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Abstract

Introduction: Substance abuse has become a significant health problem for individuals and society. This study
aimed to investigate the effects of substance abuse on brain waves.

Materials and Methods: Articles used were systematically searched in Google Scholar, Scopus, Thomson
Reuters, ScienceDirect, PubMed, and IEEE databases. The result of this search was 420 articles. Keywords
[Substance-Related Disorders MESH) AND (EEG MESH)], ["substance-related disorder” AND "EEG"], ["drug
dependence™ AND "EEG"], ["Substance abuse” AND "EEG"], ["Opioid" AND "EEG"], ["Cannabis" AND "EEG"]
and ["Methamphetamine™ AND "EEG"] were used for the search. After removing irrelevant and duplicate articles,
we included 22 full-text articles in the study.

Results: The articles examined the effects of substance abuse on brain waves with three approaches. The first
approach is the event-related potentials technique. The second approach is to investigate the functional connections
between different brain parts. The third approach analyzes EEG signals from various channels to select biomarkers
to detect substance abuse.

Conclusion: According to the present findings, it is suggested that policymakers and community health managers
increase public awareness of the harms of substance abuse. Researchers in health should also discover and develop
new diagnostic methods and treatment strategies according to the damage caused to the brain of substance abusers.

Keywords: Brain, Diagnosis, Electroencephalogram, Substance abuse

Please cite this paper as:
Marvi N, Haddadnia J. The quantification of the effect of substance abuse on brain behavior based on electroencephalogram
signals: A comprehensive review. Journal of Fundamentals of Mental Health 2022 Nov-Dec; 24(6): 361-370.

and need treatment services. According to this
report, the number of substance-related deaths in

Introduction
Substance abuse as a global problem has

provoked many theories and research. Substance
abuse leads to severe physical and mental
damage and includes social harm. According to
the United Nations Office on Drugs and Crime,
in 2017, 585,000 people died worldwide due to
substance abuse (1). Thirty-five million people
worldwide suffer from substance use disorders
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2017 in Iran was 3012. Among the types of
substances, opioids and amphetamine-type
stimulants were the most common cause of death
due to substance abuse in Iran in 2017 (1).
According to the DSM5 report, stimulants (like
methamphetamine (Meth)), cannabis (Can),
hallucinogenic, and opioids (Op) are among the
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EFFECT OF SUBSTANCE ABUSE ON BRAIN BEHAVIOR

substances. Abusing any of these substances can
cause serious harm to a person's health (2).

Substance abuse is recognized as a disorder.
The most critical place that substance affects is
brain. The brain is one of the body's complex and
vital tissues; it consists of billions of neurons.
The correct functioning of the brain is due to
healthy neurons and proper communication
between neurons.

Addiction disrupts the neural circuits of brain
which related to the reward system, motivation,
and memory. Brain damage under the influence
of substance abuse is divided into functional and
structural. Brain structural damage can be
investigated with Magnetic Resonance Imaging
(MRI) (3,4) and Positron Emission Tomography
(PET) (5).

Functional brain damage can be studied with
Electroencephalogram (EEG), Near-Infrared
Spectroscopy (NIFS) (6), Magnetoencephalo-
graphy (MEG) (5), and functional Magnetic
Resonance Imaging (fMRI) (7,8) technique.
Most of the mentioned techniques for data
recording require a place with unique and
expensive equipment and have difficulties.

EEG, as a simple, low-cost, and non-invasive
method, can express the activity of the brain
cortex. Therefore, studies that have used EEG
signals to quantify and change brain behavior
and their proposed diagnostic systems in
substance abuse have been reviewed.
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Materials and Methods

Block diagram 1 showed the general structure
of drug abuse detection systems based on EEG
signals. The step-by-step process in drug abuse
detection systems is as follows:

1) Signal acquisition: EEG signals are
recorded from substance abusers and healthy
control (HC) individuals with the same
inclusion criteria and characteristics.

2) Data preprocessing: The recorded EEG
signals are processed using conventional signal
processing methods to minimize noise and
artifacts.

3) Feature extraction: Different studies with
three approaches try to find biological
indicators for diagnosis.

