the partition is repeated,
starting from the opposite end, resulting in 2m intervals.

For each of the intervals, the resulting sequence is
approximated by a straight line using the least squares
method, as a result of which the local trend v,(i) is determined
within the selected interval.

Next, the deviations of the calculated sequences relative to the
local trend are determined for each interval s = 1,..., mu s =
m+l,..., 2m:

F*(n,s) = Z[y((s—l)n+1)—v5(z)]

F*(n,s) = Z[y(N (s—m)n+z)—v5(z)]

and the fluctuation function Fy(n) q order is calculated:
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1 2m /2 l/q
Fq(n):{%Z[Fz(n,s)]q } :

s=1

The calculations are repeated for other values of the interval
length n from 5 to 100.

Due to the fact that with an increase in the length of the
interval n, the value of F,(n), as a rule, increases according to a
power law:

F‘I (n)Nnh (q) >

the Holder exponent h(g) can be calculated as the slope of the
straight line that defines the dependence of log Fy(n) ot log .

Using the WWTM and MFDFA algorithms one obtain the
width of the singularity spectrum

Ah = hmax

- hmin;

where fmax = 1 |g=q min and Himin = 7 | 4= max are the maximal and
minimal values of the Holder exponent corresponding to
minimal and maximal fluctuation of the signal, respectively.

The width of the singularity spectrum, Ah, is a measure
determining the degree of multifractality of the signal since
the small Ah value indicates that the time series tends to be
monofractal and the large Ah value testifies the enhancement of
multifractality.

We note that when using the WWTM algorithm, the
appearance of a distorted singularity spectrum is possible due
to the distortion of the shape of the h(q) curve, as a rule, in the
vicinity of values of the moment g close to zero.

The work (Mukli et al., 2015) proposes the fan-like convergent
geometry of scaling functions yielding a limit value (termed
focus) for all moments at the largest scale. Building on this
behavior of scaling, the authors of (Mukli et al, 2015)
introduced the novel concept of focus-based multifractal
formalism. It relies on enforcing this universal behavior when
the moment-wise scaling exponents are assessed for the scaling
functions. Due to the fact that in the analysis of our data, in 99%
of cases, no distortion of the shape of the i(g) curve was observed,
this method was not used.

To examine the differences between the mean values of the
width of the singularity spectra obtained for different sites of one
subject, the non-parametric Kruskal-Wallis test was used. To
compare the mean widths of the singularity spectra obtained for
different subjects and to estimate statistical difference for both
groups of patients and for the control group, one-way ANOVA
followed by multiple comparison and pairwise hypothesis testing
using Tukey’s test (Hochberg and Tamhane, 1987) was applied. If
the statistics obtained by the Fisher F-criterion exceeded the
critical value F,;; = F, 5 = 3.3, then the null hypothesis about the
equality of the means was rejected. Values 2 and 28 were chosen
based on the fact that the number of groups is k = 3, the number
of averaged values in each group is 10, the total number of
observations is N = 10*3 = 30, therefore k-1 = 2, N - k = 28.
Statistically significant differences between groups were
determined based on p < 0.017 values due to the fact that n =
k (k-1)/2 = 3 and 1-0.951/n = 0.017.

EEG Fractal Organisation in Mental Disease

3 RESULTS

The typical EEG recordings for the healthy subject and the patient
with schizophrenia and the patient with depression are
represented in Figure 1 (A-C) for frontal O2 site.

Figure 2 illustrates examples of power spectra obtained for
these subjects using the IRASA method. The original (mixed)
power spectra are marked in blue and the separated fractal
components are marked in red (Figure 2 A—C). The averaged
mixed and fractal power spectra are represented in Figures 2D-F.
Despite the presence of similar frequency peaks in the delta and
alpha ranges in the gained oscillatory spectra (Figure 2 G—K),
the fractal components of the calculated spectra differ
(Figure 3 D—F), and the values of their scaling exponents
calculated from these spectra also differ.

By analogy with (Racz et al,, 2021), we estimated two the
spectral slopes calculated in the two frequency ranges separately,
yielding estimates of B; and B, characterizing the slope of the
fractal power spectrum in the 1-13 Hz and 13-30 Hz regimes,
respectively. The largest value of spectral scaling exponents {3, =
3.5 corresponds to the fractal spectrum of a patient with
schizophrenia, and the smallest value P, = 2.55 corresponds to
the fractal spectrum of a patient with depression. The smallest
value of B, = 0.71 was obtained for the fractal spectrum of a
patient with depression.

In connection with the well-known relationship between the
spectral scaling exponent  and the Hurst exponent p = 2H + 1,
Hurst exponent values are H; = 0.45 and H, = 0.97 for the healthy
subject and H; = 0.17 and H, = 1.27 for the patient with
schizophrenia and H; = -0.14 and H, = 0.77 for the patient
with depression. This indicates that the correlated dynamics of
successive values of the analyzed EEG patterns is most likely
characteristic of the healthy subject; for patients with
schizophrenia and depression, the dynamics of successive
values of patterns is apparently not only correlated but also
anticorrelated. A  detailed idea of correlations and
anticorrelations is provided by the results of multifractal analysis.

Figure 3 gives example of dependences h(g) of the Holder
exponent on the power q value (Figure 3A) and the scaling
exponents 7(q) (Figure 3B) and the singularity spectra
(Figure 3C) for the subject from the control group obtained
using the WWTM method. Green curves correspond to the sites
over the frontal regions (Fpl, Fz, F3, F4) and red curves
correspond to the sites over the central (C3, C4), occipital
(O1 and 0O2), parietal (sites P3, P4 and Pz) and temporal
(sites T5 and T6) regions.

