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ABSTRACT

Introduction: Autism Spectrum Disorders (ASD) are a class of neurodevelopmental disorders that are distinguished 
by impairments in social communication and interaction. Individuals diagnosed with ASD commonly exhibit atypi-
cal brain connections and alterations in complexity. It is widely accepted that electroencephalography (EEG) signals 
possess significant information about the neural network structure within the human brain. This study aims to exam-
ine the disparity in complexity levels between individuals with ASD and normal subjects, based on fractal dimension 
(FD) analysis. Materials and Methods: The methodology comprises four sequential stages: initial data preprocessing, 
subsequent wavelet decomposition of electroencephalograms (EEGs) into five sub-bands (delta, theta, alpha, beta, 
and lower gamma), FD calculations, and statistical tests. This study applied two distinct FD analysis approaches: the 
Higuchi Fractal Dimension (HFD) and the Katz Fractal Dimension (KFD). The Emotiv Epoc+ 14-channel wireless 
EEG headset acquired EEG data under eyes-closed conditions. Results: The findings indicate a notable disparity in 
complexity between those with ASD and those in the control group.  The results of statistical tests in both groups 
(ASD and control) stated that the application of the HFD method found significant differences in complexity in theta 
and gamma brain waves, while KFD in delta, theta, beta, and gamma brain waves. Conclusion: HFD and KFD can 
detect changes in brain signal complexity in ASD. Although HFD is more accurate, KFD is more computationally 
suitable for shorter EEG recording time series data than HFD. The Fractal Dimension method has potential as a neural 
marker in the early detection of ASD.
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INTRODUCTION 

Autism Spectrum Disorder (ASD) is a complex 
neurodevelopmental disorder syndrome characterized 
by decreased cognitive abilities, executive function, 
language, emotions, and social communication (1, 
2).  The integration of sensory information, mental 
impairment, and seizure problems are challenges for 
people with ASD. Children with ASD exhibit extremely 
high levels of sensitivity to tastes, aromas, textures, and 
sounds. While cognitive deficits are frequently associated 
with lowered communication skills, executive function 

deficiencies are characterized by recurrent stereotyped 
behavior. There are two main types of behavior in ASD 
sufferers: restricted or repetitive behavior and social 
communication or interaction behavior. Restricted or 
repetitive behavior has characteristics including repeating 
certain behaviors or having unusual behavior, being too 
focused on an object, and having an intense interest in 
certain topics. Meanwhile, social communication and 
interaction behavior have characteristics such as deficits 
in social-emotional reciprocity and deficits in non-
verbal communicative behavior such as abnormalities 
in eye contact and body language.

Despite the existence of multiple comprehensive 
research on Autism Spectrum Disorder (ASD), there 
remains significant divergence of opinion regarding 
the morphological, functional, and neurophysiological 
characteristics of the brain in children with autism. 
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Scientists are currently investigating the correlation 
between brain functionality and autistic behavior 
through the utilization of diverse neuroimaging and 
neurophysiological techniques. One of the most 
challenging aspects in the study of neurodevelopmental 
disorders, particularly Autism Spectrum Disorder (ASD), 
is the utilization of Quantitative Electroencephalography 
(QEEG).
According to the American Academy of Neurology’s 
official definition, QEEG is “a mathematical process 
of digitally recorded EEG to get specific waveform 
components, convert the EEG into a format or domain that 
describes relevant information, or associate numerical 
results” (3). In order to transform raw EEG data into a 
variety of frequency bands that can be analyzed with the 
aid of a computer program, QEEG uses a mathematical 
technique.

QEEG has been adopted in several studies for ASD 
assessment to find out quantitative factors that 
characterize brain function. There are various quantities 
that can be used to describe brain signals. In the 
linear method, the analysis of power spectral density 
and coherence has been extensively studied to see 
differences in power spectral and functional connectivity 
between ASD and normal subjects (1, 4–6). The linear 
method has not provided accurate results in detecting 
functional changes in the brain because the brain is a 
non-linear and very complex system. Therefore, the 
more appropriate method to analyze brain signals is a 
non-linear method. Several non-linear methods used to 
study EEG data are broadly divided into three groups, 
namely the calculation of dimensional complexity, 
regularity, and predictability (7).

