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ABSTRACT

Background: The effect of different types of substances on brain function is still
challenging; however, many studies have shown the functional and structural damage
to the brain under influence of substance abuse.

Objective: This study aimed to quantitatively compare the effect of opioid (Op),
methamphetamine (Meth), cannabis (Can), and simultaneous methamphetamine and
opioid (Multi-Drug (MD)) abuse on brain function. Furthermore, the impacts of pure
Op and Meth abuse were considered with simultaneous substance abuse.

Material and Methods: In this descriptive study, the electroencephalogram
(EEG) signal was recorded from 52 participants in the Meth, Op, Can, and MD
abusers, and the Healthy Control (HC) groups at rest state. EEG data were analyzed
on the frequency domain with electrode-based, cortex-based, and hemisphere-based
approaches.

Results: However, the power spectrum in the delta band in the Op group, the gam-
ma band in the Can group, and the gamma and beta bands in the MD group more
significantly increased compared to the HC group, the power spectrum values in
the Meth group reduced in the alpha, beta, and gamma bands. Moreover, the power
spectrum values in the MD group more significantly higher than the Meth and Op
groups in the beta and gamma bands.

Conclusion: Since substance abuse in different types caused various changes in
frequency components, the different power spectrum bands analysis in abusers can be
reasonable to apply as a biomarker to detect the drug types.
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Introduction
ccording to the report of the United Nations Office on drugs
and crime, 585,000 individuals died of substance abuse world-
wide in 2017 [1]. Happiness and high energy after using a drug,
the drug’s availability, and its low cost have led to increasing substance
abuse, especially among young individuals. According to the Diagnostic
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and Statistical Manual of Mental Disorders,
the Fifth Edition (DSM-5) [2] report, Opioids
(Op), stimulants, cannabis (Can), hallucino-
gens, and methamphetamines (Meth) are es-
sential drug categories. The investigation of
the brain function damage caused by the pure
abuse of drugs and the simultaneous use of
two or more groups of drugs is favorable.

Excessive drug use activates the brain re-
ward system and enhances some related be-
haviors. The use of a substance can increase
the reward system activity, leading to neglect-
ing normal activities and appearing in some
disorders, such as a cluster of cognitive, be-
havioral, and physiological symptoms [2].
Substance abuse causes damage to brain tissue
[3-7] and its function [8-10]. In the electroen-
cephalography (EEG) technique, recording
the cortical activity by electrodes placed on
the scalp led to providing the appropriate time
resolution of brain activity in different mental
states. The EEG requires more straightforward
recording equipment, which is available and
inexpensive, compared to other brain function
recording techniques, such as functional mag-
netic resonance imaging and functional near-
infrared spectroscopy.

Regarding the effect of Can on the brain
[11, 12], Crane NA et al. [11] examined brain
responses during play (external stimuli) and
represented that the parameters related to
delta and theta bands were not significantly
different in Can abusers. In contrast, Impera-
tori C et al. [12] investigated the changes
in delta band connection in the brain con-
nectivity study. Imperatori research results
showed that delta band connections between
the salient network and the central execu-
tive network were increased in Can users.
Khajehpour H et al. [10, 13] analyzed func-
tional connectivity in the brain with Graph
theory and showed abnormal interregion-
al connection and network hub changes;
the graph theory indicators were also re-
duced in delta and gamma frequency bands.
Ahmadlou et al. [14] examined the topol-

ogy of functional brain connectivity and re-
ported the disruption in brain connectivity of
Meth abusers, especially in the gamma band.
Newson JJ et al. [15] reviewed frequency
band changes studies in mental illnesses such
as addiction. According to the findings of the
Newson JJ study [15], those who abuse alco-
hol and opioids had higher beta-band power
spectra and lower alpha-band power spectra.
Moreover, Minnerly C et al. [16] analyzed the
EEG signal power spectrum in different types
of drug and alcohol abusers and observed the
highest power of the delta band in Op. Also,
the energy of the theta and delta bands in-
creased in the Op and Meth groups, and the
alpha power spectrum decreased [16].