The shape of the represented curves indicates that for all the
analyzed sites the given EEG time series actually have multifractal
properties. Really, the curves 7(qg) are nonlinear and the Holder
exponents h(q) are not constant and they depend on the moment
q. This leads to the fact that the singularity spectra D(h), depicted
in Figure 3 C, display a single humped shape that characterizes
intermittent fluctuations corresponding to the Holder exponent
values spanning the interval of width Ah exceeding 0.5. In other
words, these spectra are the sets of the multifractal dimensions of
the EEG time series.
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FIGURE 2| The examples of power spectra for the healthy subject (A,D,G), the patient with schizophrenia (B,E,l) and the patient with depression (C,F,K) (02 site).
The original (mixed) power spectra are marked in blue, the fractal components - in red (A-C). The averaged mixed and fractal power spectra (D-F), the oscillatory
spectra (G-K).
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control

FIGURE 3 | The averaged dependences h(q) of the Holder exponent on the power g value (A), the averaged scaling exponents 7(q) (B) and the averaged

singularity spectra (C) for the sites over the frontal regions (F3, Fz, F4) (green curves) and over the central (C3, C4), occipital (O1 and O2), parietal (P3, P4 and Pz) and
temporal (T5 and T6) regions (red curves) for the subject from the control group.

A schizoprenia Cc depression

0.8 i

0.6

0.4 :“::llllllll |

FIGURE 4 | The averaged dependences h(q) of the Holder exponent on the power g value (A,C) and the averaged singularity spectra (B,D) for the patient with

schizophrenia (A,B) and for the patient with depression (C,D). The sites over the frontal and central regions (F3, Fz, F4, C3, C4) (green curves) and the sites over the
occipital (O1 and 02), parietal (P3, P4, Pz) and temporal (T5 and T6) regions (red curves).
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For the given EEG time series the singularity spectrum is in the
range of the Holder exponents 0.34 < h < 1.05 for the sites over
the frontal regions and it is in the range 0.51 < h < 1.05 for the
other sites (Figure 3C). Therefore, for the healthy subject, the
oscillations in this example are characterized by long-term
correlations in most areas of the brain. The frontal network is
characterized by an expansion of the singularity spectrum and a
shift towards anticorrelated dynamics.

Figure 4 illustrates multifractal properties of the EEG time
series for the patient with schizophrenia (Figure 4A, B) and for
the patient with depression (Figure 4 C, D). This is confirmed by
the dependence of the Holder exponents h(q) on the moment g
(Figure 4 A, C). Green color indicates the curves obtained for
sites over the frontal regions (F3, Fz, F4), the curves obtained over
the central (C3, C4), occipital (O1 and O2), parietal (P3, P4 and
Pz) and temporal (T5 and T6) regions are marked in red.

For the patient with schizophrenia the singularity spectrum is
in the range of the Holder exponents 0.26 < h < 0.97 for the sites
over the frontal (F3, Fz, F4) and central (C3, C4) regions (green
curves, Figure 4B) and it is in the range -0.03 < h < 1.13 for the
other sites (red curves, Figure 4 B).

For the patient with depression for the sites over the frontal
and central regions the width of the singularity spectrum and its
location are similar to those obtained for the patient with
schizophrenia (green curves, Figure 4B), the spectrum is in
the range of the Holder exponents 0.28 < h < 0.83 (green
curves, Figure 4D). For the other sites the singularity
spectrum is in the range 0.02 < h < 0.53 (red curves, Figure 4D).

Thus, differences in these spectra are not characteristic of the
frontal network (sites F3, Fz, F4) and the somatomotor network
(sites C3, C4 and Cz), but they are observed in sites associated
with the dorsal attention network (sites P3, P4 and Pz) and with
the visual network (sites T5, T6, O1. O2).

Both strong fluctuations (at g > 0) and weak fluctuations (at
q < 0) contribute to this shift to the correlated dynamics of the
time series over the frontal and somatomotor networks (green
curves Figure 4 A, C), while weak fluctuations dominate for the
singularity spectra D(h) in the sites over the dorsal attention and
visual networks because at g > 0 values of & are close to zero (red
curves Figure 4 A, C).

The location of the singularity spectrum in the range of Holder
exponents 0. < h < 1.2 for the sites over all regions for the patient
with  schizophrenia (Figure 4B) corresponds to both
anticorrelated (for h < 0.5) and correlated (for h > 0.5)
dynamics of consecutive values of the EEG time series (Eke
et al., 2002; Pavlov and Anishenko, 2007). The correlation of
successive signal values means that a larger signal value is more
likely to be followed by a larger one, and vice versa. Thus, for the
long-range correlations the oscillatory process is persistent, i.e.
maintaining the tendency, and with the low level of random
factors (Arneodo et al., 1995).

Figure 4D shows that the degree of long-term correlations
decreases and the spectrum of the singularity turns out to be in
the range of Holder exponents 0. <h < 0.5 (red curves Figure 4D)
for the patient with depression at the transition from the frontal
and somatomotor networks to the dorsal attention and the visual
networks. It means that long-term correlations of successive
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FIGURE 5 | Results of one-way analysis of variance for comparing the
average values of the width of the singularity spectrum, Ah, in three groups of
subjects for the site C4 (A) and the site O2 (B).

values of the EEG time series almost disappear and the
singularity spectra shift to the region of anticorrelated values.

Thus, presented in Figure 3 and Figure 4 data show
differences in the spectra of singularities of the EEG time
series for subjects from the various analyzed groups.

We note that the power spectra of the control group
contained mainly the alpha range in all areas of the brain
except for the frontal zone, in which delta range fluctuations
were also present. Alpha and delta rhythms were typical for all
areas of the brain for the group with schizophrenia, while for
the somatomotor and frontal networks the amplitude of the
delta rhythm was higher than the alpha rhythm and
fluctuations were observed in the beta range. For the
depressed group, alpha and delta rhythms were also present
in the all sites, while for the visual network the alpha rhythm
dominated.

