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Highlights

e Simultaneous analysis of frequency and non-frequency features, along with a comprehensive analysis of EEG
signal changes

e Reduction of the power spectrum in the alpha sub-band and an increase in approximate entropy are important
features for distinguishing addicted individuals from healthy individuals

e EEG data of this study includes signal recordings from 15 addicted individuals and 15 healthy individuals
with a 10-10 standard.
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1. Introduction

Drug addiction is a major health problem in modern society. Drug use, by affecting the neurotransmitters present
in different areas of the brain, especially in the reward area, leads to a feeling of pleasure that brings about changes
in other areas and functions of the brain [1,2]. Diamorphine or heroin is a highly addictive drug derived from
morphine and is usually found in the form of a white or brown powder. Heroin addiction in the long term affects
the body and life of a person extensively and leads to sexual and mental disorders, digestive problems, liver and
kidney problems, damage to the health of the heart, blood vessels and brain. Heroin use affects the brain of the
addicted person, so that they are not able to establish proper communication with their surroundings [3].

2. Innovation and contributions

The aim of this study is to identify the distinguishing features of brain signals to distinguish heroin addicts from
healthy individuals using the Davis-Bouldin index. In this study, time and frequency domain features were
examined simultaneously to provide a more comprehensive assessment of changes caused by addiction. The
innovations of this study include the following:

 Simultaneous analysis of frequency and non-frequency features: By evaluating features such as entropy and
power spectrum, EEG signal changes were analyzed comprehensively.

* Identification of effective channels such as Ol and Cz: The research findings show that a decrease in the power
spectrum in the upper alpha subband of the O1 channel and an increase in the approximate entropy in the Cz
channel are important features for distinguishing addicted individuals from healthy individuals.

» Use of a proprietary database: The EEG data of this study includes signal recordings from 15 addicted individuals
and 15 healthy individuals with a 10-10 standard and detailed questionnaire information, which makes the
analyses more valid than similar studies.

According to the results presented, this study provides a detailed framework for examining the effects of addiction
on brain activity and improving diagnostic methods.

According to the research conducted and the results obtained, there is still no agreement on the type of
distinguishing feature. Therefore, the aim of this article is to select appropriate and distinguishing features among
addicted and healthy individuals. The structure of the article is as follows. In the second section, the research
database is examined. In the third section, the proposed method for selecting distinguishing features in healthy
and addicted individuals will be presented. In the fourth section, the evaluation of the results is presented along
with their analysis. Finally, in the fifth section, conclusions and suggestions are expressed.

3. Materials and Methods

In this study, a database of EEG signals from addicts and healthy individuals was used [4]. In the database used,
EEG signals were recorded from 16 channels and based on the international standard 20-10. The reference
electrode was connected to the right ear and the ground electrode was connected to the forehead of the canal (Fpz)
and the sampling frequency was set to 256 Hz. It should be noted that the gUSBamp device manufactured by g.tec
medical engineering GmbH was used to record brain signals. In this study, 15 addicts (8 married and 7 single)
with an average age of 27.32 who were in the stage of quitting heroin and 15 healthy individuals (4 married and
11 single) with an average age of 34.38 who had not used any drugs, alcohol or tobacco consciously and
voluntarily participated in the registration process. All subjects were male and right-handed. All subjects were
given an informed consent form. After that, both groups completed the 28-item General Health Questionnaire
(CHQ-28). Addicts were also asked to answer the 45-item Heroin Craving Questionnaire (HCQ-45), which is
designed to assess people's craving and craving for heroin abuse. This questionnaire was designed to assess the
level of drug dependence and ensure that people were addicted. Physical symptoms, anxiety/insomnia, impaired
social functioning and severe depression, mood disorders, anxiety and substance disorders, childhood disorders
and other disorders were examined in this questionnaire. After answering the questionnaire, people with
psychiatric disorders and a genetic or family history of neurological and related disorders were excluded from the
experiments. The average duration of heroin use was 11.2 years and the average daily dose was 1.2 grams in
addicts. Also, the duration of abstinence from drug use was 10.07.