Event-Related Potential (ERP) is the response
of brain to visual and auditory stimuli.

Functional brain communication examines the
connections between different parts of the
brain.

Quantification of biological indicators is done
by mathematical analysis of brain signals.

4) Evaluation of the extracted features: It is
done for two purposes.

The statistical analysis of the indicators to
check the significance of the changes in the
extracted parameters, data classification is
based on indicators using machine learning
methods, artificial neural networks, or fuzzy
methods.

Diagnostic
noise-free indicators
EEG [ EEG _ Evaluation
Data feature of the
preprocessing extraction extracted

features

Substance

Data Classification abuser/healthy

Investigating the
significance of changes
Statistical b in indicators in the
Analysis substance abusers and
healthy group

Figure 1. Block diagram of substance abuse detection system

We systematically searched Google Scholar,
Scopus, Thomson Reuters (ISI), Science
Direct, PubMed, and IEEE databases from
2012 to December 1, 2021. We found 420
articles. The search guide is based on the
combination of English words and the Medical
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Subject Heading (MESH) modification,
including  [(Substance-Related  Disorders
MESH) AND (EEG MESH)]; ["substance-
related disorder* AND "EEG"]; ["drug
dependence” AND "EEG"]; ["Substance
abuse” AND "EEG"]; ['Opioid" AND "EEG"];
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["Cannabis" AND "EEG"] and
["Methamphetamine " AND "EEG"] were
performed. Inclusion criteria: Comparative
studies between healthy individuals and
substance abusers, English studies, data of the
EEG signal, and the availability of the full text.
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Exclusion criteria: Studies investigated the
effect of substance abuse with imaging
techniques, studies used animal subjects, the
dissertations, conference poster articles,
abstract articles, systematic review studies, and
meta-analyses.
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Figure 2. Flow chart of the articles selection process

The steps of selecting articles are shown in
Figure 2. Also, the list of papers used, data
collection technique, the sample size in abuse

and control groups, type of substance
consumed, and processing technique are given
in Table 1.

Table 1. List of articles used in the research

st Publication Data collection Abuser Control Type of substance . .
udy - - . Processing technique
year technique sample size | sample size consumed

©) 2022 EEG 52 - Meth Event-Related
Potential

(10) 2021 EEG 67 60 Can Event-Related
Potential

61 Can users with high

1) 2019 EEG 105 - DI and 44 Can users Event-Related

- Potential
with low DI

12) 2018 EEG 21 22 Meth Event-Related
Potential

(13) 2015 EEG 26 29 Meth Event-Related
Potential

(14) 2016 EEG 10 10 Meth Event-Related
Potential

(15) 2014 EEG 23 27 cocaine Event-Related
Potential
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) Cocaine (53), Meth Event-Related
(16) 2016 EEG 123 (51), Heroin (19) Potential
Functional brain
(8) 2019 EEG 36 24 Meth connection
17 2020 EEG 12 24 Can Functional brain
connection
(18) 2018 EEG 17 21 Can Functional brain
connection
Functional brain
(29) 2019 EEG 36 24 Meth connection
20) 2013 EEG 36 36 Meth Functional brain
connection
Op (17), methadone Functional brain
(21) 2015 EEG 49 21 treatment subjects (32) connection
Op (17), methadone Functional brain
(22) 2016 EEG 49 21 treatment subjects (32) connection
23) 2014 EEG 21 20 Substance Functional brain
connection
24) 2017 EEG 39 2% 25 Can users, 14 Can Quantification of
abusers biological indicator
Quantification of
(25) 2012 EEG 48 20 Meth biological indicator
26) 2020 EEG 57 30 Meth Quantification of
biological indicator
@7 2020 EEG 75 59 Heroin Quantification of
biological indicator
Op(20), Meth(15), R
(28) 2021 EEG 58 20 people with alcohol use b%ljggitéglc ?r?doir(:a(;gr
disorder (23)
Meth (mild:15; I
EEG& A Quantification of
(82) 2021 NIRS 45 . mog:\r/e;tri..llz,)and biological indicator
Results based on EEG signals. Figure 3 shows the

Twenty-two studies included in the research
examined the effects of substance abuse on
brain function; some of these studies also
developed substance abuse detection systems

number of articles related to substance abuse
that were published in recent years and used in
this research.