Therefore, it is needed to study the variation
of the power spectrum in different drug abuser
groups. The current study aimed to investigate
power spectrum changes in Op, Can, Meth,
and Multi-Drug (MD) abuser groups com-
pared to the Healthy Control (HC) individuals
in various frequency bands and also explore
the effect of simultaneous use of two different
groups of drugs (Op and Meth) against their
net consumption on brain function from the
power spectrum viewpoint.

Material and Methods
This descriptive study is conducted as fol-
lows.

Participants

The study involved 65 participants in total.
After examining the EEG signals by a neurol-
ogist, 13 of them showed signs of epileptic sei-
zures in their brain signals and were excluded
from the study. A total of 52 men, who were
ranging 18-55 years old in the groups of Meth
abusers (8; mean age: 35.9+7.5), Can abusers
(11; mean age: 34+7.58), Op abusers (12 mean
age: 39.58+11.08), MD abuser (10; mean age:
40.66+6.63), and HC group (11; mean age:
34.45+7.25) volunteered to participate based
on inclusion criteria: 1) male gender, 2) age
range of 18-55 years, 3) drug user based on
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a urine test, 4) consent to participate in the
study, 5) substance dependence criteria based
on DSM-5 report [2], 6) at least two years of
drug use according to history, 7) no comor-
bidity, head injury, trauma, epileptic seizures
according to history, and lack of criteria for
psychological distress according to the DSM5
report [2], 8) Pure consumption of a drug in
the Can, Meth, and Op abuse groups and non-
use of other drugs, in the MD group concur-
rently use of Op and Meth while abstaining
from of other drugs, 9) Neurologist confirma-
tion of EEG signal health.

The participants, who were daily drug us-
ers, were asked not to use drugs on the day of
the signal record. A urine test was done before
recording the signal. According to the urine
test results and the history of participants, the
Meth, Op, and Can abuse groups used only
one type of pure drug, while the MD group
used Op and Meth simultaneously.

EEG Signal Recording

EEG signal was recorded in the sleep clinic
of Ibn Sina Hospital Psychiatric Research Cen-
ter (Mashhad, Iran). The signal was recorded
between 10:30-13 AM. Before the recording
session, the signal recording process was ex-
plained to the research volunteers. Participants
in the study received a gift in exchange for
their participation after they signed a consent
form.

EEG signals were recorded by the Norofax
EEG-1200 (Nihon Kohden, Japan) diagnos-
tic and monitoring platform [17]. During the
signal recording, participants were asked to lie
on a comfortable bed in a dimly lit room and
close their eyes. EEG signal based on 10-20
standards from 18 channels (Fpl1, Fp2, F3, F4,
C3, C4, P3, P4, Ol, 02, F7, F8, T3, T4, TS,
T6, Fz, and Pz), with consideration of A1 and
A2 electrodes as references located on ear-
lobes, was recorded for 5 min with a 500 Hz
the sampling frequency. At the end of the ses-
sion, referral letters from addiction treatment
centers were given to the participants in the

study.

Signal Preprocessing

Proper EEG signal preprocessing was essen-
tial in correctly analyzing signal changes and
designing diagnostic assistance systems. The
raw EEG signal was usually mixed with power
line interference, motion artifacts, eye move-
ment, and biological signals [18]. The regres-
sion methods, empirical mode decomposition,
blind source separation, filtering methods, and
discrete wavelet transform could eliminate
noise and artifacts [19]. The filtering method
was more efficient and easily implemented
than the above techniques.

A 100-second noise-free continuous seg-
ment was considered from the signal. A 6th-
order Butterworth filter with a cutoff frequen-
cy of 1 to 64 Hz was then applied to the data
to remove the high-frequency components. Fi-
nally, The EEG data was processed with a 50
Hz notch filter in order to remove power line
interference.