Figure 5 illustrates the similarity of the results of multifractal
analysis obtained by the WTMM and MFDFA methods. Despite
the differences in the width of the multifractality spectrum for
each subject (the healthy subject, Figure 5A—Figure 5C and the
patient with schizophrenia, Figure 5D—Figure 5F), the region of
the spectrum is preserved.
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TABLE 1| Comparison of the averaged (over subjects) maximal and minimal values of the Holder exponent (hmin and himax) @nd the width of the singularity spectrum, Ah, for
different groups, the values of the Fisher test (F) and the significance level of the test (o), calculated on the basis of one-way analysis of variance (O1 site).

Parameters control group group with group with F p
schizophrenia depression
the MFDFA method
Ah 0.47 + 0.05 0.91 £ 0.07 0.58 + 0.06 276 710710
Armin 0.56 + 0.02 0.04 + 0.01 0.11 £ 0.03 332 81072
Amax 1.03 + 0.05 0.95 + 0.07 0.69 + 0.06 319 3710720
the WTMM method
Ah 0.43 + 0.04 0.86 + 0.08 0.48 + 0.05 346 51072
Armin 0.52 + 0.05 -0.05 + 0.02 0.11 £ 0.02 312 710720
Armax 0.95 + 0.05 0.81 + 0.08 0.59 + 0.06 375 4410722

TABLE 2 | Comparison of the averaged (over subjects) maximal and minimal
values of the Holder exponent (hmin and hnay) in various sites for different
groups. The values of the Fisher test (F) and the significance level of the test (o),
calculated on the basis of one-way analysis of variance are given for the multiple
comparison for the width of the singularity spectra.

Sites control group group with group with F P
schizophrenia depression

Fz 0.35-1.15 0.21-0.91 0.31-0.71 19 71076
F3 0.41-0.98 0.25-0.95 0.29-0.78 25 21077
c3 0.44-1.15 0.31-1.17 0.25-0.61 21 51076
c4 0.47-0.99 0.35-1.09 0.21-0.70 18 3107
P3 0.53-1.08 0.03-1.12 0.07-0.55 356 61072
P4 0.57-1.15 0.09-1.25 0.15-0.62 343 91072
T5 0.59-1.11 0.01-1.05 0.21-0.73 327 24107
6 0.56-0.91 0.06-0.98 0.12-0.69 314 771072
02 0.51-0.95 0.04-0.95 0.13-0.75 308 2107

Table 1 illustrates the variability of the averaged (over
subjects) maximal and minimal values of the Holder exponent
(Mmin and hy,,,) and the width of the singularity spectrum, Ah,
gained by the WTMM and MFDFA methods for O1 site for
different groups, and the values of the Fisher test (F) and the
significance level of the test (p), calculated on the basis of one-way
analysis of variance. The data obtained by the different methods
for the same groups differ slightly.

The main feature of the data obtained is that the group of
patients with schizophrenia is characterized by a high degree of
multifractality of EEG time series (Ah = 0.91 + 0.07, MFDFA and
Ah =0.86 + 0.08, WITMM, respectively) and the presence of both
anticorrelated and correlated dynamics of consecutive values of
EEG ([Mmin; Pmax ] = [0.04-0.95] by the MFDFA method and
[Mmins Pmax ] = [-0.05-0.81] by the WTMM method).

For the group of patients with depression, the degree of
multifractality is lower (Ah = 0.58 + 0.06, MFDFA and Ah =
0.48 + 0.05, WTMM, respectively) than for the group of patients
with schizophrenia, and there is a tendency for the singularity
spectrum to shift towards anticorrelated values ([Amin; Amax | =
[0.11-0.69] and [Mpyin; Hmax 1 = [0.11-0.59], by MFDFA and
WTMM, respectively).

For the control group, degree of multifractality (Ah = 0.47 +
0.05 and Ah = 0.43 £ 0.04, by MFDFA and WTMM, respectively)

differs from the degree of multifractality of the EEG time series in
individuals with the considered pathologies.

Thus for the site Ol over the frontal network the main
differences between the multifractal properties of the healthy
and pathology brain are that the EEG time series is characterized
by exclusively long-term correlations for the control group,
correlated and anticorrelated dynamics for the group with
schizophrenia, and almost anticorrelated dynamics for the
group with depression.

One-way analysis of variance revealed statistically significant
differences in the averaged maximal and minimal values of the
Holder exponent (A, and hy,,,) and the width of the singularity
spectrum, Ah, in the three groups examined. The statistics
obtained by the Fisher F-criterion exceeded the critical value
F, it = F 8 = 3.3 (Table 1). Significance level of the Fisher test (p),
ie. the maximum probability of falsely rejecting the null
hypothesis of equal means, when it is true, is close to zero
(Table 1).

Table 2 gives information about the averaged (over subjects)
maximal and minimal values of the Holder exponent (h,,;, and
humay) in various sites for different groups.

The minimum values of the Holder exponent h,,;, are close to
each other for the group with schizophrenia and the group with
depression for the sites Fz, F3, C3, C4, but the maximal values of
the Holder exponent hy,,, differ by an upward shift for the group
with schizophrenia. At the same time, group differences in the
[Amin> Bmax] intervals are most typical for P3, P4, T5, T6, and
O2 sites. Thus, sites over the dorsal attention and visual networks
are characterized exclusively by long-term correlations of
consecutive EEG values for the control group, predominantly
anticorrelated dynamics for the depression group, and both
correlated and anticorrelated dynamics for the schizophrenia
group.