This study aims to examine the fractal dimension of the 
complexity of the EEG signal. The fractal dimension, 
a non-integer measure, serves as an indicator of the 
complexity and self-similarity shown by a signal. The 
analysis of correlation and evolutionary properties 
of dynamic signals is conducted through the use of 
fractal dimension (FD) indices, which quantify the 
fractional space occupied by the relevant geometric 
object (8).  The Higuchi Fractal Dimension (HFD) 
and Katz Fractal Dimension (KFD) methodologies are 
commonly employed for the characterization of EEG 
data and offer multiple techniques for the quantification 
of such data. This study aims to assess the complexity 
of electroencephalogram (EEG) data in children with 
Autism Spectrum Disorder (ASD), an area of research 
that has received less attention. To achieve this objective, 
two distinct methodologies will be employed.

MATERIALS AND METHODS

EEG recording

Electroencephalography (EEG) data were acquired 
from a sample of participants, consisting 10 children 

diagnosed with Autism Spectrum Disorder (ASD) and 
five typically developing individuals serving as control 
subjects. The participants in the study exhibit a range of 
ages spanning from 10 to 15 years. The control subjects 
were carefully chosen based on their adherence to 
specific criteria, including physical and mental health, 
absence of neurological or physiological abnormalities, 
and no history of brain injury. Informed consent has 
been obtained from all participants, as indicated by the 
representation of their guardians. The EEG data were 
collected utilizing the Emotiv Epoc+ device, which 
consists of 14 electrodes positioned in line with the 
International 10-20 system. The electroencephalogram 
(EEG) recordings are obtained at a sampling rate of 
128 Hz, with a resolution of 0.1275 V in 16-bit mode. 
The data acquisition was conducted for a duration 
of 10 minutes under conditions of rest, during which 
the participants maintained a state of eye closed. The 
processed EEG signal consists of 3 minutes of data, 
including 3 × 60 × 128 data points for each electrode. 
These data points are carefully selected from time-series 
data segments that include minimal artifacts.

Signal analysis

The process of EEG signal analysis involves multiple 
sequential stages. The initial phase includes the pre-
processing of the electroencephalogram (EEG) data, 
encompassing the procedures of signal centering and 
filtering. The primary objective of the centering process 
is to reduce any direct current (DC) offset present in the 
signal. On the other hand, the purpose of filtering is to 
effectively eliminate undesired noise and artifacts from 
the signal. The subsequent phase involves dividing of the 
EEG data into five sub-bands by wavelet decomposition, 
as depicted in Figure 1. The selected mother wavelet for 
this analysis is Daubechies-2, which has been applied 
using a four-level decomposition. Wavelet analysis has 
been found to possess greater efficacy compared to 
standard Fourier analysis when it comes to the spectrum 
decomposition of time series data that exhibit non-
stationary characteristics. The electroencephalogram 

Figure 1: Data pre-processing and wavelet decomposition.
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Figure 3: KFD Value Calculation Algorithm

Statistical analysis

The Mann-Whitney U test has been used to assess 
whether a statistically significant difference exists in the 
dependent variable when comparing two independent 
groups. The assessment is reported in the form of a 
p-value within an index, with a range of values from 0 
to 1. P-values that are close to zero suggest a statistically 
significant disparity in characteristics between the two 
groups. P-values that are close to 1 suggest a significant 
level of similarity in the distribution of the two groups. 
In the context of this statistical test, a p-value of less than 
0.05 indicates the presence of a statistically significant 
difference in the FD value between the groups diagnosed 
with Autism Spectrum Disorder (ASD) and the control 
groups.
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RESULT

The analysis involved the examination of HFD and KFD 
values across five distinct frequency bands, namely 
delta, theta, alpha, beta, and lower gamma. Figure 4 
displays the graphical representation of the computed 
HFD and KFD values for both the ASD and control 
groups. The presented graph illustrates the HFD and 
KFD values over several frequency bands for both test 
groups, encompassing all electrodes of the Emotiv Epoc+ 
device (specifically AF3, F7, F3, FC5, T7, P7, O1, O2, 
P8, T8, FC6, F4, F8, AF4). The odd-numbered electrodes 
correspond to the placement on the left hemisphere, 