Number of articles

Figure 4 shows that 36% of the articles
reviewed in the research were based on the
Event-Related Potential (ERP), 36% were
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2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Year

Figure 3. Articles published in 2012-2022 related to substance abuse

related to the study of functional brain
connectivity, and 27% were associated with
quantifying the biological indicators.
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I Quantification of biological indicator
[ Functional brain connection
[ 1Event-Related Potential

36%

36%

Figure 4. The percentage of published articles with
different analytical approaches

In the following, first, the general approaches
to investigating the effects of substances on
brain function, then the systems of substance
abuse detection are introduced.

The effects of substance abuse on the brain
have been investigated with three approaches
described below.

1) Examining ERP signals:

ERP is the examination of the response of
brain to visual and auditory stimuli and enables
the evaluation of brain function in patients with
cognitive disorders. These studies aim to
identify the nature and direction of reward
processing disorders in substance abusers.

Research number 9 analyzed the reaction of
Meth abusers to substance-related stimuli by
examining people's responses to positive and
negative stimuli and images related to Meth.
Also, the self-report emotions and the person's
reaction time were calculated. The results
showed a decrease in brain activity in Meth
abusers in response to substance-related
stimuli. Analysis of the ERP response in Can
abusers while playing the game was performed
by calculating the parameters of positive
reward, negative feedback, and time-frequency
measures of reward and loss (10).

The results showed that "positive reward"
increased in Can abusers' initial acquisition of
monetary reward compared to others. Also,
excellent responsiveness to neural reward was
seen only transiently in Can abusers. Macatee
et al. (11) investigated the relationship between
Can abuse and high Distress Intolerance (DI),
and recorded the ERP response of frequent Can
abusers with high DI and low DI.

Fundamentals of Mental Health, 2022 Nov-Dec
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Results showed that the 1000-3000 ms
modulation of the Late Positive PSotential
(LPP) in high DI users was more significant
only in the post-stress condition, this effect
being only firm in the 1000-2000 ms window.
In addition, the modulation in the high DI group
with craving, stress reduction, and some
indicators of Can abusers varied in the windows
of 400 to 1000 ms and 1000 to 3000 ms,
respectively. No significant effects of DI on
LPP modulation induced by negative stimuli
were found. Examining the ERP response in
Meth abusers showed that Meth abusers had
more risky choices in subsequent tests after
experiencing loss compared to the HC group
(12). They also showed an improvement in
negativism of the preceding stimulus during the
reward preliminary phase and an improvement
in feedback-related negativity for losses versus
gains during the reward outcome phase
compared to the HC group. Overall, Meth
abusers have a sensitive neural response to non-
substance rewards. The impulsivity and
motivational sensitization theories had proper
for them. Examining ERP changes during
consumption and six months of abstinence in
the Meth group showed an increase in the P300
amplitude caused by methamphetamine-related
words in the left anterior electrode sites (13).
The abnormal P300 amplitude decreased to the
normal levels at the end of three months of
abstinence, and this reduction was maintained
until the end of six months of abstinence.
Shahmohammadi et al. (14) designed a non-
invasive diagnostic system for Meth abuse
based on the P300 response to the visual stimuli
of the participants. Examining the ERP
response in cocaine users showed that they
performed weaker in inhibitory control than the
control group (15).

At the same time, the level of executive
dysfunction was not related to more intense
substance use. ERP components of locked
stimuli elicited by distractor stimuli in three
VO-Distinct, VO-Repeated, Go/No Go tasks
were investigated in a group of prisoners as
treatment discontinuation predictors (16). The
results showed that people who stopped
treatment early showed lower P3a amplitude
and less positive PC4 in the VO-D task. In the
VO-R task, subjects who discontinued
treatment early showed the more negative N200
amplitude than subjects hypothesized to have
the smaller positive P3a amplitude. The group
that stopped taking substances had less positive
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PC4 amplitude. There were no differences in
the time domain or principal component
between groups on the Go/No Go task. Support
vector machine models classified people who
stopped treatment with 75% accuracy.