One-way analysis of variance proved statistically significant
differences in the width of the singularity spectrum, Ah, in all sites
of the three groups examined. The values of the Fisher test (F) and
the significance level of the test (p), calculated on the basis of one-
way analysis of variance are given for the multiple comparison for
the width of the singularity spectra. The statistics obtained by the
Fisher F-criterion exceeded the critical value F,,;, = F, »5 = 3.3 for
the all sites. (Table 2).
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Graphical results of one-way analysis of variance for
comparing the average values of the width of the singularity
spectrum, Ah, in three groups of subjects are shown in Figure 5
(for the site C4 (Figure 5A) and the site O2 (Figure 5B). Large
differences in the central lines (medians of sample values of the
coefficient Ah), corresponding to large values of the Fisher
statistics F, indicate significant differences in group means.

Pairwise comparisons of the mean values of the coefficient Ah
obtained on the basis of multiple comparison followed by testing
of paired hypotheses using the Tukey test show that for the site
O2 the mean Ah values for the group with schizophrenia and
control group (Ah = 091 + 0.08 and Ah = 0.44 + 0.04,
respectively) differ at a significance level of p < 0.0007, for the
group with depression and control group differ at the p <
0.0009 significance level, for the group with schizophrenia and
the group with depression they differ at the p < 0.008 significance
level.

For the site C4 these differences also exist. The smallest
differences are observed for this site between the mean Ah
values for the group with schizophrenia and control group
differ at the p < 0.011 significance level.

Thus, sites over the dorsal attention and visual networks are
characterized exclusively by long-term correlations of consecutive
EEG values for the control group, predominantly anticorrelated
dynamics for the depression group, and both correlated and
anticorrelated dynamics for the schizophrenia group.

Thus, the results obtained in this work, indicate, firstly, a high
degree of stability of the multifractality of various EEG time series
for a certain test group, and, secondly, they indicate the correlated
dynamics in the analyzed sites over the dorsal attention and visual
networks of the control group and predominantly anticorrelated
dynamics, ie. a significant decrease or even complete
disappearance of the long-range correlations in the EEG time
series for the group with depression. The EEG time series of the
patients with schizophrenia are characterized by both correlated
and anticorrelated dynamics of consecutive EEG values with
increasing degree of multifractality in the analyzed sites over
the dorsal attention and visual networks.

4 DISCUSSION AND CONCLUSSIONS

The obtained results confirm the stability of the multifractal
properties of various EEG time series, demonstrating the
absence of significant differences in the spectra of the
singularity BHyTpu Kaxmoir I'pyllliel for different electrode
sites over the dorsal attention and visual networks.

Our results agree with the work (Popivanov et al., 2006), which
shows that under different conditions for performing the visual-
motor tracking task by healthy subjects (both imaginary and real
visual-motor tracking), multifractal properties of the filtered EEG
components are very stable for the brain activity of large brain
areas, i.e. for different electrode sites. In this case, external events
(task conditions) have a little effect on the results of the analysis of
multifractal properties. In other words, multifractality of the
healthy brain is statistically stable as well as stable its
neurodynamics (Dik and Nozdrachev, 2019) and the

EEG Fractal Organisation in Mental Disease

multifractal dynamics is predominantly an endogenous
property of such a self-organizing system as the human brain,
which ensures its purposeful behavior (Popivanov et al., 2006).

A comparative analysis of the multifractality degree in EEG
time series registered in the group of healthy subjects and the two
groups of patients with mental disorders showed statistically
significant differences in the singularity spectra based on the
evaluation of the multifractal scaling properties of these
components.

The main feature of the analyzed EEG time series of the
control group is the presence of exclusively long-term
correlations of consecutive values of these series. A slight shift
of the singularity spectrum towards anticorrelation values is
observed only in the sites over the frontal and somatomotor
networks.

In contrast, the EEG time series of patients with paranoid
schizophrenia have not only the long-term correlations but also
the anticorrelated dynamics of consecutive values of the EEG. At
the same time, a large degree of anticorrelated dynamics
associated with a decrease in the minimum value of the
Holder exponent is characteristic of the sites over the dorsal
attention and visual networks.

The EEG time series of patients with depression have
practically the anticorrelated dynamics of consecutive values.
The degree of anticorrelations increases with the transition
from the frontal and somatomotor networks to the dorsal
attention and the visual networks.

Thus, it can be concluded that mental disorders are correlated
with impaired correlated dynamics. At the same time, the severity
of brain disorders correlates with an increase in the degree of EEG
multifractality.

The presence of anticorrelations of consecutive EEG values in
patients with depression found in our work is consistent with the
work (Bachmann et al., 2014), in which, using the method of
detrended fluctuation analysis, a shift of the Hurst exponent was
shown in the direction corresponding to a decrease in long-range
correlations and the emergence of anti-correlation EEG dynamics
in group of depressive subjects compared with the control group.

A number of studies have investigated the multifractal
characteristics of filtered EEG components for a healthy brain
(Popivanov et al., 2006) and fractal characteristics in the case of
mental disorders (Wang et al., 2004; Raghavendra et al., 2009).
The work (Wang et al., 2004) showed a decrease in the degree of
correlation of successive values of the alpha and beta components
of the EEG in patients with schizophrenia. However, firstly, the
authors of (Wang et al., 2004) applied the method of estimating
the fractality associated with the unique Holder exponent and not
with the singularity spectrum, i.e. set of the Holder exponents.
Second, narrow-band data filtering can break correlations
between consecutive values of time series. For this reason,
such filtering was not carried out in the present work.
Although the predominance of a certain rhythm in the EEG
(for example, alpha or theta) may affect the fractal characteristics
due to the greatest contribution of these components (Popivanov
et al., 2006).