4. Results and Discussion

In order to analyze EEG signals, non-frequency features of entropy and fractal dimension in different channels
and frequency feature of power spectrum in all channels are extracted and then these features are used to separate
groups from each other. Features are calculated in all participants and compared with boxplots. Boxplots show
the difference in extracted features in different subbands. The comparison is made based on Davis-Bouldin
criterion. The threshold for significant difference is considered to be p-value less than 0.005. There is no
significant difference in channels 14, 4, 15 and 9 and at the same time a decrease in Davis-Bouldin index is
evident. While in other channels a significant difference and an increase in Davis-Bouldin value are observed.
Based on the study conducted in this research and the results obtained and the presented graphs, there is a
significant difference in non-frequency features only in the approximate entropy feature. In other non-frequency
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features such as permutation entropy, wavelet entropy feature, Petrosian fractal dimension, Katz fractal
dimension, counter box, effective value feature, this difference is either not significant or not significant enough
to be used as a distinguishing feature. The results obtained in approximate entropy also agree with intuition,
because the effects of drugs, especially heroin, increase the disorder in the user's thoughts. Based on the results
obtained, the selection of channels O1 and Cz was based on a comprehensive analysis of all EEG channels
recorded in accordance with the international 10-10 standard. In the Cz channel, the increase in approximate
entropy indicated an increase in disorder and a decrease in the self-organization of neuronal activity.
Physiologically, this area plays a role in the processing of motor information and sustained attention, and the
observed changes indicate damage to brain networks caused by heroin use. These results confirm that the selection
of channels was based on data analysis and identification of meaningful indicators and is specifically related to
the functional characteristics of the brain in conditions of addiction.

5. Conclusion

In this study, to identify the distinguishing features of brain signals between healthy individuals and heroin addicts,
various frequency and non-frequency features of the EEG signal were extracted and analyzed. These features were
obtained from different subbands of the frequency spectrum and multiple EEG channels and were examined to
identify abnormal patterns associated with heroin use. The results show that there is a significant difference in
some features; so that the p-value for these differences is less than 0.05. In the high alpha subband, a decrease in
power was observed in the Ol channel, which indicates a decrease in mental relaxation activity and impaired
occipital information processing in addicts. Also, the approximate entropy in the Cz channel increased
significantly, indicating an increase in disorder and decreased neuronal coordination in the central region of the
brain. These findings indicate that both of these features act as key indicators in identifying and distinguishing
healthy individuals from heroin addicts. The results obtained can be used as an effective tool in developing EEG-
based diagnostic methods and monitoring the condition of patients during treatment and rehabilitation. Also, the
combination of frequency and non-frequency features shows greater efficiency compared to using one feature set
alone and provides higher accuracy and precision in the classification process.
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Table 1: Electrode placement

Electrode location Channel number Electrode location Channel number
Cs 10 F; 1
Cz 11 F4 2
Cy 12 F, 3
P 13 Fg 4
Py 14 F, 5
0O, 15 T 6
0, 16 T4 7
Fp, Ground electrode Ts 8
Earlobe Base electrode T 9
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Figure 1: Comparison of non-frequency characteristics in all channels, a) Fractal dimension boxcount, b) Fractal dimension katz, c)
permutation entropy, d) approximate entropy, e) wavelet E, f) wavelet entropy
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Table 2: Comparing the numerical value of the Davies-Bouldin index in all channels for the approximate entropy feature
Significant difference

Table 3: Numerical comparison of Davies Boldin value in the power spectrum in the alpha subband in all channels
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Channel P value<0.005 Changes Davis Boldin quantity
No Yes Increase  Decrease
11 x x 522
7 x x 5.24
8 x x 5.37
5 x x 5.41
3 x x 6.59
4 x x 7.96
16 x x 8.37
6 x x 8.70
2 x x 8.78
13 x x 9.32
17 x x 12.89
12 x x 15.82
14 x x 20.49
15 x x 85.48
9 x x 555.44
10 x X 676.01
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Significant difference P

