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rjerdi, Nouri, George, & Mokri, 2010b) were employed as 
stimuli. All images were color photographs with a resolution 
of 1754×1240 pixels depicted on a black background. These 
images contained 7 categories, and were divided into 3 major 
types: 1) Drug-associated cues; 2) Drugs (including 3 cat-
egories: 2-1-drug; 2-2-drug with face; 2-3- drug with hand); 
3) Neutrals (including 3 categories: 3-1- neutral; 3-2- neutral 
with face; 3-3- neutral with hand). Sample images for each of 
these categories are represented in Figure 1. Every category 
included 13 images, and each image was shown only once 
in a fixed pre-randomized order. The stimuli were shown on 
a 17-inch screen of a LCD monitor (Samsung, South Korea, 
SyncMaster SN1943, 1360×768 pixels, 60 HZ) which was 
gamma calibrated (mean luminance of 56.2 cd/m2). Each 
image was presented for a period of 500 ms followed by an 
inter-trial interval of 1000 ms, during which the screen was 
black. In total, each subject viewed 91 images, and the total 
experiment time was about 3 minutes.

2.2. Subjects

Ten methamphetamine drug abusers and 10 age-gender 
matched controls participated voluntarily in this study. All par-
ticipants were male with the age range of 18 to 40 years (mean 
age: 28.71±7.11) without history of comorbidity, head injury, 
or trauma. The selection criteria for abuser group were being 
pure methamphetamine abusers, not consuming any other sub-
stances except cigarettes, and using methamphetamine con-
tinuously for at least 6 months. The results of their urine test 
strips (ACON Labs, CA, USA; ABON Biopharm, Hangzhou, 
China) were positive, and they were abstinent from any drugs 
for minimum of 7 days prior to the experiment. 

Table 1 summarizes the drug history of all participants in 
this study. Prior to the recording session, the aims and proce-
dures of the experiment were briefly explained. All subjects 
gave prior consent to participation in the experiments, and 
the subjects were aware of the purpose of the experiment. 
Personal information and risky behavior backgrounds were 
assessed by filling a questionnaire. All subjects had normal 
or corrected to normal vision. All experimental procedures 
followed university’s ethical guidelines and adhered to the 
Declaration of Helsinki.

2.3. Experimental procedures

The visual stimulus was presented on the monitor screen 
viewed from a distance of 50 cm. Head positions were fixed 
using a chin rest. Subjects were instructed to maintain fixa-
tion while viewing the stimulus passively in a dark room. 

An electroencephalograph (EEG) cap with 32 channels was 
attached to the subject’s scalp, and the conductive gel was 

injected. The subjects were instructed to avoid body or jaw 
movements, maintain normal breathing and heart rhythms, 
and to limit blinking during the test to the extent possible.

Each subject was tested in 2 separate blocks with a short 
break between the first and the second block. The second re-
cording was performed to improve recording quality in case 
the signal-to-noise in the first recording was not sufficient. 
From two recordings the one with the highest signal-to-noise 
ratio was used for subsequent analysis.

ERP recordings were collected using ANT EEG/ERP re-
cording system (A.N.T. Enschede, Netherlands) with 32 
channels ANT cap (Wave Guard cap system, Netherlands), 
which was positioned according to the 10-20 system. Elec-
trode impedances were at or below 1 kΩ for all electrodes. 
The experimental task was created using the “eevoke” soft-
ware (A.N.T. Enschede, Netherlands). The raw data was sub-
sequently transferred to MATLAB (Mathworks, USA) using 
the ASA signal processing software (A.N.T. Enschede, Neth-
erlands). Sampling rate was set at 512 Hz, and mastoid elec-
trodes were chosen as the reference electrodes. The desig-
nated ground electrode in the front of the cap was employed 
as electrical ground. 

Software digital filtering was performed in MATLAB using 
EEGLAB toolbox (Delorme & Makeig, 2004) functions. A 
50 Hz notch filtering scheme was employed to remove the 
AC-induced noise followed by a band-pass filtering (Using 
the pop_eegfilt function in EEGLAB toolbox) between 0.5 
and 45 Hz to remove the probable low and high frequency 
artifacts in the EEG signals. The baseline noise was removed 
(using first 100 ms as basis) on the continuous EEG. The ex-
tracted epochs were 1200 ms long (200 ms before stimulus 
onset and 1000 ms after onset) and the average removal was 
performed on each epoch. The acceptable amplitude thresh-
old was limited to ±70 µV in order to remove EOG artifacts. 
In each epoch, if the number of amplitudes over the threshold 
exceeded more than 50, the whole epoch was discarded and 
excluded from further analysis.