Feature Extraction

A 50,000-sample segment is considered
from the preprocessed EEG signal. Then, each
EEG segment was windowed into 500 sample
windows with a 50% overlap. The signal pow-
er spectrum in delta (1-4 Hz), theta (4-8 Hz),
alpha (8-13 Hz), beta (13-30 Hz), and gamma
(30-64 Hz) frequency bands was calculated
for 18 channels by fast Fourier transform
method. The power spectrum of the frequency
bands in each window was calculated. The
EEG signal was analyzed using the electrode-
based, cortex-based, and hemispherical-based
approaches [16]. The electrode-based method
calculated the EEG signal power spectrum in
all frequency bands in 18 channels, leading to
the comparison between groups in full detail,
the large volume of data, and difficult com-
parisons. The cortex-based approach divided
the brain’s surface into six areas: the prefron-
tal, frontal, central, temporal, parietal, and
occipital. The limited data in this approach
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caused the easier comparison between groups
easier. The power spectrum values for each
region were obtained as the average power
spectrum values of the channels in that region
(Table 1). In the hemispherical-based method,
the brain was divided into two hemispheres:
right and left. Changes in the power spectrum
in Pz and Fz channels were ignored. The val-
ues obtained from the hemisphere-based anal-
ysis were the average power spectrum values
in the channels related to each hemisphere
(Table 2). Tables 1 and 2 show the division of
brain regions and hemispheres.

Statistical Analysis

The Kolmogorov-Smirnov test assessed the
normality of data distribution in each group,
and the significance of changes in different
groups of abusers (Meth, Op, Can, and MD)
compared to the HC group was analyzed by
t-test. Wilcoxon rank sum analysis was uti-
lized to examine questionnaire data between
substance abuse groups and the HC group. The

Table 1: Division of electrodes in the cortex-
based approach

Region Channel
Prefrontal FP1, FP2
Frontal F3,F4,F7,F8, Fz
Central C3,C4
Temporal T3, T4,T5, T6
Parietal P3, P4, Pz
Occipital 01,02

Table 2: Division of electrodes in the hemi-
spherical-based approach

Hemisphere Channel
Right FP2, F4,C4, P4, T4,T6, 02
Left FP1, F3, C3, P3, T3, T5, O1

research analysis was performed by MATLAB
software version 2018b.

Results

Evaluation of Psychological Indi-
cators and Sleep Quality

The depression, anxiety, stress scale — 21
(DASS21) [20] and Pittsburgh Sleep Qual-
ity Index (PSQI) [21] questionnaires were
used to assess psychological symptoms and
sleep quality in substance abusers and the
HC group. Because substance abusers usually
suffer from psychological problems [2] and
sleep problems [22], participants were asked
to complete the DASS21 and PSQI question-
naires before the EEG data recording session.
The demographic information of the research
participants and the results of the DASS
21 and PSQI questionnaires are shown in
Table 3. The Wilcoxon rank sum test was used
to examine the questionnaire data between the
substance abuse and HC groups.

The evaluation of the DASS-21 question-
naire revealed that the Meth, Can, and Op
groups suffered from moderate, and the MD
group suffered from severe depression, anxi-
ety, and stress. Sleep quality assessment by
checking PSQI questionnaires showed that
the Can and MD groups had poor sleep qual-
ity. Meth group answers were not valid in the
PSQI questionnaire, while face-to-face inter-
views with these individuals indicated many
sleep problems. The Wilcoxon Rank Sum
test examined the significance of the changes
in the indexes extracted from the DASS 21
and PSQI questionnaires. Statistical analy-
sis showed that the stress index between the
Can and HC groups, and the sleep quality in-
dex were significant between the MD and HC
groups (P-value<0.05).