2) Examining the functional brain connections

The studies investigating functional brain
connectivity quantify connectivity between
different brain regions using different
processing techniques.

Investigation of the functional connectivity of
the triple network in Can abusers was carried
out wusing low-resolution electromagnetic
tomography (eLORETA) software (17).

The results showed that the delta band
connections between the salient network and
the central executive network, especially
between the dorsal anterior cingulate cortex and
the right posterior parietal cortex, increased in
Can abusers. Cortical activity and functional
communication in  Can abusers were
investigated by power spectrum density and
spectral coherency in theta, delta, alpha, beta,
and gamma frequency bands (18).

Average degree, clustering coefficient, and
local efficiency were used to quantify
functional communication. The results showed
a decrease in the delta band power spectrum, an
increase in the theta, beta, and gamma bands
power spectrum, an increase in coherency
between the hemispheres and within the
hemisphere, and a decrease in communication
indices in some areas. These factors indicate the
loss of brain nerve function. The studies
investigated functional communication in Meth
abusers with sSLORETA software (19),
weighted phase delay index (8), and visual
graph similarity methods and coherency
methods (20).

The abnormal inter-regional connectivity and
network hub changes were shown in all
frequency bands, especially in delta and gamma
bands (19). In addition, it was proved that the
topology of brain functional communication is
disturbed in Meth abusers, especially in the
gamma band (20). Neucube's spiking neural
network framework examined the brain's
functional communication in Op abusers,
methadone-treated subjects, and the HC group
(21,22). The result showed that the
communication of brain in the resting state with
eyes closed is utterly different from the resting
state with eyes open. Also, more connections
were observed in the left frontal, central and
occipital-occipital regions in the open eye state.

Fundamentals of Mental Health, 2022 Nov-Dec
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In comparing people treated with high and low
doses with the HC group, it was observed that
the brain connections in the group treated with
high doses decreased compared to the low (21).
Also, the brain activity pattern of healthy
subjects differed from Op abusers during
Go/No Go task, and this difference was less
compared to the treated subjects. During the
Go/No Go task, the functional pathways of the
healthy person's brain were larger and broader
than in the other two groups. Also, the brain
communication patterns of high and low-dose
users were completely different (22). The
synchronization probability algorithm
evaluates the brain communication network in
multi-substance-dependent individuals. Results
showed that substance abusers had higher
levels of synchronization in the theta frequency
between frontal and posterior cortical areas at
resting state and performing a simple counting
task (23). Patients showed increased
coordination in beta and gamma frequency
bands during the counting task in anterior-
posterior and interhemispheric temporal
regions. The two factors of "slowness" at rest
and "excessive scramble” during work indicate
that substance abusers' brains suffer from a type
of premature aging.

3) Finding biomarkers of biological indicators

"Biomarkers" are indicators obtained from
EEG signal analysis that can differentiate
between substance abusers and HC groups.

Analyzing EEG signals in acute Can abusers
showed that the Limpel-Ziv complexity index
could distinguish these people from the HC
group (24). The Kruskal-Wallis ANOVA
nonparametric test proved that the increase in
Limpel-Ziv index values in acute Can abusers
is significant compared to the HC group. The
increase in complexity in Can-dependent
individuals may reflect a random increase in
neural activity in these individuals. The
approximate entropy index, as a measure of
chaotic information theory, was introduced as a
biomarker for the diagnosis of Meth abuse in
Yun K et al.'s research (25).

Approximate entropy values in Meth abusers
were significantly lower than in HC in most
areas of the cerebral cortex, which indicated a
decrease in the complexity of the cerebral
cortex in Meth subjects. Chen et al. (26)
guantified brain network dynamics in Meth
abusers by microsatellite analysis. The results
showed that Meth abusers are utterly different
from the HC group in A, B, C, and D classes,

http://jfmh.mums.ac.ir 366


http://jfmh.mums.ac.ir/

EFFECT OF SUBSTANCE ABUSE ON BRAIN BEHAVIOR

which depend on phonological processing,
optical network, salience network, and
attention. The Meth group was unstable in the
A and B classes. Also, intracranial current
sources were destroyed in Meth patients.
Erguzel et al. (27) introduced the entropy
characteristic as a quantitative indicator of
heroin abuse. The results showed that the
entropy values in heroin users were higher than
in the HC group. EEG data and theta frequency
band could differentiate two groups based on
entropy biomarkers. In the research conducted