It was shown in (Raghavendra et al., 2009) that the fractal
dimension of the EEG of neuroleptic-naive, recent-onset
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schizophrenia subjects with positive symptoms of schizophrenia
(delusions and hallucinations) was similar or higher than the
fractal dimension of the EEG of the control group; this increase in
fractal dimension value was absent in patients with negative
symptoms of schizophrenia (apathy, lack of will). These data
are consistent with the results of our work (greater degree of
multifractality in patients with positive symptoms of
schizophrenia compared with the control group). This
agreement is also with the work (Wang et al., 2004), which
also shows a significant increase of the multifractal singularity
spectra in the EEG of the schizophrenic patients.

In (Alamian et al, 2022), using the wavelet leaders-based
multifractal analysis (Wendt and Abry, 2007), an increase in
the multifractality of the neuromagnetic (MEG) signal was shown
in patients with schizophrenia in the temporal, parietal, and
occipital areas compared to healthy controls. In (Racz et al,
2021), a greater degree of multifractality was found in patients
with schizophrenia compared to the control group values in delta
band (0.5-4 Hz) neural activity.

Due to the fact that scale-free fluctuations are considered the
result of an underlying self-organized critical state of the brain
that gives rise for its ability to perform large-scale reorganizations
quickly in response to external/internal stimuli (Mukli et al.,
2018), an increased degree multifractality in patients with
schizophrenia may be associated with distorted and
disorganized EEG patterns (Racz et al., 2020).

It should be noted that the results of the study of fractal
dimension in patients with schizophrenia may show differences
depending on the time of illness, symptoms and medication. The
diversity of schizophrenia symptoms and drug treatment options,
and the fact that sometimes certain combinations of drugs that
help manage positive symptoms can exacerbate negative
symptoms (Goff et al, 1996), make it difficult to compare
results from different studies and affect the complexity of
brain signals (Lee et al., 2021). In addition, differences may be
due to differences in the age of patients. Indeed, it has been often
reported that the properties of scale-free dynamics change with
age (Churchill et al,, 2016).

From a practical standpoint, multifractal dynamics often
emerge from intermittent periods of larger variance due to
large scale reorganizations of functional networks (Ihlen and
Vereijken, 2010). An increase in the width of the spectrum and,
accordingly, the degree of multifractality may be associated with
increased variability in neuronal activity, which underlies
excessive switching between neuronal states in patients with
mental disorders (Slezin et al., 2007). This increase may reflect
more random connections between neuronal activations, which
may lead to cognitive impairment (Nikulin et al., 2012). The use

REFERENCES

Acharya, U. R, Faust, O., Kannathal, N., Chua, T., and Laxminarayan, S. (2005).
Non-linear Analysis of EEG Signals at Various Sleep Stages. Comput. Methods
Programs Biomed. 80, 37-45. doi:10.1016/j.cmpb.2005.06.011

Alamian, G., Lajnef, T., Pascarella, A., Lina, J.-M., Knight, L., Walters, J., et al.
(2022). Altered Brain Criticality in Schizophrenia: New Insights from

EEG Fractal Organisation in Mental Disease

of antipsychotics appears to reduce abnormally high EEG
disorganization in patients with mental disorders (Takahashi
et al., 2009).

The decrease in the degree of multifractality and finding the
spectrum of multifractality in the region of anticorrelated values,
which is observed in the group of patients with depression, can be
interpreted as a decrease in the variability of neuronal activity
associated with a decrease in the severity of mental disorders.

To sum up, further research of multifractal nature of
psychiatric diseases promises to reveal new exact methods of
diagnosing while it also helps to bridge the gap in the
understanding of the phenomenal and neuronal nature of
mental deficits.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by bioethics committee of Bekhterev Institute of the
Human Brain of the Russian Academy of Sciences (St.
Petersburg). The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

DE was the first author who has performed the fractal analyses
and was responsible for the interpretation of the results. MV had
performed the experiments and described the metodology. LS
prepared the data for the analyses and checked the English
grammar. SE was a chief supervisor who had set the
fundamental goals and assisted in the interpretation of the
results. All authors took part in the writing of the abstract,
introduction and discussion parts.

FUNDING

The work was supported by Russian Federation government for
the “Pavlov Center — Integrative Physiology to Medicine, High-
tech Healthcare and Technologies of Stress Resistance”, grant No.
075-15-2020-921 from 13 November 2020.

Magnetoencephalography. Front. Neural Circuits 16, 630621. doi:10.3389/
fncir.2022.630621

Arneodo, A., Bacry, E., and Muzy, J. F. (1995). The Thermodynamics of Fractals
Revisited with Wavelets. Phys. A Stat. Mech. its Appl. 213, 232-275. doi:10.
1016/0378-4371(94)00163-n

Bachmann, M., Suhhova, A., Lass, J., Aadamsoo, K., Véhma, U., and Hinrikus, H.
(2014). “Detrended Fluctuation Analysis of EEG in Depression,” in XIII
Mediterranean Conference on Medical and Biological Engineering and

Frontiers in Physiology | www.frontiersin.org

July 2022 | Volume 13 | Article 905318


https://doi.org/10.1016/j.cmpb.2005.06.011
https://doi.org/10.3389/fncir.2022.630621
https://doi.org/10.3389/fncir.2022.630621
https://doi.org/10.1016/0378-4371(94)00163-n
https://doi.org/10.1016/0378-4371(94)00163-n
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Eetal

Computing. Editor L. Roa Romero (Cham: Springer), 41, 694-697. IFMBE Proc.
doi:10.1007/978-3-319-00846-2_172