Power Spectrum Evaluation

Figure 1 shows the mean values of the power
spectrum in the delta, theta, alpha, beta, and
gamma frequency bands in the Meth, Op,
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Table 3: Demographic characteristics of the subjects participating

Opioid Cannabis
abuser abuser
(meanSD, (meanSD,
P-value) P-value)
Nunllb.er of 12 ”
participants
Age (year) 35.1247.65, _ 34+7.58, _

Education (years)  9.5+4.4,0.0232 10.63+2.46, 0.0356

Lifetime drug use

8.75+4.30, _ 9.27+7.86, _
(year)
Number of addiction
) 3+2.9, _ 1944, _
quits
Depression 17.5+10.88, _ 17.14+12.37, _
17.711£10.74,
Stress 18.547, _
0.0162
Anxiety 12.2546. 8, _ 15.1446.20, _
Pittsburgh Sleep
, 6.83+2.88, _ 12.7142.81, _
Quality Index
Marital status
. 7 7
(married)
Number of subjects
with a history of 10 7

cigarette smoking

SD: Standard deviation

Can, and MD abusers and the HC group in the
channel-based analysis.

In the first approach (electrode-based),
changes between groups were investigated
by analyzing the power spectrum in all chan-
nels. The topographic map of t values, depict-
ing the difference between groups, was shown
to visualize the results (Figure 2). The areas
shown in white in the t-value topography are
the channels, with no significant changes.

The second approach (cortex-based ap-
proach) divided the brain into prefrontal, fron-
tal, central, temporal, parietal, and occipital
regions to study the power spectrum. Figure 3
shows the bar graphs of changes for the mean
values of the power spectrum in the cortex re-

Methamphetamine Multi-Drug Healthy
abuser abuser Control
(meanxSD, (meanzSD, subjects
P-value) P-value) (mean*SD)
8 10 1
35.9+7.5, _ 40.66+6.63,0.0392  34.45+7.25
10.374£1.99, _ 8.40+1.26,0.0221  14.36+1.96
9+3.68, _ 13.70£7.70, _ _
1.25%1.16, _ 3+1.9, _ _
22+12.32, _ 36.22+7.96, _ 4.33+4.7
23.1£10.13, _ 36.22+6.81, _ 1048.32
17.09+£11.07, _ 34.88+7.88, _ 2.90+3.14
10.8842.08,0.337  5.72+3.43
3 3 8
7 6 4

gions in the delta, theta, alpha, beta, and gam-
ma frequency bands.

The third approach divided the brain into the
right and left hemispheres. Figure 4 shows the
average power spectrum in the different fre-
quency bands in the right and left hemispheres.

The Kolmogorov-Smirnov test showed the
changes in the power spectrum values for all
bands in 18 channels, 6 regions, and 2 hemi-
spheres in all groups with a normal distribu-
tion.

Comparing the substance abuse groups
with the HC group

Delta band power spectrum analysis showed
an increase in the average values of the power
spectrum in the Op abuser group with a sig-
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Figure 1: The mean values of the power spectrum in the delta, theta, alpha, beta, and gamma
frequency bands in the Methamphetamine, Opioid, Cannabis, and Multi-Drug abusers and the
Healthy Control group in the channel-based analysis.

nificant difference from the HC group. Figure
4 confirmed the significance of changes in all
regions (except Fz).

Analysis of the power spectrum in the theta
band with the electrode-based, cortex-based,
and hemispherical-based approaches showed
that the mean values of the power spectrum in
the theta band in the MD, Op, and Meth abus-
er groups were higher than in the HC group,
which were lower in the Can group than the
HC group.

The power spectrum analysis in the alpha
band showed that the mean values of the pow-
er spectrum in the MD and Op groups in 14
channels, 4 regions, and 2 hemispheres were
higher than in the HC group. The mean values

of the power spectrum in the Meth and Can
groups in all areas were lower than those in
the HC group.

