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� This is the first study on the effects of methamphetamine on the global organization of functional brain
connectivity.
� The normal Small-World brain network is disrupted at the gamma band in chronic methamphetamine
abusers.
� The global network deficit at gamma in methamphetamine abusers may imply on effects of the dis-
rupted dopaminergic system on fast-spiking interneurons.

a b s t r a c t

Objective: This study aimed to determine effects of chronic methamphetamine (MA) abuse on global
organization of the functional brain connectivity.
Methods: Eyes-closed resting-state EEGs of 36 MA abusers and 36 age-matched healthy subjects were
recorded using a 32-channel system. The EEGs (1–60 Hz), after removing artifacts, were decomposed into
the conventional EEG bands. Using visibility graph similarity (VGS) and coherence methods, the VGS and
coherence matrices in each EEG band were constructed. Then the Small-World Network properties, clus-
tering coefficient (C), mean path length (L) and C/L, of the VGS and coherence matrices, were computed in
all EEG bands. Then using the Mann–Whitney test and an artificial neural network the differences of C, L
and C/L between the two groups were evaluated.
Results: The MA abusers showed higher C, lower L and higher C/L at the gamma band (p-value <0.005). An
accuracy of 82.8% in discriminating the two groups was obtained by the classifier.
Conclusions: The topology of the functional brain connectivity is disrupted in MA abusers, as depicted by
deviation from Small-Worldness in the gamma band.
Significance: This is the first but quasi-experimental study showing disrupted topology of the functional
brain networks in MA abusers.
� 2012 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

Methamphetamine (MA) is a highly addictive neuro-toxic and
psycho-stimulant drug affecting the brain structurally and func-
tionally (Belcher et al., 2009; Tobias et al., 2010; Iudicello et al.,
2012). Compared with other addictive stimulants, MA is relatively
inexpensive and easily synthesised (Newton et al., 2003; Kalech-
stein et al., 2009), with substantially high risk of psychotic disor-
ders (for the MA abusers) and a significant impact on public
health (Glasner-Edwards et al., 2008; Henry et al., 2010). Also
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compared to opiate dependence, MA dependence causes greater
impairment of cognitive functions (Feil et al., 2010). Moreover,
the prevalence of MA use and abuse has increased over the past
two decades (Polesskaya et al., 2011; Maxwell and Brecht, 2011).
However, only a relatively small number of studies have investi-
gated the effects of MA on the human brain (Feil et al., 2010).

Decreased cerebral blood flow (Polesskaya et al., 2011), in-
creased severity of white matter hyper-intensity signals (Bae
et al., 2006), decreased grey matter density in bilateral insula and
left middle frontal gyrus (Schwartz et al., 2010), reduced hippo-
campal volume (Thompson et al., 2004) and abnormalities in regio-
nal glucose metabolism (Belcher et al., 2009) are the main MA
abuse effects on the human brain observed in imaging studies.
The effects of the MA abuse on brain electrical activity have been
reported also in some, but few, studies.
ed by Elsevier Ireland Ltd. All rights reserved.
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Newton et al. (2003) compared eyes-closed resting state EEGs of
11 MA abusers (with 4 days’ abstinence) and 11 normal subjects.
They analysed the EEGs between 0.5 and 20 Hz and observed in-
creased EEG power at the delta and theta bands in the MA abusers,
compared to the normal subjects. Another study of resting state
EEGs (0.5–20 Hz), including nine MA abusers and 10 normal sub-
jects, reported a correlation between theta power and episodic
memory performance in the MA abusers (Newton et al., 2004).
Some differences in the temporal dynamics of the EEGs (revealed
by ERP analysis) also have been shown between the normal sub-
jects and the MA abusers, indicating cognitive deficits in the MA
abusers (Nordahl et al., 2003; Silber et al., 2012).

Functional connectivity (FC) has an essential role in information
transmission among brain networks, accomplishing cognitive tasks
and consequently in everyday life. However, the effects of MA
abuse on the FC brain networks have not been studied yet. In this
study, using resting state EEGs, the changes of the global organiza-
tion of the FC in the MA abusers are investigated in the light of the
Small-World Network (SWN) concept. SWN is defined as a network
with optimum balance between local and global structural charac-
teristics (Watts and Strogatz, 1998). The SWN is characterised by
co-existence of dense clustering of connections, needed for segre-
gation, and short path lengths among the network units, needed
for integration (Watts and Strogatz, 1998; Sporns and Zwi, 2004;
Bassett, 2006). Compared with the other structures such as random
and ordered networks, the SWN possesses higher synchronisability
and higher speed of information transmission among its units.
There are strong evidences showing that the normal neocortex
and different brain regions have the SWN structure (Sporns and
Zwi, 2004; Bassett, 2006; Park et al., 2008; Sporns et al., 2004;
Yu et al., 2008). In many neuropsychiatric and neurologic disor-
ders, the deficient SWN brain has been observed: attention defi-
cit/hyperactivity disorder (Ahmadlou et al., 2012a,b), major
depressive disorder (Zhang et al., 2011), Alzheimer’s disease (Wang
et al., in press), schizophrenia (Liu et al., 2008; Ma et al., 2012) and
heroin abuse (Yuan et al., 2010).