Bacry, E., Muzy, J. F,, and Arneodo, A. (1993). Singularity Spectrum of Fractal
Signals: Exact Results. J. Stat. Phys. 70, 635-674. doi:10.1007/bf01053588

Begi¢, D., Hotujac, L., and Joki¢-Begi¢, N. (2000). Quantitative EEG in ‘positive’
and ‘negative’ Schizophrenia. Acta Psychiatr. Scand. 101 (4), 307-311. doi:10.
1111/j.1600-0447.2000.tb10930.x

Churchill, N. W., Spring, R., Grady, C., Cimprich, B., Askren, M. K., Reuter-Lorenz,
P. A, et al. (2016). The Suppression of Scale-free fMRI Brain Dynamics across
Three Different Sources of Effort: Aging, Task Novelty and Task Difficulty. Sci.
Rep. 6, 30895. doi:10.1038/srep30895

Dick, O. E., and Mochovikova, I. A. (2011). “Multifractal and Wavelet Analysis of
Epileptic Seizures,” in Selected Papers from the 3rd Chaotic Modeling and
Simulation International Conference (CHAOS2010), Chania, Crete, Greece,
June 1-4, 2010. Editors C. H. Skiadas, I. Dimotikalis, and C. Skiadas (World
Scientific Publishing), 159-166. doi:10.1142/8146

Dick, O. E. (2017). From Healthy to Pathology through a Fall in Dynamical
Complexity of Involuntary Oscillations of the Human Hand. Neurocomputing
243, 142-154. doi:10.1016/j.neucom.2017.03.008

Dick, O. E., and Svyatogor, I. A. (2012). Potentialities of the Wavelet and
Multifractal Techniques to Evaluate Changes in the Functional State of the
Human Brain. Neurocomputing 82combined with headache,tachycardia or
disturbance of the breathing rhythm, 207-215. doi:10.1016/j.neucom.2011.
11.013

Dick, O. E., and Nozdrachev, A. D. (2019). Mechanisms of Changes in Dynamical
Complexity of Physiological Signal Patterns. St.Petersburg, 36-49. doi:10.21638/
11701/9785288059322.03

Eke, A., Herman, P., Kocsis, L., and Kozak, L. R. (2002). Fractal Characterization of
Complexity in Temporal Physiological Signals. Physiol. Meas. 23 (1), R1-R38.
doi:10.1088/0967-3334/23/1/201

Eke, A., Hermdn, P., Bassingthwaighte, J., Raymond, G., Percival, D., Cannon, M.,
et al. (2000). Physiological Time Series: Distinguishing Fractal Noises from
Motions. Pflugers Arch. - Eur. ]. Physiol. 439, 403-415. doi:10.1007/
5004249900135

Goff, D. C,, Tsai, G., Manoach, D. S., and Flood, J. (1996). D-Cycloserine Added to
Clozapine for Patients with Schizophrenia. Am. J. Psychiatry 153 (12),
1628-1630. doi:10.1176/ajp.153.12.1628

Harris, A., Melkonian, D., Williams, L., and Gordon, E. (2006). Dynamic Spectral
Analysis Findings in First Episode and Chronic Schizophrenia. Int. J. Neurosci.
116 (3), 223-246. doi:10.1080/00207450500402977

Harris, A. W., Bahramali, H., Slewa-Younan, S., Gordon, E., Williams, L., and Li,
W. M. (2001). The Topography of Quantified Electroencephalography in Three
Syndromes of Schizophrenia. Int. J. Neurosci. 107 (3-4), 265-278. doi:10.3109/
00207450109150689

Hochberg, Y., and Tamhane, A. C. (1987). Muitiple Comparison Procedures.
Hoboken, N. J.: John Wiley & Sons.

Thlen, E. A. F. (2012). Introduction to Multifractal Detrended Fluctuation Analysis
in Matlab. Front. Physio. 3, 141-159. doi:10.3389/fphys.2012.00141

Ihlen, E. A. F., and Vereijken, B. (2010). Interaction-dominant. Dynamics in
Human Cognition: Beyond 1/f. a. Fluctuation. J. Exp. Psychol. General 139,
436-463. doi:10.1037/a0019098

Ivanov, P. C., Amaral, L. A. N,, Goldberger, A. L., Havlin, S., Rosenblum, M. G.,
Struzik, Z. R, et al. (1999). Multifractality in Human Heartbeat Dynamics.
Nature 399, 461-465. doi:10.1038/20924

John, J. P., Rangaswamy, M. Thennarasu, K, Khanna, S., Nagaraj, R. B,
Mukundan, C. R, et al. (2009). EEG Power Spectra Differentiate Positive
and Negative Subgroups in Neuroleptic-Naive Schizophrenia Patients. Jnp 21
(2), 160-172. doi:10.1176/jnp.2009.21.2.160

Kantelhardt, J. W., Zschiegner, S. A., Koscielny-Bunde, E., Havlin, S., Bunde, A.,
and Stanley, H. E. (2002). Multifractal Detrended Fluctuation Analysis of
Nonstationary Time Series. Phys. A Stat. Mech. its Appl. 316, 87-114.
doi:10.1016/s0378-4371(02)01383-3

Knott, V., Labelle, A., Jones, B., and Mahoney, C. (2001). Quantitative EEG in
Schizophrenia and in Response to Acute and Chronic Clozapine Treatment.
Schizophr. Res. 50 (1-2), 41-53. doi:10.1016/50920-9964(00)00165-1

Lee, Y.-J., Huang, S.-Y., Lin, C.-P., Tsai, S.-]., and Yang, A. C. (2021). Alteration of
Power Law Scaling of Spontaneous Brain Activity in Schizophrenia.
Schizophrenia Res. 238, 10-19. doi:10.1016/j.schres.2021.08.026