Analysis of the power spectrum in the beta
band showed that the mean values in the MD
group were significantly higher than in the HC
group, with a significant difference in the three
approaches. The mean values of the power
spectrum in the Op group were higher in most
channels and areas with a slight difference
than in the HC group. The mean values of the
power spectrum in the Meth group in 15 chan-
nels and 2 hemispheres were lower than in the
HC group. The Can group’s average power
spectrum values were lower than those of the
HC group in 13 channels.
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Figure 2: The topographical plot of the t-statistic values of the t-test for comparing groups.

Analysis of the gamma band’s power spec-
trum showed that the MD group’s mean val-
ues were significantly higher than in the HC
group with the electrode-based, cortex-based,
and hemispherical-based approaches that
these changes were significant everywhere
(Figure 4). A notable point in the gamma band
was an increase in the power spectrum in the
Can group compared to the HC group.

Based on the results, power spectrum values
decreased in the Meth group in the alpha, beta,
and gamma bands compared to the HC group,
leading to sleep problems, which were con-
firmed during interviews with Meth abusers
and a review of the PSQI questionnaire. Re-
duced power spectrum in the beta and gamma
bands led to Meth abusers with daydreaming,
depression, and poor cognition.

Comparing the effect of simultaneous
use of two drugs with comparing the
impact of each of them on the brain

In the delta band, the mean power spectrum
in the Op group was significantly higher than
in the MD group in the electrode-based, cor-
tex-based, and hemispherical-based approach-
es. The mean values of the power spectrum
in the Meth group with more negligible dif-
ference in 14 channels, all areas (except the
occipital region), and two hemispheres were
higher than in the MD group.

However, the average values of the power
spectrum in the Op group more decreased in
the theta band compared to the delta band,
mean values were still higher in 8 channels
and 4 regions than the mean values of the
power spectrum in the MD group. In contrast,

J Biomed Phys Eng 2023; 13(2)
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Figure 3: Mean power spectrum values in delta, theta, alpha, beta, and gamma frequency bands
in Methamphetamine, Opioid, Cannabis, Multi-Drug, and Healthy Control groups in the cortex-
based analysis. The black and red lines show the Significant differences between the abuser
groups with the Healthy Control group and the MD group with the Opioids and Meth groups,

respectively. (* for P<0.05).

the mean values of the power spectrum in the
Meth group were lower than the MD group in
all channels (except T3 and T5), all regions,
and two hemispheres.

In the alpha band, the average power spec-
trum values of the Op group in 12 channels
and all regions (except the occipital area) were
lower than the MD group. Also, the power
spectrum mean values in the Meth group in all
regions were lower than in the MD group ac-
cording to the electrode-based, cortex-based,
and hemispherical-based approaches.

In the beta and gamma bands, the power
spectrum mean values in the MD group were
more prominent than in the Op and Meth

groups by a wide margin, which was signifi-
cant everywhere (Figure 4).

Discussion

This descriptive study investigated the fre-
quency changes of the delta, theta, alpha,
beta, and gamma EEG signal bands in the
drug abuser groups (Op, Meth, Can, and MD)
against the HC group. The study’s primary
objectives were to answer the following two
questions with a simple power spectrum pro-
cessing method: 1) What has changed the EEG
signal frequency contents in different frequen-
cy bands due to the consumption of the sub-
stances in the Op, Meth, Can, and MD groups?
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Figure 4: Mean power spectrum values in
Delta, Theta, Alpha, Beta, and Gamma fre-
quency bands in Methamphetamine, Opi-
oid, Cannabis, and Multi-Drug groups com-
pared to the Healthy Control group in the
hemisphere-based approach. The black and
red lines show the Significant differences be-
tween the abuser groups with the Healthy
Control group and the MD group with the
Opioids and Meth groups, respectively. (* for
P-value<0.05).

2) What changes were made in the frequency
contents of the five bands of the EEG signal in
the MD group, concurrent Op and Meth users,
compared to the abuser groups of pure Meth
and Op?