This article analyses the SWN properties of the FC brain net-
works of MA abusers, at different EEG sub-bands, with the purpose
of discovering how MA abuse affects the topology of the FC brain
network.

2. Method

2.1. Subjects

Thirty-six healthy adults and 36 MA abusers, ranged in age from
20 to 48 years and from 21 to 47 years, respectively, were included
in this study. All subjects were male and right handed. The healthy
Table 1
Demographic characteristics of the subjects participated in this study.

Healthy subjects
M (S)

Handedness 81.56 (14.22), N = 36
Age (year) 32.68 (6.77), N = 36
Body weight (kg) 77.25 (8.25), N = 36
General intelligence 118.13 (4.67), N = 36
Stress 6.33 (5.36), N = 36
Depression 8.26 (7.88), N = 36
Anxiety 8.80 (8.23), N = 36
Daily nicotine dose (cigarette/day) 2.75 (1.78), N = 9
Lifetime nicotine use (year) 8.16 (8.75), N = 9
Daily MA dose (g/day) –
Daily MA dose/body weight –
Lifetime MA use (year) –

N, number of subjects; M, mean; S, standard deviation; MA, methamphetamine.
* p-Value less than 0.05.

** p-Value less than 0.01.
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subjects were selected from Tehran citizens informed by oral/writ-
ten announcements/posters and participated voluntarily. Four
healthy subjects had smoked cigarettes in the past and five were
current cigarette smokers. They had no history of alcohol/sub-
stance abuse according to their self-reports.

The MA addicts were recruited from Narcotics Anonymous (NA)
camps of Rebirth Charity Society, Tehran, Iran, in which patients
have no access to any illicit substance/drug and also random urine
drug screens are routinely employed. The subjects were abstinent
from MA and any illicit substance for a period between 1 and
3 weeks. However, they were allowed to smoke cigarettes. MA
dependence could be diagnosed, for all users, according to the
Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition, (DSM-IV) criteria. MA was the predominant substance as
the patients had used it regularly at least 3 times a week, although
they had a little and irregular use (but <1 year) of the other sub-
stances, heroin, opium, methadone and morphine. Prior to EEG
recording, a urine screen was obtained for amphetamines, metha-
done and opiates, in order to ensure that they had not consumed
any illicit drugs. Self-reported histories of MA and other drugs, daily
dose, age of onset, lifetime use and nicotine and number of ciga-
rettes smoked per day, were written down by the subjects. MA sub-
jects had used the drug for at least for 2 years with a mean lifetime
use of 6.42 years and the mean daily MA dose was 1.02 g. The mean
daily MA dose (g/day) normalised by body weight (kg) was 0.013.

The study was approved by the Research Ethics Board of the
Baqiyatallah University of Medical Sciences. All subjects signed a
written informed consent prior to participation. All of them met
the inclusion criteria of the study: no previous mental illness and
brain seizure, no psychotropic medication, no alcohol and right
handedness. For the healthy subjects, substance abuse was also
an exclusion criterion. Right-handedness was assessed by the Edin-
burgh handedness questionnaire, (range from 0 to 100 for right-
handedness). Anxiety, depression and stress severity of all subjects
were scored by the Beck Anxiety Inventory (BAI) (range 0–63) and
Beck Depression Inventory-II (BDI-II) (range 0–63) and the short
form of Depression Anxiety Stress Scales (DASS-21) (range of
stress: 0–42), respectively. All subjects had normal general intelli-
gence as they scored >90 by Raven’s Standard Progressive Matrices
(Raven, 2000). The demographic characteristics of the entire sam-
ple are presented in Table 1. Further, personality characteristics,
attention, working memory and event-related potentials (ERPs)
of the subjects were evaluated for another research project.

2.2. EEG recording

EEGs were recorded using a 32-channel EEG data acquisition
system with a sampling rate of 250 Hz and frequency range of
MA abusers
M (S)