MARVI AND HADDADNIA

by Minnerly C et al., the power spectrum of
EEG signals was introduced as a biomarker for
diagnosing Op abuse, Meth, and alcohol
consumption (28). According to block diagram
1, biomarkers are classified by data
classification block with Support Vector
Machine (SVM) algorithms, neural networks,
and fuzzy systems. Accuracy assessment
methods check the accuracy of drug abuse
detection systems. Substance abuse diagnostic
systems, diagnostic accuracy, and system
characteristics are summarized in Table 2.

Table 2. The substance abuse diagnostic systems

Study Extractive index Classifier Number of classes AC((:(% )a cy
Weighted phase delay . .
8) index. in the beta band Support Vector Machine (SVM) 2 (Meth-HC) 93
(15) ERP components Support Vector Machine (SVM) 3 75
Small global network Improved probabilistic neural
(20) characteristics, network 2 (Meth-HC) 828
Neucube model based on L 2 (people under methadone
(21) spiking neural network Spiking neural network treatment - Op users) 86
Neucube model based on L
(22) spiking neural network Spiking neural network 2(0Op-HC) 90
27) Entropy Perceptron neural network 2 (Heroin user - HC) 97
Discussion Neural reward responsiveness was investigated

By combining different studies, the present
study sought to understand the effect of drug
abuse on brain function and introduce
automatic drug abuse detection systems based
on EEG signals. Drug abuse causes many brain
disorders by damaging the brain's structure and
function. A study of 17 long-term Can users
compared to the HC group with two MRI
techniques showed an increase in the gray
matter volume in the basal ganglia and nucleus
accumbens (29). The brain images of 18 heroin-
addicted people compared to 20 HC people
examined with MRI and voxel-based
morphometry (VBM) (3). The reduction of gray
matter volume in the prefrontal, frontal,
temporal, and cingulate cortices in heroin-
addicted people is proved. In a case-control
study, brain structural differences in 25 Meth-
dependents were compared with 20 HC
subjects using the VBM technique to find
volume differences in MRI images. The results
showed decreased brain volume in the
hippocampus, para-hippocampus, frontal lobe,
temporal lobe, caudate, and amygdala in Meth
abusers. These studies investigated structural
brain damage under the influence of substance
abuse (4).The next group of studies examines
functional brain damage from substance abuse.

Fundamentals of Mental Health, 2022 Nov-Dec

in 67 Can abusers compared to 60 HC
individuals with the ERP technique, calculating
the positive reward, negative feedback, and
frequency domain measurements. The results
showed more responsiveness to reward in the
initial acquisition of non-substance rewards of
Can abusers; also, after experiencing loss, these
people made more risky choices in subsequent
choices (10). Several studies investigated
neurological responses to stimuli in Meth
abusers (9,12-14). One study examined the
EEG signal of 21 Meth abusers and 22 HC
individuals while playing a simple gambling
game. The results showed increased P300
amplitude in winning conditions and improved
feedback-dependent  negativity in losing
conditions. Meth abusers had sensitive neural
responses to non-drug rewards (12). The
another study examined the changes in the P300
amplitude during the Stroop test in 26 people
using Meth compared to 29 HC people during
use and 3 and 6 months after abstinence. An
increase in P300 amplitude was observed in
Meth users and a decrease in damages after
abstinence (13). Another study assessed the
response to stimuli in 10 Meth-dependent and
10 HC individuals using the time window
analysis method. The results reported
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significant changes in P300 amplitude in meth
abusers (14). Also, one study measured the
reaction of 52 Meth abusers to substance-
related stimuli, emotion expression index, and
reaction time. The results showed a decrease in
the brain activity of Meth abusers (9). Sensitive
neural response and risky choices can be due to
having the higher P300 amplitude in Meth
abusers (12-14). Another study investigated the
performance of cocaine-dependent people in
inhibitory control and their level of anhedonia
by calculating the response to external stimuli
in 23 cocaine abusers compared to 27 HC
people. The results showed weakness in
inhibitory control in cocaine abusers (15).