(EEG) signal, which is limited to a certain frequency 
range of 0–60 Hz, is subjected to a decomposition 
process resulting in the identification of five distinct sub-
bands. These sub-bands are referred to as lower gamma 
(30–60 Hz), beta (15–30 Hz), alpha (8–15 Hz), theta 
(4–8 Hz), and delta (0–4 Hz). During the third stage, the 
analysis of the EEG data within each frequency band 
will be conducted utilizing the Fractal Dimension (FD) 
method. The FD algorithm quantifies the level of self-
similarity present in time series data from a conceptual 
standpoint. The methods HFD and KFD are commonly 
employed in the computation of Fractal Dimension 
values derived from EEG data. 

The algorithm for calculating the Higuchi Fractal 
Dimension (HFD) value is illustrated in Figure 2, as 
described in references (9) and (10). The Higuchi Fractal 
Dimension (HFD) algorithm defines irregularity as the 
logarithmic rate of an average fluctuation of consecutive 
points with a lag of k, expressed in terms of the scale 
k. The approach generates time series data that exhibits 
irregularity, which may be conceptually understood as 
fluctuations in the distance between successive points. 
The HFD algorithm computes the distance between 
consecutive points with a delay of k, where the distance 
is only calculated between two adjacent points. The KFD 
method is comparatively less intricate when compared 
to the HFD algorithm. Figure 3 depicts the sequential 
steps entailed in the computation of the KFD value, as 
referenced in previous studies (10, 11).

Figure 2: HFD Value Calculation Algorithm
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whereas the even-numbered electrodes correspond to 
the right hemisphere.

The figures presented in Figures 4(a) to 4(e) display 
the calculated values of HFD and KFD in five distinct 
frequency bands, namely delta, theta, alpha, beta, 
and gamma. In the left section, Figures 4 (a), (b), and 
(c) illustrate that the high frequency power spectral 
density (HFD) values exhibited minimal variation 
between the ASD group and control participants across 
all electrodes. A small disparity is shown in Figure 4 
(b), where the high frequency power (HFD) value is 

Figure 4: Graph of differences in HFD and KFD values in the ASD 
group and the control group for all electrodes in the (a) delta, (b) 
theta, (c) alpha, (d) beta, and (e) gamma frequency bands. (ASD: 
Austism Spectrum Disorders subject; Normal: control subject)

Table I. Mann-Whitney U test results of HFD values between ASD and control groups

Fre-
quency 
Band

Electrodes

AF3 F7 F3 FC5 T7 P7 O1 O2 P8 T8 FC6 F4 F8 AF4

Delta 0.1632 0.3903 0.1379 0.5315 0.0932 0.8851 0.8591 0.4602 0.1292 0.5135 0.2651 0.1292 0.2604 0.1379

Theta 0.0753 0.0599 0.0166* 0.3210 0.0193* 0.0293* 0.2651 0.1272 0.0219* 0.1012 0.0046* 0.0279* 0.0253* 0.0019*

Alpha 0.7985 0.5135 0.3843 0.4948 0.2970 0.5754 0.2438 0.3849 0.5308 0.9797 0.3896 0.4376 0.8878 0.2364

Beta 1.0000 0.4196 0.6500 0.3936 0.1918 0.7026 0.6713 0.8591 0.4982 0.4196 0.2937 0.3869 0.3203 0.2184

 Gamma 0.1718 0.0959 0.0333* 0.2711 0.1272 0.4242 0.3636 0.4935 0.0499* 0.2657 0.0279* 0.2398 0.0539 0.0000*

*p-value < 0.05

consistently greater in the control group compared to 
the group with Autism Spectrum Disorder (ASD) across 
all electrodes. In Figures 4 (d) and (e), it can be observed 
that the high frequency power spectral density (HFD) 
value in the group with Autism Spectrum Disorder 
(ASD) is comparatively greater than that of the control 
group. This implies that throughout the high-frequency 
range, there is an observed elevation in complexity 
values among individuals within the Autism Spectrum 
Disorder (ASD) group. In Figure 4, it is observed that the 
complexity value of KFD in control subjects generally 
surpasses that of the ASD group, with the exception of 
the alpha frequency band. The graph depicting the KFD 
reveals that during the high-frequency range, the KFD 
complexity measure for electrodes located in the right 
hemisphere exhibits a tendency to be higher than the 
KFD value observed for electrodes located in the left 
hemisphere.