F p-Value

93.66 (9.72), N = 36 7.5 0.010*

31.68 (8.76), N = 36 0.1 0.721
77.66 (10.79), N = 36 0.0 0.904
113.08 (7.62), N = 36 4.5 0.044*

14.28 (6.99), N = 36 11.9 0.002**

17.71 (11.55), N = 36 6.7 0.015*

14.46 (10.74), N = 36 2.6 0.116
16.71 (4.34), N = 36 53.6 0.000**

11.85 (6.09), N = 36 0.8 0.390
1.02 (0.80), N = 36 – –
0.013 (0.011), N = 36 – –
6.42 (3.13), N = 36 – –
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0.1–100 Hz (and digitised in 16 bits). Using an electrocap, the Ag/
AgCl electrodes were placed at 31 scalp locations (Fp1, Fp2, F3,
F4, FC3, FC4, C3, C4, CP3, CP4, P3, P4, O1, O2, F7, F8, FT7, FT8, T3,
T4, TP7, TP8, T5, T6, Fpz, Fz, FCz, Cz, CPz, Pz and Oz) according to
the international 10-20 system. Linked earlobes were used as ref-
erence. As combing the scalp effectively decreases scalp–electrode
impedance (Mahajan and McArthur, 2010), the scalp of each sub-
ject was combed before the EEG recording. The impedance be-
tween each electrode and the scalp was monitored for each
subject before data collection to be kept below 5 kX. The vertical
and horizontal electro-oculo-grams (EOGs) were registered on
the right eye as well. The EEGs were recorded in 180 s when the
subjects were in eyes-closed resting state, sitting on a comfortable
fixed chair in a dim and acoustically damped room. An interval of
20,000 data points (80 s) of each participant’s EEG judged to be free
from eye blinking and EOG artefacts (where absolute amplitude of
EOG <70 lV) and free from movement artefacts (based on visual
inspection) was selected to be included in the study.
Fig. 1. Illustration of the conversion procedure of a 31-channel EEG to its functional
connectivity graph (the VGS or coherence graph).
2.3. EEG analysis

Low- and high-pass Butterworth filters with cut-offs of 60 and
1 Hz, respectively, were applied to the EEGs to limit them in the
frequency range of 1–60 Hz. Using a 50-Hz notch-filter, the elec-
tricity line noise was removed.

An orthogonal Hjorth’s method, which is a conventional Lapla-
cian source derivation method, was used for spatial enhancement
of the EEGs (Hjorth, 1975; Tandonnet et al., 2005). Therefore, the
spatially enhanced EEGs were used for further analysis.

As EEG is intrinsically non-stationary and wavelet analysis is
more adapted to the non-stationary signals, compared with the
common Fourier transform, it was used for EEG sub-banding in this
study. Using a five-level wavelet filter bank, the EEGs were decom-
posed to the conventional EEG sub-bands: delta (1–4 Hz), theta (4–
8 Hz), alpha (8–15 Hz), beta (15–30 Hz) and gamma (30–60 Hz).
The mother-wavelet of Daubechies with order of 10 was used for
the decomposition. The block diagram of the wavelet decomposi-
tion as well as a more detailed description of the procedure has
been presented in Ahmadlou and Adeli (2010a).

As the brain is a highly complex and nonlinear system of a huge
number of nonlinearly interacted neuronal areas (Mamashli et al.,
2010; Ahmadlou et al., 2012d), measuring FC in the brain networks
may be conceptually more close to the nonlinear nature of the
brain, compared with using linear measures such as the cross-
correlation function or coherence (Ahmadlou et al., 2012e).
Recently, Ahmadlou and Adeli (2012), proposed a nonlinear syn-
chronization measure, called visibility graph similarity (VGS). The
VGS measures generalised synchronization (i.e., when the coupled
systems (or one of them) affect each other by sharing their states)
among the coupled sub-units (here the sub-units are neuronal
areas), based on similarity of their temporal dynamics (Ahmadlou
et al., 2012c). The algorithm is briefly presented in Appendix A.

Therefore, using VGS the FC of each pair loci was obtained in
each EEG sub-band. Then, at each sub-band a VGS matrix was con-
structed with the obtained VGS values between signals of all pair-
wise combinations of the channels. For comparison, the functional
brain connectivity in the sub-bands was also obtained through the
magnitude square coherence method (Carter et al., 1973; Dauwels
et al., 2010). Coherence is a function to measure the linear correla-
tion between coupled systems (which here are the neuronal areas),
but in the frequency domain. Therefore by averaging the coherence
values over all the frequencies in the range of each EEG band, the
coherence matrices in the all EEG sub-bands (delta, theta, alpha,
beta and gamma) were obtained. The algorithm is briefly presented
in Appendix B.
Please cite this article in press as: Ahmadlou M et al. Global organization of func
(2013), http://dx.doi.org/10.1016/j.clinph.2012.12.003
In graph theory, a graph contains some nodes and edges (con-
nectivity) connecting the pair nodes. A graph is characterised by
its adjacency matrix. The adjacency matrix contains values of con-
nectivity between each pair nodes of the graph. Therefore, in a
graph-theoretical view, each VGS or coherence matrix is indeed
the adjacency matrix of a functional brain connectivity graph
(where the nodes are the brain loci and the edges are the associ-
ated connectivity between the pair loci) (Ahmadlou and Adeli,
2011). Hence having the VGS and coherence matrices of the sub-
bands, the associated graphs were produced. Fig. 1 demonstrates
the procedure of transformation of an example 31-channel EEG
set (Fig. 1a) into its connectivity graph (Fig. 1c). Connectivity coef-
tional brain connectivity in methamphetamine abusers. Clin Neurophysiol
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ficients between channel pairs are calculated and placed in the ar-
rays (squares) of a 31 � 31 connectivity matrix (Fig. 1b). The light
intensity of each array shows the strength of the connectivity. The
darker intensity shows a greater value in the connectivity matrix,
which corresponds to a darker edge in the connectivity graph
(Fig. 1c) (Ahmadlou and Adeli, 2011).