One study examined functional brain
connections in 12 Can abusers compared to 24
HC individuals with eLORETA software and
showed increased connections in the delta band
in Can abusers (17). Also, the cortical activity
and functional communication in 17 Can
abusers compared to 21 HC individuals were
investigated by power spectrum density and
spectral coherency in five frequency bands
(18). Communication indices were used to
guantify functional communication. The results
showed a decrease in the power spectrum in the
delta band and an increase in the power
spectrum in the theta, beta, and gamma bands,
inhibiting inhibitory functions that can disrupt
cognitive  activities.  The  researchers
investigated changes in brain communication
patterns of Meth abusers in three studies
(8,19,20). The functional brain connections of
36 Meth dependent and 24 HC people were
assessed using the graph theory method (8) and
SLORETA software (19). In contrast, 36 Meth
abusers and 36 HC were assessed using the
graph theory method (20). The results of three
above studies showed changes in the functional
communication of the brain, especially in the
gamma band (8,19,20). The analysis of brain
communication in studies was done by
considering the groups of 17 Op abusers, 32
treated people, and 21 HC by the spiking neural
networks method. The results showed
decreased brain communication in high-dose
users (21). Analyzing the brain connections
during the Go/No Go task showed that Op
abusers have smaller and more limited
communication pathways (22). EEG signals
were analyzed to find biomarkers. The
researchers conducted EEG signal analysis in
39 Can abusers compared to 26 HC individuals
and showed increased signal complexity in 24

Fundamentals of Mental Health, 2022 Nov-Dec

MARVI AND HADDADNIA

Can abusers (24). In another study, the EEG
signal of 48 Meth abusers were compared to 20
HC individuals and introduced the entropy
index as a biomarker of Meth abuse. It showed
a reduction in complexity in Meth abusers.
Also, the researchers performed microstate
analysis on 55 Meth abusers and 27 HC
individuals. This study showed instability in the
sound processing class and the optical class in
Meth abusers compared to HC subjects (26). In
a study, EEG signal of 75 heroin-addicted was
analyzed, and the entropy index was introduced
as a determining biomarker of heroin abusers
(27). The researchers examined the EEG signal
in 20 OP abusers, 15 Meth abusers, and 23
people with alcohol use disorder groups using
the power spectrum method. They investigated
the spectral changes of the signal in delta, theta,
alpha, beta, and gamma frequency bands (28).
The cognalyzer device detects the consumption
of Can based on the EEG signal. The studies
investigated the accuracy and sensitivity of the
device for the correct diagnosis of Can
consumption by testing 75 Can abusers; also,
quantified the amount of Meth consumption by
analyzing EEG and NIRS indicators (30-32).
The correct diagnosis of the substance used by
the patient referring to the treatment centers is
a great help to the treatment staff and
physicians, especially for primary and
emergency treatments, where there is often
insufficient clinical information about the
patient. The treatment method and prescription
medicines for substance abuse are diverse in
different groups. Substance abuse detection
methods include blood, urine, scalp hair, and
oral saliva tests. The main advantage of the
substance abuse detection system based on the
EEG signal compared to conventional methods
is that the abuser will not be able to manipulate
the test results. Therefore, the development of
these systems with appropriate diagnostic
accuracy can help physicians in medical
centers. In addition, these diagnostic systems
can also help test the abuse of people who want
to enter sensitive jobs.This study investigated
the effect of substance abuse on brain function
only with the EEG technique. Studies that used
MEG and fMRI techniques were not
considered. We did not investigate the impact
of abuse of hallucinogens and sleeping pills. In
future studies, the effect of substance abuse
should be suggested with meta-analysis tools
and considering all techniques of examining
brain function and all categories of substances.
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Conclusion finding biomarkers. The main advantage of
Substance abuse causes structural and these diagnostic methods compared to
functional damage to the brain. Substance conventional methods is the impossibility of
abuse detection systems based on EEG signals changing the results by the individual.

provide the ability to detect substance abuse by
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