Table I presents the Mann-Whitney U test statistic for 
the HFD value, comparing the ASD and control groups. 
Based on the data shown in the table, it is evident that 
the observed disparity in complexity between the group 
diagnosed with Autism Spectrum Disorder (ASD) and 
the control group mostly manifests in the theta band, 
specifically at electrodes F3, T7, P7, P8, FC6, F4, F8, 
and AF4. Additionally, the gamma band, specifically at 
electrodes F3, P8, FC6, and AF4, also exhibits a substantial 
difference. There is a lack of statistically significant 
variation in the high frequency dispersion (HFD) value 
throughout the delta, alpha, and beta frequency bands. 
Figure 5 illustrates the spatial location of the electrode 
exhibiting a statistically significant difference in HFD 
complexity, as determined by the results of the statistical 
test (p-value <0.05). The presence of the red electrode 
suggests a significant difference in high-frequency 
dynamic complexity between the groups with Autism 
Spectrum Disorder (ASD) and the control group.
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Table II. Mann-Whitney U test results of KFD values between ASD and control groups

Fre-
quency 
Band

Electrodes

AF3 F7 F3 FC5 T7 P7 O1 O2 P8 T8 FC6 F4 F8 AF4

Delta 0.0066* 0.1292 0.0073* 0.0992 0.1525 0.0693 0.2065 0.0992 0.0253* 0.0706 0.0079* 0.0819 0.0279* 0.0026*

Theta 0.0193* 0.1645 0.1752 0.2651 0.6127 0.7000 1.0000 0.9291 0.2171 0.1958 0.0126* 0.3710 0.0399* 0.0193*

Alpha 0.1292 0.4396 0.5128 0.6787 0.4635 0.9530 0.4396 0.6993 0.3710 0.3710 0.1372 0.5941 0.0912 0.0753

Beta 0.0519 0.1745 0.6573 0.1252 1.0000 0.2544 0.9530 0.7020 0.1199 0.0992 0.0392* 0.2544 0.0246* 0.0173*

 Gamma 0.0279* 0.1225 0.2544 0.1645 0.8591 0.0992 0.1965 0.3097 0.0693 0.0992 0.0399* 0.1645 0.0046* 0.0193*

*p-value < 0.05

The Mann-Whitney U test for the KFD value between 
the ASD group and the control group is presented 
in Table II. From the table, it can be seen that the 
significant difference in complexity between the ASD 
group and the control group is in the delta (AF3, F3, 
P8, FC6, F8, AF4), theta (AF3, FC6, F8, AF4), beta (FC6, 
F8, AF4) and gamma (AF3, FC6, F8, AF4) frequency 
bands. Graphically, the position of the electrode that 
has a significant difference in KFD complexity values 
based on the statistical test results (p-value <0.05) was 
illustrated in Figure 4. The red electrode indicates 
that the electrode has a significant difference in KFD 
complexity between ASD and control groups.

DISCUSSION

This research aims to explore whether the complexity of 
brain signals in ASD subjects can be differentiated from 
a group of normal subjects based on Fractal Dimension 
measurements. The application of complexity matrices 
to dynamic nonlinear systems such as the human brain 
is an exciting new approach for the study of physiology 
and pathology. Physiologically, the tissues in the human 
body are complex and the presence of pathological 
conditions can be characterized by disruption of dynamic 
processes in the body. In the context of this research, we 
examine the dynamics of the brain’s electrical system 
as measured by EEG. The measure of complexity of 
a dynamic system based on its dimensions is divided 
into two categories, namely spatial dimensionality 
and temporal dimensionality. The Fractal Dimension 
used in this research is included in the temporal 
dimensionality category, where the predictability of 
the dynamic system is carried out directly from the 
time series signals of EEG data. In contrast to previous 
studies, this study focuses on comparing the results of 
Fractal Dimension measurements using two methods at 

once, namely Higuchi and Katz Fractal Dimension in 
neurodegenerative cases of children with ASD.