Small-Worldness (SW) of a network is assessed by two charac-
teristics: high clustering coefficient (C) needed for segregation and
low mean path lengths (L) needed for integration. The balance be-
tween the segregation and integration in a network facilitates the
high-speed information flow with an appropriate robustness in the
network.

The clustering coefficient (C) is defined in terms of the connec-
tivity of triple-node graphs and shows the mean probability that
direct neighbours of two directly connected nodes are directly con-
nected as well. It quantifies robustness of the brain network per-
formance in information transmission. The higher value of C, the
larger number of fully interconnected triple nodes and the higher
robustness.

The mean path length of a graph (L) is the shortest path that ex-
ists between each node pairs averaged over all node pairs. The
higher L is, the slower is information transmission among the
nodes of the graph.

Therefore, the C and L values of the obtained graphs (for both
normal and MA groups) were computed in the following way:

C is computed as follows (Stam et al., 2007):

C ¼ 1
N

XN

i¼1

P
16j<k6NaijajkakiP

16j<k6Naijaik
; ð1Þ

where aij is the weight of the edge connecting the ith node to the jth
node and N is the number of nodes in the graph. Indeed, C, varying
between 0 and 1, represents redundancy and quantifies how
strongly the information is transmitted in the graph when some
connections are disturbed (such as in the case of a brain disorder
when neuronal areas do not function properly or their connections
are dead). Indeed, it shows what portion of all triple combinations
of nodes is fully connected.

L is considered a global quantification measure and is computed
as follows (Latora and Marchiori, 2003; Li et al., 2007):

L ¼ 1
N

X
16j<i6N

1
dij

� �
; ð2Þ

where dij ¼ 1
aij

is defined as the inverse of the weight between ith
and jth nodes.

The high ratio of C to L is the main characteristic of SW, as an
SWN has high C and low L. Therefore, the C/L ratio was computed
also to find out changes of the SW in MA abusers. In this way, the
SW properties were computed in the normal subjects and the MA
abusers based on both VGS and coherence methods.

2.4. Statistical analysis and classification

The Mann–Whitney statistical test was used to evaluate the dif-
ferences of C, L and C/L between the normal and MA groups at each
EEG sub-band. Then, using Pearson’s coefficient of correlation, the
dependence of daily dose, daily dose/body weight and lifetime use
of MA with the obtained C, L and C/L was assessed. In order to show
temporal stability of the discriminative features (in distinguishing
the two groups), the EEGs were subdivided to four intervals and
the ability of the features (obtained in each interval) in discrimi-
nating the two groups was analysed by repeated measures analysis
of variance (ANOVA).

Moreover, in order to investigate the sources of differences be-
tween the two groups, extra analysis was carried out based on the
demographic and behavioural factors in which the two groups
Please cite this article in press as: Ahmadlou M et al. Global organization of func
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were different. As such, at first using the median split method
the healthy subjects were categorised into low- and high-level
groups according to each factor. By this method, any value less
than the median is categorised as low and any value higher than
the median is categorised as high. Then, the differences of C/L be-
tween each pair-subgroup (low and high, according to each factor)
were tested using Mann–Whitney tests.

Furthermore, machine classification was applied to differentiate
the most discriminative C, L and C/L between the MA and normal
groups, using Enhanced Probabilistic Neural Network (EPNN)
(Ahmadlou and Adeli, 2010b). A repeated random sub-sampling
cross-validation method was used for evaluation of the classifica-
tion accuracy (Ahmadlou and Adeli, 2010a). As such, 2/3 of the data
(data of 48 subjects) were randomly selected and used for training
and the remaining data (data of 24 subjects) were used for testing.
This random selection was repeated 100 times and the average va-
lue was considered as the final accuracy for discriminating the MA
and normal groups.
3. Results

Table 1 shows the demographic and behavioural characteristics
of the subjects. Compared with the normal subjects, the MA pa-
tients had higher level of stress (p-value <0.01) and depression
(p-value <0.05). Further, there were only nine normal subjects
using nicotine, whereas all of the MA abusers also used nicotine
daily. The daily nicotine dose of the MA abusers was much more
than that of the normal subjects who used the nicotine (p-value
<0.01). There was also higher handedness and lower general intel-
ligence in the MA group comparing to the normal group (p-value
<0.05). There were no difference between the groups in age, weight
and anxiety.

C, L and C/L of the VGS and coherence matrices in the normal
and MA groups were computed at all the EEG sub-bands.

Fig. 2 depicts the results obtained by the VGS. Fig. 2a shows the
mean C values for the normal (triangle) and MA (square) groups at
the all sub-bands. The mean C values at all sub-bands in the MA
group are greater than those in the normal group. The Mann–
Whitney test showed that the difference of C values between the
two groups is statistically significant in the gamma band (p-value
<0.005), while the difference was not significant in the other fre-
quency bands. Fig. 2b shows the mean L values for the normal (tri-
angle) and MA (square) groups at the all sub-bands. The mean L
values at all sub-bands in the MA group are less than those in
the normal group. The L value at the gamma band in the MA group
was significantly lower, compared with the normal group (p-value
<0.005). There was no significant difference of the L values be-
tween the normal and MA groups in the other frequency bands.
Fig. 2c shows the mean C/L values for the two groups at all the
EEG sub-bands. The mean C/L values at all sub-bands in the MA
group are higher compared with those of the normal group. The
statistical analysis showed that the difference of C/L values be-
tween the two groups is significant in the gamma band (p-value
<0.005), whereas the difference was not significant in the other
bands. The mean and standard deviation of the C, L and C/L values,
obtained by the VGS, are presented in Table 2.