EEG Fractal Organisation in Mental Disease

Mukli, P., Nagy, Z., and Eke, A. (2015). Multifractal Formalism by Enforcing the
Universal Behavior of Scaling Functions. Phys. A Stat. Mech. its Appl. 417,
150-167. doi:10.1016/j.physa.2014.09.002

Mukli, P., Nagy, Z., Racz, F. S., Herman, P., and Eke, A. (2018). Impact of Healthy
Aging on Multifractal Hemodynamic Fluctuations in the Human Prefrontal
Cortex. Front. Physiol. 9, 1072. doi:10.3389/fphys.2018.01072

Muzy, J. F., Bacry, E., and Arneodo, A. (1993). Multifractal Formalism for Fractal
Signals: the Structure-Function Approach versus the Wavelet-Transform
Modulus-Maxima Method. Phys. Rev. E 47, 875-884. doi:10.1103/physreve.
47.875

Nikulin, V. V., Jénsson, E. G., and Brismar, T. (2012). Attenuation of Long-Range
Temporal Correlations in the Amplitude Dynamics of Alpha and Beta
Neuronal Oscillations in Patients with Schizophrenia. Neurolmage 61 (1),
162-169. doi:10.1016/j.neuroimage.2012.03.008

Nurujjaman, M., Narayanan, R., and Iyengar, A. S. (2009). Comparative Study of
Nonlinear Properties of EEG Signals of Normal Persons and Epileptic Patients.
Nonlinear Biomed. Phys. 3, 6-12. doi:10.1186/1753-4631-3-6

Pavlov, A. N, and Anishenko, V. C. (2007). Multifractal Analysis of Complex
Signals. Phys.-Uspekhi 177, 859-876.

Peng, C.-K,, Buldyrev, S. V., Havlin, S., Simons, M., Stanley, H. E., and Goldberger,
A. L. (1994). Mosaic Organization of DNA Nucleotides. Phys. Rev. E 49,
1685-1689. doi:10.1103/physreve.49.1685

Popivanov, D., Stomonyakov, V., Minchev, Z., Jivkova, S., Dojnov, P., Jivkov, S.,
et al. (2006). Multifractality of Decomposed EEG during Imaginary and Real
Visual-Motor Tracking. Biol. Cybern. 94, 149-156. doi:10.1007/s00422-005-
0037-5

Qianli, M. A., Xinba, N., Jun, W., and Bian, C. (2006). A New Measure to
Characterize Multifractality of Sleep Electroencephalogram. Chin. Sci. Bull.
51, 3059-3064.

Racz, F. S., Farkas, K., Stylianou, O., Kaposzta, Z., |Czoch, A., |[Mukli, P, et al.
(2021). Separating Scale-free and Oscillatory Components of Neural Activity in
Schizophrenia. Brain Behav. 11, €02047. doi:10.1002/brb3.2047

Racz, F. S, Stylianou, O., Mukli, P., and Eke, A. (2020). Multifractal and Entropy-
Based Analysis of Delta Band Neural Activity Reveals Altered Functional
Connectivity Dynamics in Schizophrenia. Front. Syst. Neurosci. 14, 49.
doi:10.3389/fnsys.2020.00049

Raghavendra, B. S., Dutt, D. N, Halahalli, H. N., and John, J. P. (2009). Complexity
Analysis of EEG in Patients with Schizophrenia Using Fractal Dimension.
Physiol. Meas. 30 (8), 795-808. doi:10.1088/0967-3334/30/8/005

Ranlund, S., Nottage, J., Shaikh, M., Dutt, A., Constante, M., Walshe, M., et al. (2014).
Resting EEG in Psychosis and At-Risk Populations-Aa Possible Endophenotype?
Schizophr. Res. 153 (1-3), 96-102. doi:10.1016/j.schres.2013.12.017

Sassi, R., Signorini, M. G., and Cerutti, S. (2009). Multifractality and Heart Rate
Variability. Chaos 19, 028507. 028507-1-5. doi:10.1063/1.3152223

Scafetta, N., Marchi, D., and West, B. J. (2009). Understanding the Complexity of
Human Gait Dynamics. Chaos 19, 026108. 026108-1-10. doi:10.1063/1.3143035

Scafetta, N., Moon, R. E., and West, B. J. (2007). Fractal Response of Physiological
Signals to Stress Conditions, Environmental Changes, and Neurodegenerative
Diseases. Complexity 12, 12-17. doi:10.1002/cplx.20183

Slezin, V. B., Korsakova, E. A., Dytjatkovsky, M. A., Schultz, E. A, Arystova, T. A,,
and Siivola, J. R. (2007). Multifractal Analysis as an Aid in the Diagnostics of
Mental Disorders. Nordic J. Psychiatry 61 (5), 339-342. doi:10.1080/
08039480701643175

Song, I. H., and Lee, D. S. (2005). “Fluctuation Dynamics in Electroencephalogram
Time Series,” in Mechanisms, Symbols, and Models Underlying Cognition.
Editors J. Mira and J. R. Alvarez (Berlin: Springer-Verlag Berlin
Heidelberg), 281-304. doi:10.1007/11499220_21

Suckling, J., Wink, A. M., Bernard, F. A, Barnes, A., and Bullmore, E. (2008).
Endogenous Multifractal Brain Dynamics Are Modulated by Age, Cholinergic
Blockade and Cognitive Performance. J. Neurosci. Methods 174, 292-300.
doi:10.1016/j.jneumeth.2008.06.037

Takahashi, T., Kosaka, H., Murata, T., Omori, M., Narita, K., Mitsuya, H., et al.
(2009). Application of a Multifractal Analysis to Study Brain White Matter
Abnormalities of Schizophrenia on T2-Weighted Magnetic Resonance
Imaging. Psychiatry Res. Neuroimaging 171, 177-188. doi:10.1016/j.
pscychresns.2008.03.009