Frequency content analysis was performed
using the conventional power spectrum anal-
ysis method. To broaden the perspective, we
considered three approaches to investigate
changes in the EEG signal power spectrum

[16]. The study, with three different methods,
simplified the analysis and comparison be-
tween other groups. Also, the consistency of
the electrode-based, cortex-based, and hemi-
spherical-based approaches showed that the
results were reliable.

a. Changes in frequency components of EEG
signal due to substance abuse

The Op group’s power spectrum in the del-
ta band increased when compared to the HC
group. The increase in delta band components
in the Op compared to the HC group causes
learning problems. Minnerly C et al. [16]
showed an enhancement in the delta power
spectrum in the Op group.

The alpha power spectrum significantly in-
creased in the HC group compared to the sub-
stance abuse groups in the occipital region.
The decrease in frequency components in the
occipital region led to more reduction in con-
sciousness in the substance abuse groups com-
pared to the HC group [16, 23].

The present study showed that the power
spectrum in the Can group was lower in the
alpha and beta bands than in the HC group but
increased significantly in the gamma band. A
rise in the power spectrum in the gamma band
showed high irritability of Can abusers. The
power spectrum in the delta and theta band in
the Can group was similar to the HC group. In
the analysis of brain behavior in response to
external stimuli, Crane NA etal. [11] indicated
that the Can group did not exhibit any appre-
ciable change in the delta and theta bands. La-
pervote V et al. [24] demonstrated increased
brain complexity in acute Can users. Raising
the high-frequency band’s power spectrum
can result in increasing the complexity of the
brain.

The power spectrum values in the gamma
and beta bands considerably higher in the MD
group compared to the HC group, showing
high irritability, stress, and anxiety in these in-
dividuals, which were confirmed with DASS
21 and PSQI test results.

Yun K et al. [25] demonstrated a reduced
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brain complexity in Meth abusers that is con-
sistent with a decrease in the beta and gam-
ma bands’ power spectrum. Hassan Khajeh
pour H et al. [10, 13] also showed a decrease
in gamma band connection indices in Meth
abusers. Ahmadlou M et al. [14] demonstrated
impairment of brain connection topology in
gamma-band Meth abusers.

b. Changes in frequency components due to
simultaneous abuse of Meth and Op:

In the Delta and Theta bands, the MD group
had a lower frequency content than the Op and
Meth groups. A lower power spectrum value
in MD indicated poor sleep, inability to regen-
erate and prepare the brain, and poor emotion-
al states in the MD group compared to the Op
and Meth groups, which were confirmed with
the results of the PSQI and DASS21 tests.

The alpha power spectrum value in the oc-
cipital region in the Op group was greater
than the MD group, and the MD group was
higher than in the Meth group. Reducing the
power spectrum value in Meth indicates that
the Meth group lost more consciousness than
the other groups [23].

In high-frequency bands (beta and gam-
ma), the values of the power spectrum in the
MD increased significantly compared to the
Meth and Op groups, showing higher anxiety,
stress, arousal, and irritability in the MD than
in the Meth and Op groups. The results of the
DASS21 test showed a noticeable increase
in stress, anxiety, and depression in the MD
group compared to the Op and Meth groups.

This study had some limitations, as follows:
the number of samples in each group was 17
individuals, and the study was conducted with
a smaller number of participants due to the
prevalence of covid-19 and the difficulty of
finding abusers in the community.

Conclusion

The current research investigated the func-
tional brain damage under the influence of
Meth, Op, and Can and the simultaneous use
of Meth and Op using the power spectrum

analysis of EEG signals. Substance abuse
caused changes in the frequency components
of the EEG signals, depending on the type of
drug used. The resulting changes can be intro-
duced as biological indicators. Furthermore,
the research findings can be a starting point
for designing drug abuse automated diagnos-
tic assist systems.
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