Fig. 3 shows the results obtained by the magnitude square
coherence. Likewise Fig. 3a–c, respectively, shows the mean C, L,
and C/L values for the normal (triangle) and MA (square) groups
at the all sub-bands. The obtained results by coherence were sim-
ilar to the results by VGS. Fig. 3a shows that the mean C values in
the MA group are higher than those in the normal group in all
bands. The between-group difference of C values was significant
only in the delta and gamma bands (p-value <0.05). Fig. 3b shows
the reduced mean L values in the MA group at all bands; however,
tional brain connectivity in methamphetamine abusers. Clin Neurophysiol
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Fig. 2. Illustration of (a) C, (b) L, and (c) C/L of the VGS matrix in MA (square) and normal (triangle) groups at different frequency bands; ⁄p-value <0.005.

Table 2
Mean and standard deviation of C, L, and C/L values, obtained by the VGS, in the EEG bands in the normal and MA groups.

Characteristic Normal MA

M Std M Std

Delta C .0685 .0402 .0868 .0603
L 6.6176 1.4394 6.1270 1.4233
C/L .0100 .0051 .0132 .0067

Theta C .0917 .0691 .0972 .0852
L 5.8204 2.0053 5.6176 1.4017
C/L .0160 .0086 .0176 .0100

Alpha C .0847 .0524 .0956 .0580
L 6.1143 1.5165 5.5464 1.5084
C/L .0140 .0102 .0171 .0130

Beta C .0835 .0503 .0947 .0466
L 6.2227 2.3897 5.6029 1.6979
C/L .0135 .0102 .0163 .0082

Gamma C .0873 .0324 .1223 .0395
L 5.8150 1.6801 4.4004 1.3931
C/L .0158 .0098 .0260 .0112

M, mean; Std., standard deviation.
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only in the gamma band was the difference significant (p-value
<0.01). Fig. 3c shows that the mean C/L values at all sub-bands in
the MA group are increased; however, the between-group differ-
ence of the C/L values was significant only in the gamma band
(p-value <0.01). The mean and standard deviation of the C, L and
C/L values, obtained by the magnitude square coherence, are pre-
sented in Table 3.

As compared to the coherence, the VGS showed more discrimi-
native characteristics (in the gamma band), in distinguishing the
MA and normal groups, and the C, L and C/L of the VGS matrix at
the gamma band were considered as the inputs of the EPNN clas-
sifier to distinguish the normal and MA groups. The results showed
an accuracy of 82.8% in discriminating the two groups with sensi-
tivity and specificity of 85.1% and 78.9%, respectively. Also for the
better comparison between the VGS and the coherence, the EPNN
was used to discriminate the two groups based on the same fea-
tures (C, L and C/L in the gamma band) obtained by the coherence.
The obtained accuracy was 74.7%.

For evaluating the temporal stability of the phenomenon of the
deficient SW in gamma-band brain networks in the MA abusers,
the 80-s EEGs were subdivided to four separate 20-s intervals
Please cite this article in press as: Ahmadlou M et al. Global organization of func
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and the gamma-band SW characteristic (C/L) was computed in
both MA abuser and healthy groups. Considering the interval (la-
belled int 1, 2, 3 and 4 in Fig. 4) as a within-subjects factor and
the group (MA and normal) as a between-subjects, repeated-
measures ANOVA was used. Both VGS and coherence confirmed
the temporal stability of the phenomenon. For the VGS at the
gamma band, the significant between-subjects p-value of 0.0001
(F = 229.68) and the insignificant within-subjects p-value of
0.132 (F = 2.32) were obtained. For the coherence at the gamma
band, the between-subjects difference was significant with a
p-value of 0.008 (F = 63.27) and the within-subjects p-value was
insignificant at 0.091 (F = 4.04). Fig. 4a and b shows the mean (tick
bar) and standard deviation (thin bar) of the C/L values obtained by
the VGS and coherence, respectively, in the gamma band in the
four intervals (int1, int2, int3, and int4, in the temporal order) in
each group.

Further, there were no significant correlations between the dai-
ly dose, daily dose/body weight and lifetime use of MA and the C, L
and C/L of the MA abusers in the gamma band, neither based on the
coherence nor based on the VGS. Table 4 shows the associated
Pearson correlation coefficients and p-values.
tional brain connectivity in methamphetamine abusers. Clin Neurophysiol
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Fig. 3. Illustration of (a) C, (b) L, and (c) C/L of the coherence matrix in MA (square) and normal (triangle) groups at different frequency bands; ⁄p-value <0.05; ⁄⁄p-value <0.01.