2.4. Analysis

All signal processing procedures were performed using 
MATLAB and EEGLAB toolbox (Delorme & Makeig, 
2004). ERPs for each subject were constructed by averaging 
epochs based on all 7 categories and 3 types of images, and 
subsequently the grand averages were calculated across all 
subjects in each subject group.

The difference of grand averaged ERPs based on 7 cate-
gories of images was calculated in 32 channels (drug users 
minus controls) in order to find the best channels. Then, the 
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area below difference curves (absolute values of amplitudes 
in each curve were considered for area calculation) was 
calculated. Previous studies on craving for cocaine, opiate, 
and alcohol suggest that dorsolateral prefrontal cortex is 
significantly activated during craving episodes (Garavan et 
al., 2000; Brody, Mandelkern, London, Childress, Lee, & 
Bota, et al., 2002). Thus, it is likely that in our study dor-
solateral prefrontal electrodes show significant activation in 
response to induced craving from visual stimulus. Therefore, 
the area values of 7 categories in each channel were averaged 
and the channels FPz, FP2, F7, T8, P8, and Oz with the high-
est signal-to-noise ratio were selected as representatives of 
brain activity. These channels demonstrated significant dif-
ferences between drug users and controls. Among the 6 se-
lected channels, the recorded reactions of FPz were the most 
significant and thus FPz channel was selected as the major 
channel of interest.

Analysis was divided into two steps. In the first step, we 
compared grand averaged ERPs of 10 drug users and 10 con-
trols in response to 7 categories of images. Among these cat-
egories, drug-related images (drug, drug with face, and drug 
with hand) showed significant differences (Figure 2); addi-
tionally we compared scalp topographies of 10 drug users 
and 10 controls in response to 3 types of images (Figure 3).

In the second step, we extracted differentiating features be-
tween drug users and controls in response to 3 types of imag-
es. Each group (drug users and controls) was divided into two 
subgroups. The first subgroup of drug users contained the 
ERPs of first 5, and the second contained the ERPs of second 
5 subjects (similarly for controls). Features were constructed 
using the first subgroups for both drug users and controls and 
was subsequently validated on the second subgroups. Sev-
eral standard methods are employed for ERP quantification 
(Hoormann, Falkenstein, Schwarzenau, & Hohnsbein, 
1998; Luck, 2012). Here, we employed window analysis 
method to find significant differentiating features between 
drug users and controls. This quantification procedure was 
performed in 3 stages:

First stage: The grand averaged ERPs based on 3 types of 
images (with 1000 ms time range after stimulus onset) were 
divided into 19 windows of 100 ms with 50 ms overlaps; 
Thus, each window started after the half window time of the 
former window elapsed. 

Second stage: The area of positive sections in each win-
dow was calculated and plotted in channel FPz, represented 
in Figure 4. 

Third stage: The results for drug users and controls were 
compared among 3 types of images to find the window num-

bers with significant difference. Subsequently, statistical sig-
nificance of windows between drug user and control groups 
was assessed by ANOVA2 (P<0.01 as significant) for each 
type of image.

3. Results

3.1. Identifying appropriate leads

 Figure 2 shows the grand averaged ERPs for 10 drug users 
in comparison with 10 controls in response to 3 categories 
of images. The results demonstrate significant positive reac-
tions in response to drug-related stimuli (Categories: drug, 
drug with face, and drug with hand), which are most pro-
nounced as P300 peaks in time range from about 300 ms to 
600 ms. Furthermore, the scalp topographies of drug users 
and control group were plotted based on 3 types of images 
(drug-associated cues, drugs, and neutrals) in 3 time ranges 
of 300 ms, indicating significant activities of the drug users in 
response to “drugs” type, which were maximal in FP1, FPz, 
FP2, and F8 in time range from 300 to 600 ms (Figure 3).

3.2. Differentiating features

Features extracted from 3 types of images were as follows:

3.2.1. Drug-associated cues

Figure 4a shows the windowing results for “drug-associ-
ated cues” type in which the numbers 8, 9, 10, 11, and 12 
indicate significant (P<0.001) differences between drug users 
and controls. The time of these windows ranges from 350 to 
650 ms. Thresholds were specified in each type of images 
which used in proposed algorithm as condition. The mini-
mum threshold of this type was set at 55 µV. 