The results of this study are in accordance with those 
reported by Bosl et al. that there is a decrease in EEG 
complexity in ASD in a resting state compared to 
control (12). Catarino et al. reported a decrease in EEG 
complexity in ASD in the occipital and parietal regions 
of the cortex. Complexity calculations were performed 
using a multiscale entropy analysis on ASD and control 
during a face and chair matching task (13). A study 
using the fractal dimension method by Ahmadlou et 
al. reported a significant difference between ASD and 
control, where the HFD method was detected in the 
gamma, beta, and alpha frequency bands. Meanwhile, 
significant differences were detected in the gamma, 
beta, and delta frequency bands in the KFD method. 
The most significant features discovered via ANOVA 
statistical test were found in the delta (FP2 and C3) and 
gamma (T6) bands with p<0.001 for the KFD method 
(10).

Based on a literature review, HFD and KFD have the 
same efficiency for short EEG recording durations. If we 
look at its performance, HFD has higher accuracy while 
KFD is less sensitive to noise. For shorter recording 
durations, KFD is considered the more desirable and 
the most computationally efficient method compared to 
HFD. This study indicates that the KFD method is superior 
in detecting the difference in complexity between ASD 
and control when compared to HFD. These results are 
in agreement with those reported by Ahmadlou et al. 
(10). In people with complex mental disorders such as 
autism, it’s cannot easily describe conditions related 
to underconnectivity or overconnectivity. However, 
there is abnormal connectivity that varies between 
different parts of the brain and the level of complexity 
of the EEG in ASD (14).  Subjects with ASDs (behaviors 
resembling autism spectrum disorders) may demonstrate 
unusual patterns of brain complexity. This is due to the 
fact that, in accordance with the American Psychiatric 
Association (2000), the primary social and cognitive 
characteristics of ASD include a restricted recurring range 
of behaviors, interests, and activities, deficits in social 
connections, and qualitative communication problems  
(15, 16). Biological complexity reflects the system’s 
ability to adapt quickly and respond to environmental 

Figure 5: The electrode’s position with a p-value<0.05 is based on a 
statistical test for HFD value between ASD and control groups.
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changes. Neuropathology and neuroimaging studies 
have shown broad heterogeneity abnormalities in the 
frontal lobe, amygdala, and cerebellum (17). It shows 
the occurrence of complex and complicated changes in 
the development and connection of the human brain. 
Therefore, the Fractal Dimension is very suitable for 
describing changes in the dynamics of brain complexity 
because it is sensitive to changes in brain activity. This 
makes the Fractal Dimension measure potentially used 
as a neural marker in ASD detection.

CONCLUSION

EEG measurements of brain activity complexity are 
particularly interesting because they capture the 
simultaneous action of several sources that interact with 
one another, are nonlinearly connected, and produce 
feedback loops. The components of this structure are 
those of a high-dimensional, nonlinear “deterministic” 
or stochastic system that displays complicated dynamic 
activity that can be captured by the EEGs. Based on 
the analysis results, it can be concluded that there is a 
significant difference in the complexity of brain signals 
between the ASD group and the control group at 
specific electrodes. The HFD method found differences 
in complexity in the theta and gamma bands, while 
the KFD method found differences in complexity in 
the theta, delta, beta, and gamma bands. The brain 
area in ASD that experienced the most decrease in 
complexity was in the frontal area, especially in the right 
hemisphere (AF4 and FC6). Complexity analysis based 
on fractal dimension calculations provides additional 
information about QEEG that can be applied to identify 
brain abnormalities in ASD. More accurate results can 
be obtained by increasing the number of test subjects.
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