Takashi Ozaki, T., Toyomaki, A., Hashimoto, N., and Kusumi, I. (2021).
Quantitative Resting State Electroencephalography in Patients with

Frontiers in Physiology | www.frontiersin.org

July 2022 | Volume 13 | Article 905318


https://doi.org/10.1007/978-3-319-00846-2_172
https://doi.org/10.1007/bf01053588
https://doi.org/10.1111/j.1600-0447.2000.tb10930.x
https://doi.org/10.1111/j.1600-0447.2000.tb10930.x
https://doi.org/10.1038/srep30895
https://doi.org/10.1142/8146
https://doi.org/10.1016/j.neucom.2017.03.008
https://doi.org/10.1016/j.neucom.2011.11.013
https://doi.org/10.1016/j.neucom.2011.11.013
https://doi.org/10.21638/11701/9785288059322.03
https://doi.org/10.21638/11701/9785288059322.03
https://doi.org/10.1088/0967-3334/23/1/201
https://doi.org/10.1007/s004249900135
https://doi.org/10.1007/s004249900135
https://doi.org/10.1176/ajp.153.12.1628
https://doi.org/10.1080/00207450500402977
https://doi.org/10.3109/00207450109150689
https://doi.org/10.3109/00207450109150689
https://doi.org/10.3389/fphys.2012.00141
https://doi.org/10.1037/a0019098
https://doi.org/10.1038/20924
https://doi.org/10.1176/jnp.2009.21.2.160
https://doi.org/10.1016/s0378-4371(02)01383-3
https://doi.org/10.1016/s0920-9964(00)00165-1
https://doi.org/10.1016/j.schres.2021.08.026
https://doi.org/10.1016/j.physa.2014.09.002
https://doi.org/10.3389/fphys.2018.01072
https://doi.org/10.1103/physreve.47.875
https://doi.org/10.1103/physreve.47.875
https://doi.org/10.1016/j.neuroimage.2012.03.008
https://doi.org/10.1186/1753-4631-3-6
https://doi.org/10.1103/physreve.49.1685
https://doi.org/10.1007/s00422-005-0037-5
https://doi.org/10.1007/s00422-005-0037-5
https://doi.org/10.1002/brb3.2047
https://doi.org/10.3389/fnsys.2020.00049
https://doi.org/10.1088/0967-3334/30/8/005
https://doi.org/10.1016/j.schres.2013.12.017
https://doi.org/10.1063/1.3152223
https://doi.org/10.1063/1.3143035
https://doi.org/10.1002/cplx.20183
https://doi.org/10.1080/08039480701643175
https://doi.org/10.1080/08039480701643175
https://doi.org/10.1007/11499220_21
https://doi.org/10.1016/j.jneumeth.2008.06.037
https://doi.org/10.1016/j.pscychresns.2008.03.009
https://doi.org/10.1016/j.pscychresns.2008.03.009
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Eetal

Schizophrenia Spectrum Disorders Treated with Strict Monotherapy Using
Atypical Antipsychotics. Clin. Psychopharmacol. Neurosci. 19, 313-322. doi:10.
9758/cpn.2021.19.2.313

Tislerova, B., Brunovsky, M., Horacek, J., Novak, T., Kopecek, M., Mohr, P., et al.
(2008). LORETA Functional Imaging in Antipsychotic-Naive and Olanzapine-,
Clozapine- and Risperidone-Treated Patients with  Schizophrenia.
Neuropsychobiology 58 (1), 1-10. doi:10.1159/000154474

Wang, W., Zhang, S., and Ning, X. (2004). A Significant Increase of Multifractal
Behavior of Schizophrenia’s EEG. Chin. Biomed. Eng. Trans. 23, 511-515.

Watters, P. A, and Martin, F. (2004). A Method for Estimating Long-Range Power Law
Correlations from the Electroencephalogram. Biol. Psychol. 66, 79-89. doi:10.1016/j.
biopsycho.2003.09.001

Wen, H., and Liu, Z. (2016). Separating Fractal and Oscillatory Components in the
Power Spectrum of Neurophysiological Signal. Brain Topogr. 29 (1), 13-26.
doi:10.1007/s10548-015-0448-0

Wendt, H., and Abry, P. (2007). Multifractality Tests Using Bootstrapped Wavelet
Leaders. IEEE Trans. Signal Process. 55, 4811-4820. doi:10.1109/tsp.2007.896269

Wink, A.-M., Bullmore, E., Barnes, A., Bernard, F., and Suckling, J. (2008).
Monofractal and Multifractal Dynamics of Low Frequency Endogenous

EEG Fractal Organisation in Mental Disease

Brain Oscillations in Functional MRI. Hum. Brain Mapp. 29, 791-801.
doi:10.1002/hbm.20593

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 E, V, S and E. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

13

July 2022 | Volume 13 | Article 905318


https://doi.org/10.9758/cpn.2021.19.2.313
https://doi.org/10.9758/cpn.2021.19.2.313
https://doi.org/10.1159/000154474
https://doi.org/10.1016/j.biopsycho.2003.09.001
https://doi.org/10.1016/j.biopsycho.2003.09.001
https://doi.org/10.1007/s10548-015-0448-0
https://doi.org/10.1109/tsp.2007.896269
https://doi.org/10.1002/hbm.20593
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Fractal Structure of Brain Electrical Activity of Patients With Mental Disorders
	1 Introduction
	2 Materials and Methods
	2.1 Experimental Procedure
	2.2 Estimation of EEG Segment Multifractality

	3 Results
	4 Discussion and Conclussions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