Table 3
Mean and standard deviation of C, L, and C/L values, obtained by the magnitude square coherence, in the EEG bands in the normal and MA groups.

Characteristic Normal MA

M Std M Std

Delta C .0985 .0755 .1568 .1085
L 5.2276 .4058 5.1200 .5293
C/L .0221 .0192 .0302 .0198

Theta C .1356 .1097 .1972 .1583
L 5.2294 .3932 5.0017 .4954
C/L .0272 .0176 .0356 .0184

Alpha C .1247 .1178 .1656 .1565
L 5.0114 .4542 4.9464 .3261
C/L .0251 .0099 .0303 .0194

Beta C .1645 .1014 .1715 .1292
L 4.9027 .3923 4.8029 .3618
C/L .0294 .0125 .0350 .0166

Gamma C .1443 .0949 .2153 .1290
L 4.8240 .2463 4.9404 .2731
C/L .0308 .0147 .0421 .0169

M, mean; Std, standard deviation.

Fig. 4. Mean (tick bar) and standard deviation (thin bar) of the C/L values, obtained by (a) VGS and (b) coherence, in gamma in the four intervals (int1, int2, int3 and int4, in
the temporal order) in each group (MA in blue and normal in gray). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Table 1 showed a significant difference between the handed-
ness, general intelligence, daily nicotine dose stress and depression
of the MA and normal groups, which may affect the SW of the brain
at the gamma band, whether the subjects are MA or normal. In or-
der to investigate the effects of the factors (i.e., handedness, gen-
eral intelligence, stress, daily nicotine dose and depression) on
the SW of the brain in the gamma band, the authors did two
Please cite this article in press as: Ahmadlou M et al. Global organization of func
(2013), http://dx.doi.org/10.1016/j.clinph.2012.12.003
analyses: (1) the Pearson correlation was computed to see whether
there is any correlation between each factor and the SW factor
(C/L). Table 5 shows the Pearson correlation coefficients (and the
associated p-values) between handedness, general intelligence,
daily nicotine dose, stress and depression and the gamma band
C/L obtained by the VGS in the MA and normal groups. There
was a significant negative correlation between the general
tional brain connectivity in methamphetamine abusers. Clin Neurophysiol
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Table 4
Results of correlations between daily dose, daily dose/body weight, and lifetime use of the methamphetamine and the C, L, and C/L of the MA abusers
obtained by the VGS and coherence in gamma.

Measure Characteristic Daily dose Lifetime dose Daily dose/body weight

VGS C Pearson corr. coef. .12 .07 .11
p-Value NS NS NS
L Pearson corr. coef. �.20 .17 �.41
p-Value NS NS NS
C/L Pearson corr. coef. .02 .03 .02
p-Value NS NS NS

Coherence C Pearson corr. coef. .31 �.13 .24
p-Value NS NS NS
L Pearson corr. coef. �.19 .32 �.15
p-Value NS NS NS
C/L Pearson corr. coef. .28 �.08 .13
p-Value NS NS NS

Pearson corr. coef., Pearson correlation coefficient; NS, non-significant.

Table 5
Results of correlations between handedness, general intelligence, daily nicotine dose,
stress and depression and the gamma band C/L obtained by the VGS in the MA and
normal groups.

Measure Characteristic C/L

Normal Handedness Pearson corr. coef. .12
N = 36 p-Value NS
General intelligence Pearson corr. coef. �.21
N = 36 p-Value NS
Daily nicotine dose Pearson corr. coef. �.15
N = 9 p-Value NS
Stress Pearson corr. coef. .19
N = 36 p-Value NS
Depression Pearson corr. coef. �.16
N = 36 p-Value NS

MA Handedness Pearson corr. coef. �.10
N = 36 p-Value NS
General intelligence Pearson corr. coef. �.63
N = 36 p-Value .04
Daily nicotine dose Pearson corr. coef. .35
N = 36 p-Value NS
Stress Pearson corr. coef. .07
N = 36 p-Value NS
Depression Pearson corr. coef. .03
N = 36 p-Value NS

N, number of subjects; Pearson corr. coef., Pearson correlation coefficient; NS, non-
significant.
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intelligence and the gamma band C/L in the MA abusers (correla-
tion coefficient = �0.63, p-value = 0.04), but not in the normal sub-
jects. The other factors did not significantly correlate with the C/L
Table 6
Results of the subgroup analysis, including mean and standard deviation of the
associated p-values (of the gamma band C/L) in discrimination of each pair subg

Sub-group C/L
M (S)

Handedness Low-level .0146 (.0124)
High-level .0165 (.0119)

General intelligence Low-level .0144 (.0113)
High-level .0184 (.0076)

Daily nicotine dose Low-level .0153 (.0088)
High-level .0127 (.0086)

Stress Low-level .0152 (.0106)
High-level .0105 (.0084)

Depression Low-level .0156 (.0092)
High-level .0185 (.0104)