Channel value<0.005 Changes Davis Boldin quantity
No Yes Increase Decrease
15 x x 1.94
14 x x 1.97
12 x x 2.38
9 x x 2.54
6 x x 2.64
10 x x 2.64
13 x x 2.71
17 x x 2.72
2 x x 2.78
7 x x 2.89
3 x x 2.92
16 x x 3.03
11 x x 3.16
4 x x 3.65
8 x x 3.71
5 x x 3.84
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Figure 2: Comparison of power spectrum in different subbands, a) upper alpha subband power spectrum, b) power spectrum of the second

lower alpha subband, c) power spectrum of the first low alpha subband, d) sensorimotor rhythm power spectrum, ) delta subband power
spectrum, f) theta Sub band power spectrum
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Figure 3: Classification in channels with non-frequency feature of entropy, a) accuracy value, b) precision value

Correct Amount
T T

L |~ petrosian fractal dimension

T T T
= kalz fractal dimension

——— box-counting fractal dimension

2 4 6 8 10 12 14 16
channel

@

18

80

B5

80

7

70

65 [

60

Accuracy Value
T T

T
= katz fractal dimension

~—— petrosian fractal dimension
= box-counting fractal dimension

L L L L L L L L
2 4 6 8 10 12 14 16 18
chamnel

(b)

Como e~ By e ~all (JUST3 as) oilS 3 e Fhas b U o gonai b F IS

Figure 4: Classification in channels with non-frequency characteristic of fractal dimension, a) accuracy value, b) precision value



OHSan g Ly dable/ . gir0 sl JUSww 3l j0

45

KATZ FRACTAL DIMENSION

CHANNEL 11

DAccuracy value O Correct amount

1

BOX-COUNTING FRACTAL
DIMENSION

PETROSIAN FRACTAL
DIMENSION

@

ediiS plote (Shg et

CHANNEL 11
DAccuracy value B¢

(b)

Figure 5: Comparison of accuracy values and precision of non-frequency characteristics in channel 11, a) entropy, b) fractal dimension

Alpha Frequency Spectrum Features
T T T T

Alpha Frequency Spectrum Features

i}

94 T T T 94
92 92 F d
=0 % !\/A‘ i
88 88 [ 1
£ 86 u 86 1
= E=
= i
= -
=
= B4 g84r d
o B
E 3
“a2r “ gk ]
80 80 | d
78 78I 4
_:'grs'ph‘? :E”:a y —— high alpha band
76 | s :IED a ' E band 76+ first low alpha band 4
second lawer 2ipha han ———second lower alpha band
74 L . L L . L . L 74 L . L L L L . L
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16
chamel chamnel

@

(®)

B e —0 oo e Gl T slansl ;s b sla Fhs b UL s sanaib & S

Figure 6: Classification in channels with alpha frequency spectrum features, a) precision value, b) accuracy value
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Table 4: Differences between healthy people and addicted people in the electroencephalogram signal

Disadvantages Results Method Reference
Examining all subbands to - -Examining the consistency of brain
Only the signal power consistency - determine the difference between signal power spectral density in [60]
feature has been examined healthy and addicted individuals in the determining the difference between
hemispheres the two hemispheres

~Investigating differences in time and

frequency domain characteristics ~Dynamics and frequency

Failure to determine the amount of - across all parts of the head and brain o [61]
methadone used for treatment regions elecf:z)fsgéer}iztllgsrzrf;};? nal
Investigating the effect of drug use - phalog g
on different individuals
Study .of dlf.ferén.ces in bealthy and - Simultaneous study of two features - - Study of relative power and central [66]
addicted individuals in only two in the frequency domain frequency of alpha and beta subbands
subbands
~Investigating drug disorders in -Investigating the relationship
Only one feature is considered to - treatment between the power spectrum and [67]
examine the re]ationship, Investigating all subbands to - average frequency of the
] ) ) electroencephalogram and the
determine the relationship duration of heroin use
-Examining all subbands and
o channels in frequency and non-
Lack of determining the - frequency features -Determining the distinguishing .
relationship between brain regions in -Determining the effect of heroin use feature in the time and frequency reggfch

the examined frequency and non-

frequency features on the brain domain

Applying the appropriate method in -

determining the distinguishing feature

Table 5: Comparison of accuracy and precisiony of classification

Method studied Precision Accuracy
[71] 73.00 81.00
Non-frequency features (approximate entropy) 91.50 91.15
Frequency features (upper alpha subband) 92.95 92.18
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