3.2.2. Drugs

Figure 4b shows the windowing results for “drugs” type in 
which the numbers 6, 7, 8, and 9 indicate significant differ-
ences (P<0.001) between drug users and controls. The time 
of these windows ranges from 250 to 500 ms, and minimum 
threshold was set at 60 µV.

3.2.3. Neutrals

Figure 4c shows the windowing results for “neutrals” type 
in which the numbers 13, 14, and 15 indicate significant 
(P<0.001) differences between drug users and controls. The 
time range of these windows is from 600 to 800 ms, and min-
imum threshold was set at 70 µV.

Following extraction of differentiating features and specify-
ing the minimum value of threshold, values of threshold were 
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adjusted in order to reach to the highest diagnostic accuracy 
(see the pseudocode of the algorithm in the appendix).

The extracted algorithm was subsequently tested on second 
subgroups. The results of test were accurate for 4 out of 5 
drug users (corresponds to 80% accuracy) and for 4 out of 5 
controls (corresponds to 80% accuracy). 

4. Discussion

In this study, we presented a novel noninvasive method based 
on ERPs analysis to differentiate the healthy individuals from 
methamphetamine drug abusers. This method can be employed 
in monitoring of methamphetamine abuse treatment.

Our results indicated that the drug users showed higher 
brain activities in response to methamphetamine-related 
stimuli in time range from about 300 ms to 600 ms (as P300 

peaks), which were maximal in channels FP1, FPz, FP2, and 
F8. Furthermore, the window analysis showed the significant 
differences between drug users and control group in time 
ranges from 350 to 650 ms (in response to drug-associated 
stimuli), 250 to 500 ms (in response to drugs stimuli), and 
600 to 800 ms (in response to neutrals stimuli), which were 
employed as differentiating features.

4.1. Comparing with previous ERP based methods

ERPs-based studies are useful in studying perception and 
attention due to the extreme time resolution and compara-
tively low cost. Also, they are useful in diagnosis of mental 
disorders such as depression (Kalatzis et al., 2003), multiple 
sclerosis (Slater, Wu, Honig, Ramsay, & Morgan, 1994), 
and schizophrenia (Vasios, Papageorgiou, Matsopoulos, 
Nikita, & Uzunoglu, 2002). ERP-based studies of other 
substances such as alcohol (Namkoong et al., 2004), heroin 

Table 1. Summary of drug use history for the methamphetamine users and controls.

Methamphetamine abusers (n=10) Controls (n=10)

History of using other substances - -

History of cigarette smoking (current/never or tried) 10/0 0/10

Yoonessi, A., et al. (2016). Neural correlates of craving in methamphetamine abuse. Basic and Clinical Neuroscience, 7(3), 221-230.

Figure 1. Examples of visual stimuli for each 7 categories (1. drug-associated cues, 2. drug, 3. drug with face, 4. drug with hand, 
5. neutral, 6. neutral with face, 7. neutral with hand), which were divided into 3 major types (1. drug-associated cues (top row),
2. drugs (middle row), and 3. neutrals (bottom row).

Drug- associated cues

1. Drug- associated cues

2. Drug

Drugs

5.  Neutral

Neutral

3. Drug with face

6.  Neutral with face

4. Drug with hand

7.  Neutral with hand
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a)

b)

c)

Figure 2. Comparison of grand averaged ERPs for 10 drug users and 10 controls in response to 3 categories of images: a) Drug, 
b) Drug with face, and c) Drug with hand, channel: FPz. Stimulus onset occurred at 0 ms. The biggest difference between drug
users and controls are observed in drug with hand category. 
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(Franken et al., 2003), and cocaine (Dunning et al., 2011; 
Van de Laar et al., 2004; Franken, Hulstijn, Stam, Hen-
driks, & Van den Brink, 2004) revealed significant differ-
ences between drug abusers and controls based on the effect 
of visual stimuli. In particular, Van de Laar et al. (2004) found 
differential ERP responses to drug-related visual stimuli be-
tween cocaine users and controls, where drug users exhibited 
larger N300 than normal. Franken et al. (2004) found larger 
positive slow wave ERP responses in drug users with high 
cravings following cocaine-related visual stimuli. 