M, mean; S, standard deviation; N, number of subjects.
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(p-value >0.05), neither in the normal group nor in the MA group.
(2) For each factor the normal group was divided into two sub-
groups with low and high scores (using the median split method)
and then the difference of the C/L values, obtained by the VGS at
the gamma band, in each pair-subgroup was tested using Mann–
Whitney tests. Therefore, the comparisons of C/L values were
accomplished separately between the low and high depressed nor-
mal subjects, between the normal subjects with low and high gen-
eral intelligence, between the normal subjects with low stress and
high stress, between the normal subjects with and without nico-
tine use and between with low and high scores in the handedness
test. Table 6 represents the results of the subgroup analysis, includ-
ing mean and standard deviation of the corresponding demo-
graphic/behavioural characteristics and the gamma band C/L
values in each subgroup and the associated p-values in discrimina-
tion of the pair-subgroups. There were no significant difference of
the gamma band C/L values in any pair-subgroups (p-value >0.2).

4. Discussion and conclusion

Although the worldwide MA abuse is increasing, only a few
studies have investigated effects of chronic MA exposure on the
human brain. As the global organization of the FC network of the
brain plays an essential role in efficiency, synchronisability and
robustness of the brain network, in this study the authors at-
tempted to find out the effects of chronic MA abuse on the global
organization of the FC brain network (in the framework of SW).
FC was computed by both linear and nonlinear measures of
demographic/behavioural characteristics and the gamma band C/L and the
roup.

The corresponding demographic/
behavioural values
M (S)

p-Value

62.77 (24.52), N = 18 .74
92.80 (1.18), N = 18

113.37 (3.82), N = 18 .42
122.83 (2.75), N = 18

0 (0), N = 9 .46
2.75 (1.78), N = 9

3.20 (3.05), N = 18 .20
10.34 (1.69), N = 18

3.81 (5.59), N = 18 .44
13.54 (3.91), N = 18

tional brain connectivity in methamphetamine abusers. Clin Neurophysiol
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synchronization. The nonlinear method was VGS (Ahmadlou and
Adeli, 2012b) and magnitude coherence was used as the linear
method. As the strength of the FC in different frequencies may be
affected by the distances between the neuronal regions (FC in
the higher (lower) frequencies are appeared usually between the
shorter- (longer-) distant regions), the Small-World properties
(the C and L) were analysed in different frequency bands. To the
best of the authors’ knowledge, this is the first study on deficits
of the global organization of brain networks in the MA abusers.

Except a small between-group difference of the C at delta, ob-
tained by the coherence, the other differences between normal
and MA abuser groups were found only at the EEG gamma band,
and not at the other EEG bands. Moreover, the VGS showed more
significant differences (smaller p-values) between the two groups
in the gamma band. Gamma frequency is the band most reactive
to cognitive information binding and processing (Herrmann and
Demiralp, 2005; Fries, 2009; Wilson et al., 2012). Therefore, the ob-
tained differences in the gamma band of the MA abusers may
implicate their cognitive deficits; the significant correlation be-
tween the gamma band C/L and the general intelligence in the
MA abusers is an evidence to support this hypothesis. In the gam-
ma band the results showed greater C and lower L in the MA abus-
ers, compared to the normal group, which indicate the higher
number of closed-loop triple connections (the locally intertwined
connections) and the shorter path lengths over all the brain net-
work, respectively. The higher C/L in MA abusers implies a global
hypersynchronization in the short-distant FC over all the brain in
the gamma frequency range. In this view, the obtained results ac-
cord with the central neural system hyper-excitability in abstinent
alcoholics reported by Begleiter and Porjesz (1977). This hyper-
excitability was attributed by the researchers to the withdrawal ef-
fects of alcohol (Begleiter and Porjesz, 1977, 1999). After the stage
of withdrawal, abstinent alcoholics (and drug abusers) generally
display signs of reduced brain function and cognition, such as
smaller-than-normal amplitude of the P300 components of the
ERP (Porjesz et al., 1987; Realmuto et al., 1993; Ji et al., 1999; Hada
et al., 2000; Jones et al., 2006), reduced regional cerebral blood
flow (Berglund et al., 1989) and positron emission tomography
(PET) imaging of reduced dopamine receptor activity, especially
in the striatum, (Volkow et al., 2006) even after prolonged absti-
nence from the substance. The abstinent MA abusers show also
the similar signs, such as abnormal regional cerebral glucose
metabolism (London et al., 2004), reduced regional cerebral blood
flow (Chang et al., 2005; Hwang et al., 2006), enlargement of the
basal ganglia and white matter volumes (detected by magnetic res-
onance imaging, MRI), reduced brain dopamine transporters dur-
ing short abstinence (<6 months), especially in the striatum
(detected by PET imaging) and reduced cognitive performance dur-
ing the early abstinence (Chang et al., 2007). Hence, the fact that in
the current study the patients were in the withdrawal stage (1–
3 weeks) is of great importance and indeed the obtained findings
may reflect the withdrawal effects from MA. However, as MA in-
duces depression in GABA(B) receptor signalling (Padgett et al.,
2012) and depressing or blocking the GABA(B) receptors results
in increasing gamma waves (Leung and Shen, 2007), the abnormal-
ity of SW in the gamma band may reflect the chronic exposure to
MA and not the abstinence. Therefore, it is not clear whether the
current findings reflect the abstinence effects or the chronic expo-
sure to MA.