However, even though ERPs have been employed in stud-
ies of many other substances, employment of ERP in meth-
amphetamine abuse has been extremely limited thus far. Fur-
thermore, to our knowledge, no previous study investigated 
the effects of methamphetamine-related visual stimuli on 
methamphetamine-dependents. However, a few studies inves-
tigated ERP changes related to auditory stimuli in metham-
phetamine users. Iwanami et al. (1993) examined metham-
phetamine psychosis using an auditory discrimination task 
and found that negative components area became smaller, 
and P300 components were delayed. However their study, 
unlike ours, did not find significant differences in P300 am-
plitudes between drug users and controls. A follow up study 
by the same group (Iwanami et al., 1994) found significant 
differences in P300 amplitudes between methamphetamine 
psychotics and controls in the Fz and Cz electrodes, similar 
to our results where we found maximum P300 amplitude dif-
ferences in FPz electrode. In addition, brain imaging studies 
of methamphetamine abusers have found decreased cere-
bral blood flow in putamen cortices and right lateral parietal 

cortex, but increased blood flow in the left temporo-parietal 
white matter, left occipital regions, and right posterior pari-
etal regions (Chang et al., 2002). These changes in cerebral 
blood flow might be correlated with our findings of changes 
in P300 amplitudes in methamphetamine users.

Many methamphetamine users often employ methods to 
negate the result of biochemical tests and deny their addic-
tion. Therefore, using biochemical tests without additional 
measures might be unreliable in these cases. Since our al-
gorithm is based on subconscious craving, it is potentially 
robust to denial attempts and can be employed as a comple-
mentary method along with standard biochemical tests. This 
method can also be used to monitor effectiveness of therapy 
and the possible relapses. Also, the subsequent changes in the 
ERPs can be an indicator of treatment success. Furthermore, 
due to the ongoing reduction in cost of EEG systems and the 
availability of commercial systems aimed for human com-
puter interaction, it might be possible to employ this method 
to monitor drug users at home in the future. 

4.2. Possible limitations

Since the consumption methods of other substances such as 
ecstasy, heroin, and cocaine are very similar to methamphet-
amine (e.g. smoking, snorting, and injecting), and the con-
tent of the drug-related category of visual images were not 
methamphetamine specific in all images, it might be possible 
that images related to other drugs result in the same ERP pat-
terns in methamphetamine users. However, since the specific 
changes in the brain as a result of abuse of other substanc-

Figure 3. Scalp topographies of drug user versus control group in response to 3 types of images: Drug-associated cues (top 
row), drugs (middle row), and neutrals (bottom row), in 3 time ranges of 300 ms.
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a)

b)

c)

Figure 4. Time window analysis for the first subgroups of drug users and controls in response to 3 types of images: a) Drug-
associated cues, b) Drugs, and c) Neutrals.
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es such as heroin are different, it is unlikely that the heroin 
abusers demonstrate identical changes in P300 components. 
However, a more serious concern is nonspecificity for the 
target drug. This issue can probably give rise to false positive 
results for drug users that consume other types of addictive 
substances particularly those considered as stimulants. 

Comparing our results with previous results for other sub-
stances such as heroin or cocaine, we found that changes in 
P300 component are often different for those substances. Nev-
ertheless, our algorithm is intended to be employed comple-
mentary to standard biochemical tests, and therefore this issue 
might be less important if the algorithm is employed in addi-
tion to standard tests. Another possible limitation in this study 
was the small number of methamphetamine drug abusers. The 
limitation arose from the criteria to recruit the subjects who 
were only recruited if they were only using methamphetamine 
(except smoking that was inevitable between them), which re-
duced the possible available sample pool significantly.

In this paper, we provided a novel and noninvasive meth-
od for differentiation of methamphetamine addiction. This 
method is inherently robust to possible denial attempts and 
can potentially be more accurate than the common biochemi-
cal tests. This method can be employed in discrimination and 
treatment monitoring of methamphetamine addiction. 

Appendix: Pseudocode of the algorithm

Input: Raw EEG of subject

Output: Positive or negative results for methamphetamine 
abuse

Load raw EEG of selected subject.

• EEG preprocessing includes frequency filtering, baseline
noise removal, epochs extracting, average removal for 
each epoch, and EOG artifact removing. 

• ERPs constructing based on 3 types of images (associated
cues, drugs, and neutrals).

• Dividing ERPs into 19 time windows of 100 ms with 50
ms overlaps.

• Calculating the area of positive sections below each window.

• In channel FPZ:

• If (in “drugs” type, the value of positive area of windows
with numbers: 6 || 7 || 8 || 9>60) || (in “neutrals” type, the 
value of positive area of window with number: 14>70)

• disp (‘The result of test is positive, the subject is a drug user');

• else

• disp (‘The result of test is negative, the subject is not a drug user’);

• end
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