The high accuracy of the EPNN in the discrimination of the two
groups showed the high potential of the SW properties of the FC
brain network at the gamma band in diagnosis of the MA abusers.
Moreover, as genetics plays a significant role in alcoholism and
drug abuse, this finding could be a vulnerability marker (anteced-
ent instead of consequence) that can also be found before the
onset of the MA abuse, as has been found in alcoholism and
Please cite this article in press as: Ahmadlou M et al. Global organization of func
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schizophrenia (Rangaswamy et al., 2004; Dick et al., 2006;
Rangaswamy and Porjesz, 2008). Therefore, the capability of the
current finding in prediction of MA abuse would be examined in
future studies of the authors.

So far, only two studies have investigated the changes of the
resting-state brain electrical activities in human MA abusers (New-
ton et al., 2003, 2004). They recorded the resting EEGs for at least
20 min and found that MA abusers possess increased EEG powers
in low frequencies, while we did not find any differences in the
Small-World properties in the low frequencies (except for the
small difference in C at the delta band, obtained by the coherence).
As the authors did not use EOG electrodes, the low-frequency
activities could be affected by eye blinking or eye-artefacts. Fur-
ther, their long time of recording might induce fatigue, which in-
creases the low frequency waves (Tanaka et al., 2012). The
between-group difference in the C at the delta band, obtained by
the coherence in this study, might indicate the difference of slow
wave reported in their study. However, as there is no direct rela-
tionship between the power spectrum analysis (which they did)
and the global organization analysis of the FC of the brain pre-
sented in the current study, a clear link or conflict between the re-
sults could not be inferred. Further, unfortunately, as they have
analysed the EEGs only between 0.5 and 20 Hz, there is no finding
regarding changes of gamma activity in previous human studies.
However, the deficient topology at the gamma band in the FC brain
network of the MA abusers observed in this study accords with the
higher gamma activity observed in animals (mouse and monkey)
with MA or amphetamine exposure (Pinault, 2008; Morra et al.,
2012). In addition, as recent studies have strongly shown that
the inhibitory interneurons (especially fast-spiking Parvalbumin-
positive neurons) are responsible to generate gamma activity
(Traub et al., 2001; Bartos et al., 2007; Cardin et al., 2009) and as
MA causes a major deficit on the dopaminergic and serotonergic
system (Nordahl et al., 2003; Belcher et al., 2009; De La Garza
et al., 2010), this finding may implicitly imply on the effects of
the deficient dopaminergic and serotonergic system on the fast-
spiking inhibitory neurons.

Overall, this was a quasi-experimental study and as a human
study there were some intrinsic limitations from matching the
behavioural and demographic characteristics of the two groups
due to unavailability of backgrounds of the subjects. Hence, more
pure studies using genetically modified animals with better control
matching are necessary to support the obtained findings in this
study.
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Appendix A. Computation of visibility graph similarity
(Ahmadlou and Adeli, 2012b)

The visibility graph (VG) algorithm converts a time series to a
graph keeping the order of the VG nodes the same as the order
of sample times of the time series (Lacasa et al., 2008). It is shown
that the topology of the VG of a time series inherits dynamical
properties of the time series, such as complexity and fractality.
The visibility graph similarity (VGS) quantifies the interdependen-
cies between two (or more) time series based on similarity of the
tional brain connectivity in methamphetamine abusers. Clin Neurophysiol
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VGs to their reconstructed trajectories in a state space. Briefly, the
VGS of two time series is computed in the following way:

(a) Each time series is recontructed as a trajectory in a state
space.

(b) For each trajectory, a distance time series (DTS) is created
from a sequence of relative distances of the states to a refer-
ence state.

(c) The VG of each trajectory is constructed using the obtained
DTS. Then, a sequence of degrees (the degree of a node is
the number of edges connected to that node) of the VG
(called the degree sequence, DS) is obtained.

(d) Correlation of the two DSs is computed, which is called the
VGS between the two time series.

Appendix B. Computation of magnitude square coherence
(Carter et al., 1973)

Magnitude square coherence is a conventional measure of lin-
ear synchronization developed by Carter et al. (1973). Given the
signals x and y, the coherence between them is computed in the
following way:

(a) x and y are subdivided in N segments of the same length.
(b) For each segment, Xðf Þ and Yðf Þ, the Fourier transforms of x

and y, respectively, are computed (where f indicates
frequency).

(c) The magnitude square coherence between x and y, c(f), is
computed as:

cðf Þ ¼ jhXðf ÞY
�ðf Þij2

jhXðf ÞijjhYðf Þij ; ðB1Þ

where < Xðf Þ > indicates the averaged Xðf Þ overall the N segments.
jXðf Þj and X�ðf Þ indicate magnitude and complex conjugate of Xðf Þ,
respectively.
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